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ABSTRACT 

 
Research activities are covered both by public institutions, including universities and by industrial teams 
and a closer collaboration between both have to be developed. Different issues have to be overcome, 
including not invented here problem, multiple geographical sites, difference of salary, stress related 
management, long term vision vs. shorter term one,… 
In order to facilitate these interactions, and to progress within an open innovation scheme, a common 
implantation on one unique site is a solution which was implanted in Grenoble / France on MINATEC 
innovation campus.  
Different countries generated similar initiatives and we will present three projects in Asia, mainly in 
China (Zhangjiang Lab in Shanghai and Huairou science city in Beijing) and Thailand (Eastern Economic 
Corridor for Innovation).   

Keywords: innovation, technology transfer 
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ABSTRACT 

 
Polymer and carbon origami structures are fabricated by first producing patterned sheets with less cross-
linked compliant folds and more cross-linked stiff faces through differential UV exposure. The obtained 
patterned sheets are heated to further raise their compliance by increasing polymer chain mobility. These 
softened sheets with designated compliant fold regions are then folded to their target polyhedral shape using 
capillary forces induced by droplets placed on top of them. By cooling the three-dimensional shapes to 
room temperature and subsequently completing their cross-linking by an additional UV exposure step, the 
shape of the sheets is locked in the folded position. The obtained polymer origami structures are converted 
into isometrically shrunken carbon structures through pyrolysis. This capability of making three-
dimensional carbon polyhedra could open new ways to fabricate complex structures of different material 
and surface properties through techniques such as electroplating and electroless deposition. 
 
Keywords: Origami, three-dimensional carbon structures, elastocapillarity, cross-linking, photolithography

INTRODUCTION 

Microparticles are used in multiple timely 
applications including drug delivery [1], 
bioimaging [2] and diagnostics [3]. Recent 
studies have quantified how the physical 
parameters of microparticles such as size, shape, 
strength, and deformability contribute to their 
functionality [2], [4].  Several naturally existing 
particles, such as living cells, possess shape-
based advantage. For instance, the shape of 
viruses and bacteria aids them in preventing 
immune response on the host. Findings on the 
effect of shape on the properties/behavior of 
microparticles have led to more research on the 
subject. However, studies were majorly confined 
to the shapes that are derivative of spheres, since 
they are easy to fabricate using microfluidic 
techniques [5], [6]. A folding-based fabrication 
technique, origami, can overcome this limitation 
[7], [8]. 

Various conventional fabrication techniques 
are adopted to make origami shapes. Differential 
thermal expansion, melting of folding hinges, and 
application of pre-strain are some of the 
techniques that have been explored to fold 
patterned two-dimensional sheets into three-
dimensional shapes [9]–[11]. However, these 
methods demand multilayer photolithography. 
Alternatively, an elastocapillary-based folding 

using droplets can be used to make three-
dimensional shapes by folding a single layer 
polymer material utilizing surface tension [12]. 
Although this method enables the use of a single 
layer polymer sheets for the fabrication of three-
dimensional shapes, the folded particles return to 
their original flat configuration once the droplet 
evaporates. This reversibility is because the 
method often uses sheets made of elastomers. 
Also, for the fabrication of accurate three-
dimensional shapes, folds and faces of the 
origami should have different properties, with 
folds being relatively soft, to get sharp bending at 
these locations; and faces should be stiff, to resist 
the bending. Attaining this contrast in material 
properties is challenging when a single material 
is used for elastocapillary-based folding. 
Moreover, elastocapillary-based folding 
generally is demonstrated on 
polydimethylsiloxane, which is challenging to be 
patterned into the desired two-dimensional 
sheets. 

Here, we present an elastocapillary-based 
folding of photo-patternable materials to 
fabricate three-dimensional shapes using 
lithography involving only a single layer of 
polymer. The use of a photopolymer enables 
facile fabrication of two-dimensional unfolded 
shapes. It also allows for the patterning of faces 
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of the shapes with ease. Moreover, distinct 
material properties are introduced for folds 
(compliant) and faces (stiff) by controlling the 
level of cross-linking and the temperature of the 
sheets. 

EXPERIMENTAL PROCEDURE  

The planar sheets used for the fabrication of 
origami polyhedra are created using 
photolithography as illustrated in Fig. 1(a). A thin 
film of SU8-2050 (MicroChem) is spin-coated on 
a silicon wafer at 1500 rpm. Soft baking for 15 
minutes at 85oC is performed to remove the 
solvent from the SU8 film. This soft baking 
duration and temperature are lower than the 
recommended values (20 minutes and 95oC), 
ensuring a weak adhesion between the SU8 film 
and the wafer, enabling the later release of the 
finalized patterned sheets from the wafer. After 
soft bake, a photo mask that completely exposes 
the origami sheets, including folds and faces (but 
not the holes patterned in the faces), is used to 
irradiate such regions for 40 seconds using a 2 
mW/cm2 UV light source (Fig. 1(a)). Following 
the first exposure, a mask that exposes only the 
face regions, but not the folds or the patterned 
holes in the faces, is aligned on top of the first 
mask to exclusively irradiate the faces for another 
40 seconds. The maximum exposure duration (80 
seconds) used here is less than the recommended 

period (120 seconds) for the photolithography 
process. This reduced exposure duration allows 
for a straightforward release of the sheets from 
the wafer.  The period of the post-exposure bake 
(PEB) is also reduced from 10 minutes 
(recommended period) to 5 minutes for the same 
reason. The sheets are released from the silicon 
substrate after the PEB by developing using 
acetone or SU8 developer. The released patterned 
sheets are later separated from the developer by 
carefully draining the developer, cleaning them 
with isopropyl alcohol (IPA), and then drying.  

The patterned SU8 sheets are folded inside a 
silicone oil bath as shown in Fig. 1(b). A water 
droplet is placed on top of the sheet, and then the 
oil bath is heated up to 105°C, causing the sheets 
to become more compliant. These softened sheets 
are consequently folded by capillary forces 
induced by the droplet. The initial volume of the 
deposited droplets is at least 1.5 times larger than 
the volume of the target polyhedral shape to 
ensure that the droplets enter in contact with all 
the faces of the sheet during capillary folding. At 
this point, the polyhedral shape is partially open. 
Heating continues until the excess liquid is 
evaporated, forming a fully closed polyhedral 
structure. The silicone oil bath is then cooled to 
room temperature to lock the sheet in its folded 
polyhedral shape. 

 

 
Figure 1 (a) Steps to fabricate patterned origami sheets with patterned holes at the faces using 
photolithography. (b) Capillary folding of the patterned sheets into three-dimensional shapes. 

SU8 strips (2.5 mm × 25 mm × 0.053 mm) are 
characterized using dynamic mechanical analysis 
(DMA) to find the effect of exposure energy and 

the temperature of the sheets on their elastic 
properties. A tensile preload of 0.001 N is applied 
to prevent compressive buckling of the 
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specimens. The characterization is performed by 
applying a sinusoidal force. The temperature of 
the specimen is changed from 40oC to 90oC at a 
temperature ramp of 3oC/min. 

 
Figure 2 (a) Storage modulus vs. temperature for 
sheets made by exposing SU8 film for 40 sec, 80 
sec, and 180 sec. (b) Unfolded sheets for 
dodecahedron and icosahedron with faces having 
patterned holes. (c) Folded dodecahedron and 
icosahedron from different views. The scale bar 
is 1.5 mm long. 

RESULTS AND DISCUSSION 

SU8, the photopolymer used in this study, 
undergoes cross-linking when it is irradiated with 
UV light. The level of cross-linking can be 
adjusting by controlling the exposure duration. 
Here, the faces of the target polyhedral shapes are 
exposed for a longer duration than the folds. The 

difference in total exposure time leads to 
dissimilar levels of cross-linking at the folds and 
faces. Additionally, holes of different shapes can 
be patterned on the faces by not exposing selected 
regions within them (Fig 1(a)). When thermally 
treated, the SU8 sheets are softened, with the less-
cross linked fold regions softening more than the 
more-cross linked face regions (Fig. 2(a)). The 
characterization study performed with dynamic 
mechanical analysis showed that the storage 
modulus (the dynamic modulus that represents 
the elastic behavior of the material) correlates 
directly with the exposure density (Fig. 2(a)). 
This correlation indicates a direct relationship 
between the exposure energy and the degree of 
crosslinking. 

 
Figure 3 Folding of a cube from different 
unfolded configurations (nets). The scale bar is 2 
mm long. 

The compliant patterned sheet is folded when 
a liquid droplet is placed on it. This folding 
occurs by the minimization of the total energy of 
the droplet-sheet system. That is, the addition of 
the surface energy of the droplet and the elastic 
strain energy of the sheet. Depending on the 
original sheet pattern, different final polyhedral 
shapes can be achieved (Fig. 2(b) and (c)). The 
difference in the modulus along the platform 
ensures a folding response in good agreement 
with theoretical assumptions. Such assumptions 
require the folds to be highly flexible (less cross-
linked) and the faces to be stiff (more cross-
linked). The contrast in the material properties at 
the folds and the faces also enable the folding of 
the same final polyhedral shape from its multiple 
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unfolded configurations, as shown in Fig. 3. The 
shapes that are made of polymers with carbon-
rich back bones can be converted to an 
isometrically shrunken carbon through pyrolysis, 
as shown in Fig. 4. 

 
Figure 4 (a) Images of open and closed polymer 
cubes. (b) Images of the open and closed cubes 
of (a) converted into carbon. The scale bars are 
1 mm long. 

CONCLUSION 

Fabrication of three-dimensional polymer 
and carbon shapes was achieved by adjusting the 
material properties of photopolymer films along 
their planform and utilizing the enhanced surface 
tension effect at small length scales. Complex 
geometries with patterned walls were fabricated 
by implementing capillary folding on a photo-
patternable material. Pyrolysis was used to make 
carbon structures from the folded patterned 
sheets. This fabrication method for carbon and 
polymer origami could potentially contribute to 
many fields, including drug delivery and 
biosensing. 
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ABSTRACT 

 
The transition from hydrocarbons energy sources to clean renewable ones has become a top priority 
worldwide due to the catastrophic effects of pollution on public health and the environment. A hydrogen-
based energy economy would be ideal as it would produce no carbon emission (only water). Yet, most of 
the hydrogen produced nowadays still comes from nonrenewable sources, made by steam reforming of 
methane which produces carbon oxides. The cleanest way to sustainably produce hydrogen at large scale 
is by splitting water. Consequently, a significant increase in research during the last decade has been 
conducted to identify new and ideal systems both from a performance and stability viewpoints. 
An overview of decades of research on semiconductors and water splitting as well as the latest advances 
in controlled fabrication of highly ordered hybrids consisting of a visible light active semiconductor and 
molecular co-catalysts, the atomic-scale origin of performance and stability of GaN-based nanorod-arrays 
for overall water splitting in neutral and simulated seawater and the latest development in industry-
friendly highly efficient devices for solar hydrogen generation will be presented. 
Keywords: Solar hydrogen generation, photocatalytic water splitting, quantum-confined structures, 
industry-friendly devices 

INTRODUCTION 

The demand of low-cost and highly efficient 
materials has become a major challenge 
scientists are facing to answer crucial 
contemporary issues such as clean alternative 
energy resources for a safer and cleaner 
environment. One of the promising alternatives 
for the transition of fossil fuel-based energy to a 
clean and renewable one relies on the 
widespread implementation of solar energy 
systems [1], yet the high cost of energy 
production and low-energy of currently used 
material combinations pose an intrinsic 
limitation. In this context, new materials 
development is required to achieve the necessary 
crucial increase in power generation and 
conversion efficiency. The necessity of materials 
development which is not limited to materials 
that can achieve their theoretical limits, but 
makes it possible to raise these limits by 
changing the fundamental underlying physics 
and chemistry is critical. Low cost purpose-built 
materials with optimized structure and 
properties combined with inexpensive large 
scale manufacturing methods will play a 
decisive role in the success of renewable energy 

systems. However, fabricating large areas of 
such materials is a daunting challenge. 

Novel smarter and cheaper fabrication 
techniques and, just as important, better 
fundamental knowledge and comprehensive 
understanding of their properties using 
nanoscale phenomena such as quantum 
confinements to create multi-functional 
structures and devices is the key to success.  

RESULTS AND DISCUSSION 

Such concepts can be achieved and 
demonstrated by the thermodynamic modeling, 
low-cost aqueous design and fabrication of 
highly oriented crystalline arrays of metal oxide 
quantum dots and rods-based structures and 
devices with controlled orientation, size and 
shape onto various substrates designed at 
multiple scales by aqueous chemical growth at 
low-temperature [2] along with the in-depth 
study of their electronic structure and quantum 
confinement effects performed at synchrotron 
radiation facilities [3] as well as their electrical 
[4] and photoelectrochemical applications for 
sustainable solar energy conversion such as solar 
fuels [1]. 
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CONCLUSION 

 Low-cost strategies are now available to 
produce large-area commercially-sound highly-
efficient clean and sustainable 
photo(electro)chemical solar hydrogen 
generation devices which our environment, 
health and societies are in critical needs for a 
clean, safe and sustainable future [1]. 
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ABSTRACT 

 
In recent years, the fuel cells technologies have been incorporated to the Research & Development plans 
of several major key companies in the automotive, stationary power and portable electronic instruments. 
Not only fuel cells are clean energy for environment, but also they can also have more than two times the 
efficiency of traditional combustion technologies. However, despite current developments, these kind 
technologies are not mature enough to be significantly into the energy market replacing with petroleum. 
Hydrogen is an important energy carrier and a strong candidate for energy storage. It will be a useful tool 
for storing intermittent energy sources such as sun. Hydrogen is a versatile energy carrier that can be used 
to power nearly every end-use energy need. By this work, modeling and controlling of ion transport rate 
efficiency in proton exchange membrane (PEMFC), alkaline (AFC), direct methanol (DMFC), phosphoric 
acid (PAFC), direct forming acid (DFAFC), direct carbon fuel cell (DCFC) and molten carbonate fuel cells 
(MCFC) have been investigated and compared together. Thermodynamic equations have been investigated 
for those fuel cells in viewpoint of voltage output data. Effects of operating data including temperature (T), 
pressure (P), proton exchange membrane water content (λ), and proton exchange membrane thickness 
(𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚) on the optimal performance of the irreversible fuel cells have been studied. Performance of fuel 
cells was analyzed via simulating polarization and power curves for a fuel cell operating at various 
conditions with current densities. 
Keywords: Proton exchange membrane (PEMFC), Alkaline fuel cells, (AFC), Direct methanol (DMFC), 
Phosphoric acid (PAFC), Direct forming acid (DFAFC), Direct carbon fuel cell (DCFC), Molten carbonate 
fuel cells (MCFC), Solid oxide fuel cells (SOFC). 

INTRODUCTION 

Fuel cells, already used widely throughout the 
economy, offer; (1)-small power units in the 
ranges between hundreds of watts to milli-watts, 
providing energies for extended operating 
systems, such as portable computers, vehicle’s 
devices, video, cameras, mobile equipment, and 
or in industrial applications such as signaling and 
controlling devices. (2)-  Higher efficiency in the 
utilization of natural fuels. (3)-A proportional 
decrease in the exhaust of combustion products. 
(4)-Improving operation of power level through 
loading and leveling with large-scale systems for 
temporary powering storage. (5)-A widely 
developed level of decentralized, silent, local 
power supply or as a combined power. (6)-Using 
an emergency power supply and controlled 
systems in individual installations such as 
research centers and hospitals. (7)-Traction 
power around tens of kilowatts for large-scale 

application for electric cars, leading for cleaning 
the ecological situation in grand cities and 
populated area. (8)- Power supplying to 
spacecraft, submarines, offshore and other 
underwater structures for supplying drinking 
water. Based on these reasons, investigation of 
fuel cells has been considered by the end of 2019. 
By the end of the twentieth century, interest in 
fuel cells appears more common and global due 
to the dwindling world resources of oil and more 
serious ecological matters in big cities were 
recognized. Today, numerous and various fuel 
cells have been operated successfully, on a scale 
among tens of megawatts and tens or hundreds of 
kilowatts. Fuel cells are already making a high 
percentage contribution for solving economic and 
ecological matters facing mankind that without 
any doubt this contribution will continue to 
increase time by time. Recently, R&D attempts 
concerning the investigating, developing and 
application of fuel cells are guided in many 
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countries, in national laboratories, in science 
research centers, universities, and in industrial 
portions [1-4]. Fuel cells are categorized based on 
species of their electrolytes and also by the 
difference in startup time ranging between around 
one second for PEMFC [4] to ten minutes 
for solid oxide fuel cells (SOFC) with maximum 
efficiency in range of 45% to 60%. In the fuel cell 
of a solid acid electrolyte, H+ conducting 
oxyanion salt (solid acid) consists of a solid 
supported within the membrane which is 
saturated with H2O for any further ions 
transporting. Anode reaction is: H2 → 2H+ + 2e- 
and Cathode reaction is: 1/2 O2 + 2e- + 2H+ → 
H2O and the overall reaction is: H2 + 1/2 O2 →  
H2O.  In viewpoint of mechanism, at the anode, 
H2 first comes into contact with a nickel catalyst 
and break apart, bonding to the nickel surface 
forming weak H-Ni bonds consequently the 
oxidation reaction can proceed (Fig.1).  

 
Figure 1. One unit of PEM fuel cell structure 

Each H2 releases its electron which moves 
around the external circuit to the cathode which 
is the electrical current. Then, the H+ bonds with 
H2O on the membrane surface for forming H3O+ 
that moves through the membrane to the cathode 
electrode, leaving the nickel catalyst for the next 
H2. At the cathode, O2 comes into contact with a 
nickel catalyst on the electrode surface and break 
apart bonding to the nickel sheet forming weak 
O-Ni bonds, enabling the reduction reaction to 
proceed. O2 then leaves the nickel catalyst site, 
combining with two electrons that move in 
external circuit and two protons which have 
moved through the membrane for forming H2O. 
Increasing the H2 storage is a major section for 
the transition more and more hydrogen molecules 
in a fuel cell [4, 5]. Direct methanol fuel cell 
(DMFC) is a subcategory of PEMFC in 

which methanol is used as the fuel (Fig.2). The 
advantages which can be considered are the 
energy-dense, easiness of transport and 
reasonably stable liquid at all environmental 
situations and mean- while its disadvantages is 
low efficiency (around 10%), so they are targeted 
especially to portable applications, which power 
densities are more important than the efficiencies 
[6]. 

 
Figure 2. Direct methanol fuel cell (DMFC) with 
two kind electrolytes A: PEM and B: AAEM 

In contrast to indirect fuel cells, which 
CH3OH molecules are reacted to H2 molecules 
via a steam improving, direct form use a CH3OH 
solution  for transporting the reactant into the 
cells; common operating temperature  is in the 
range 55-115°C, which high temperature is 
generally pressurized [6,7]. Direct methanol fuel 
cell, itself is more efficient at top temperature and 
pressure, but these situations finally creating so 
many problem in whole of system that the 
advantage windswept, so atmospheric-pressure 
forms are yet preferred and applied [7, 8]. Due to 
the CH3OH "cross-over" phenomena or diffusion 
via the membrane (without reacting), CH3OH is 
unsuitable as a  solvent that decreases the 
performance of fuel cells  considerably, since this 
phenomenon, directly reacts with air (in cathode), 
consequently reduction of the cell voltage 
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accomplishes, therefore "cross-over" 
phenomenon is a main problem in inefficiency of 
direct methanol fuel cells [9]. This matter can be 
reduced through improving membranes, 
developing catalyst layers, reclaiming the 
structure of gas layers and optimizing the design 
of the electrodes (such as management of carbon 
dioxide at the anode) in viewpoint of current 
densities distribution [10]. The DMFC has 
restricted the PT factor (power*time) which 
means they can produce the small quantity of 
power in a lengthy period of time. Of course, 
those are suitable for large vehicles. The half-
reactions of DMFC are in anode (oxidation): 
𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻 + 𝐻𝐻2𝑂𝑂 → 6𝐻𝐻+ + 6𝑒𝑒− + 𝐶𝐶𝑂𝑂2 and in 
cathode (reduction) the half-reaction: 3

2
𝑂𝑂2 +

6𝐻𝐻+ + 6𝑒𝑒− → 3𝐻𝐻2𝑂𝑂 while the overall reaction 
is: 𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻 + 3

2
𝑂𝑂2 → 2𝐻𝐻2𝑂𝑂 + 𝐶𝐶𝑂𝑂2 (Fig.2a). 

The  𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻 oxidation over the catalyst layers 
produces 𝐶𝐶𝑂𝑂2 and 𝐻𝐻2𝑂𝑂 is consumed at 
the anode and is again produced at the cathode [9, 
10].   

From each reaction, 6-proton is transported 
through the PEM which usually is made 
of Nafion [2, 7] (sulfonated tetra-fluoro-
ethylene based fluoro- copolymer). Although Pt 
as a Nano particle might be suitable catalyst for 
both anode and cathode, it is very expensive and 
during oxidation, the number of available sites in 
Pt will be occupied by CO which is produced in 
oxidation of methanol, consequently the 
efficiency of the cell will decrease. An alloy of 
platinum with suitable percentage of Au, Ru and 
Cu can remove this problem. Storage of formic 
acid materials (HCOOH) are secure, safe,   and 
confident compared to H2 , as it is a non-
flammable liquid and also does not cross over the 
polymer membrane, so its performance can be 
higher than that of methanol. DFAFC converts 
HCOOH and O2 into CO2 and H2O to produce 
energy. The half-reactions of DFAFC are anode: 
𝐻𝐻𝐶𝐶𝑂𝑂𝑂𝑂𝐻𝐻 → 𝐶𝐶𝑂𝑂2 + 2𝐻𝐻+ + 2𝑒𝑒− and in cathode: 
1
2
𝑂𝑂2 + 2𝐻𝐻+ + 2𝑒𝑒− → 𝐻𝐻2𝑂𝑂 and total reaction is 

𝐻𝐻𝐶𝐶𝐶𝐶𝑂𝑂𝐻𝐻 + 1
2
𝑂𝑂2 → 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 [11]. The alkaline 

fuel cell (Bacon) is one of the most important fuel 
cells with high performance that NASA has 
applied (Fig.2b), in Apollo-series missions and 
on the space shuttles. The half-reactions of 
DFAFC are anode: 𝐻𝐻2 + 2𝑂𝑂𝐻𝐻−+→ 2𝐻𝐻2𝑂𝑂 +
2𝑒𝑒−. And in cathode: 𝑂𝑂2 + 2𝐻𝐻2𝑂𝑂 + 4𝑒𝑒− →
4𝑂𝑂𝐻𝐻−. In AFC, two electrodes are divided 
through a porous martials filled with an alkaline 

solvent, such as KOH, NaOH or NH4OH. One of 
the important advantages of these kind fuel cells 
is that alkaline solutions can react with CO2 to 
produce conversion K2CO3. Environmentally, 
AFC is suitable to clean out as much of the CO2 
due to operate (even in high temperature) on pure 
oxygen, or at least purified air. Since, O2 
reduction reaction (ORR) at the cathode is easier 
than in acidic cells, AFCs in the systems can be 
operated up to 90 °C with higher performance 
than acidic electrolyte, such as PEMFC.   

Other Fuel Cell Technologies: 

DBFC (direct borohydride fuel cell) is a 
subclass of AFC which is straightly feds 
via sodium or potassium borohydride  as a fuel 
and H2O2 peroxide as the oxidant. It is a novel 
type of fuel cell which is currently in the 
developing situation and is attractive because of 
its high operating potential compared to other 
kind of fuel cells [12-14]. DBFCs can be 
fabricated cheaply than the traditional due to 
unnecessary expensive [Pt]-catalysts. Moreover, 
it has a higher power density to achieve a desired 
rated voltage and thus reduces the stack costs 
considerably [14]. Sodium borohydride can be 
used in more conventional hydrogen fuel 
cell systems and hydrogen can be reproduced for 
a fuel cell via catalytic decomposition of the 
borohydride: NaBH4 + 2H2O → NaBO2 + 4H2  
including  anodic and cathode  reactions as 
Cathode: 2O2 + 4H2O + 8e− → 8OH− (E0 = 
+0.4V) and Anode: NaBH4 + 8OH− → NaBO2 + 
6H2O + 8e− (E0 = -1.24 V) with total reaction as 
NaBH4 + 2O2 → NaBO2 + 2H2O + +1.64V .  

 
Figure 3. A schematic of direct borohydride fuel 
cell 

In viewpoint of disadvantages, DBFC 
produces H2 from a side reaction of NaBH4 with 
water heated that H2 molecule can either be piped 
out to the exhaust or piped to a conventional 
hydrogen fuel cell, in addition, the process of 
creating electricity is not easily reversible (Fig.3).  
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DFAFC: A formic acid fuel cell is a subclass 
of PEMFC which is not remade, but fed directly 
to the fuel cell. The advantages are including 
portable electronics such as phones and laptop 
computers as well as larger fixed power 
applications such as vehicles. Similar to CH3OH, 
the formic acid is a small molecule that fed 
directly into the fuel cell, without needing 
a catalytic reforming and easy storing which is 
safer than compared to H2  at high pressures and 
low temperatures. Formic acid does not cross 
over the polymer membrane, so its efficiency can 
be higher than that of methanol. It converts 
formic acid and O2  to CO2 and H2O for producing 
energies in anodic and cathode sides as; Anode: 
HCOOH → CO2 + 2H+ + 2e− Cathode: 1/2O2 + 
2H+ + 2e− → H2O Net reaction: HCOOH + 1/2 
O2 → CO2 + H2O. In 2018, a paper about DFAFC 
was published addressing the issue of requiring a 
high over-potential by way of golden single-
atom-site platinum catalysts [15] (Fig.4).  

 
Figure 4. A schematic of phosphoric acid fuel cell  

MHFC: A metal hydride fuel cell is a 
subclass of AFC in both research and developing 
processing with its ability to store H2 within the 
cell, same as direct borohydride fuel cells. There 
are numerous of interesting characteristics 
including  the rechargeable ability with electrical 
energies same as NiMH batteries, low operating 
temperatures, quick kinetics, extended shelf life 
and quick cold start properties [16-19].  

EGFC: A Electro/galvanic fuel cell is 
an  electrical system, one form of which is 
generally applied for measuring the concentration 
of O2 in scuba diving and medical devices. 
The chemical reactions occur when the KOH  in 
the cell comes into contact with O2 that 
creates electrical currents among 
the lead anode and the gold-plated cathode via 

loading resistance. This current appears due to the 
concentration of O2 present. They are used in 
oxygen analyzers in technical diving to display 
the proportion of O2 in a N2   before a dive. The 
partial pressure of oxygen in diving 
chambers and surface supplied breathing gas 
mixtures can also be monitored using these cells. 
This can either be done by placing the cell 
directly in the hyperbaric environment, wired 
through the hull to the monitor, or indirectly, by 
bleeding off gas from the hyperbaric environment 
or diver gas supply and analyzing at atmospheric 
pressure, then calculating the partial pressure in 
the hyperbaric environment. This is frequently 
required in saturation diving and surface oriented 
surface supplied mixed gas commercial diving. 
EGFC has a limited lifetime that is reduced via 
exposure to high concentrations of O2 [20-22].  

MFC: microbial fuel cell, is a bio-electro 
chemical system  where drives the electrical 
currents via using bacteria and mimicking 
bacterial interactions found in nature. MFC can 
be collected into two general classes including 
mediated and unmediated. Mediated category is 
based on a chemical that transfers electrons from 
the bacteria in the cell to the anode. In 
unmediated category, a bacterium generally has 
electrochemically active redox proteins such 
as cytochromes on their outer membrane that can 
transfer electrons directly to the anode. In the 21st 
century, MFCs started to find a commercial use 
in wastewater treatment [23-25]. Microbial fuel 
cell is noteworthy due to power generation 
applications which needs only low energy, such 
as wireless sensor networks or remote 
monitoring  [26, 27]. The stronger power 
generation can be manufactured with a biofilm-
covered graphite anode. Microbial fuel cell use 
energy more efficiently than standard internal 
combustion engines, which are limited by 
the Carnot Cycle. Microbial fuel cell operates 
well in biological temperature and pH (around 7) 
[26-29]. Recently, microbial fuel cell for 
environmental sensor has been considered that 
would be able to provide power for longer periods 
and enable the collection and retrieval of 
undersea data without a wired infrastructure. The 
energy created by these kinds of fuel cells is 
enough for sustaining the sensors after an initial 
startup time. In soil-based MFC principles, the 
soil acts as the nutrient-rich anodic media, 
the inoculum and the PEMFC . The anode is 
located in an especial depth within the soil, while 
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the cathode rests on the top of soil. Soil-based 
MFC is becoming a common educational tool for 
science teaching [30-33].  

RFC (regenerative or revers fuel cell) is a fuel 
cell run in reversible situation, that uses 
electricity and chemical molecules (1)  to 
chemical molecules (2) . The main item is that, 
the process of fuel cell must be reversible. 
Although a given system is usually minimized for 
operating in one step, may not be built in such a 
way that it can be operated backwards. The 
mechanism of reverse fuel cell is based on H2 
fueled proton exchange membrane fuel cell. As 
instance, it is used H2  and O2 to produce 
electricity withH2O; a regenerative hydrogen fuel 
cell is used electricity and water for producing H2 
and O2.  During the operating in reverse step, the 
anode for the electricity level becomes the 
cathode in the H2 generation, which means 
reverse fuel cell mode, and vice versa. When an 
external voltage is used, H2O at the cathode side 
will undergo electrolysis to produce H+ and O2- 
ions; O2- will be transported via the electrolyte 
towards anode where it can be oxidized to form 
O2. In this reverse level, the polarity of the cell is 
opposite to that for the fuel cell. At cathode: H2O 
+ 2e− → H2 + O2− At anode: O2− → 1/2O2 + 
2e− Overall: H2O → 1/2O2 + H2 (Fig.5) [34-37]. 

 
Figure 5. A schematic of regenerative fuel cell 

SORFC (Solid oxide regenerative fuel cell) is a 
subgroup of RFC with solid oxide regenerative 
fuel cell. SORFC operates at high temperature 
with high efficiency and it is a suitable system for 
high temperature electrolysis. Less electricity is 
required for electrolysis process in SORFC due to 
high temperature. Although the electrolyte can be 
oxygen ion or hydrogen ion conducting, for 
oxygen ion conducting yttria stabilized zirconia 
(YSZ) based SORFC using Ni–YSZ as the H2 
electrode and LSM–YSZ as the oxygen electrode 
has been investigated [38]. Dönitz and coworkers 
reported on the mechanism of YSZ electrolyte 

cell by current density of 0.3 A cm−2 and 100% 
Faraday efficiency at only 1.05 V [39]. In one 
research , it has been exhibited that ceria-based 
composite electrolytes, where both proton and 
oxide ion conductions exist, produce high current 
output for fuel cell operation and high hydrogen 
output for electrolysis operation [40].  A few 
doped atoms such as Zr with Sc and ceria 
(10ScCeSZ) are also investigated as potential 
electrolytes in SORFC for H2 production at 550-
750 °C. It is reported that 10Sc1CeSZ exhibits 
suitable properties with high current densities 
[41]. Generally used/tested electrodes are Ni/Zr 
cermet (Ni/YSZ) and La-substituted Sr and Ti   
composite for SORFC cathode, and La-Sr-Mn 
(LSM) for SORFC anode. Other anode materials 
can be La-Sr -Fe (LSF), La-Sr-Cu-Fe and La-Sr-
Co-Fe (LSCoF). Studies exhibit that Ni/YSZ 
electrode was less active in reverse fuel cell 
operation than in fuel cell operation, and this can 
be attributed to a diffusion-limited process in the 
electrolysis direction, or its susceptibility to aging 
in a high-steam environment, primarily due to 
coarsening of nickel particles [42]. Therefore, 
alternative materials such as the Ti/ceria 
composite (La0.35Sr0.65 TiO3–Ce0.5 La0.5 O2) or 
(La0.75Sr0.25) and (0.95Mn0.5Cr0.5O3) (LSCM) 
have been proposed electrolysis cathodes. Both 
LSF and LSM/YSZ are reported as suitable anode 
candidates for electrolysis mode [43, 44].  

DEFC (direct-ethanol fuel cell) is a system 
of fuel cell in which ethanol is fed directly into 
the cell. It has been used as a system to investigate 
a range of fuel cell mechanism including the use 
of PEM [45]. DEFC uses C2H5OH in the fuel cell 
instead of the more toxic CH3OH. C2H5OH is a 
hydrogen-rich liquid and it has a higher specific 
energy compared to CH3OH. The use of C2H5OH 
would also overcome both the storage and infra-
structure challenge of H2 in fuel cell applications 
[46]. The DEFC, similar to the DMFC, relies 
upon the oxidation of ethanol on a catalyst layer 
to form carbon dioxide. Water is consumed at 
the anode and is produced at the cathode. 

Protons (H+) are transported across the proton 
exchange membrane to the cathode where they 
react with O2 to produce water. Electrons are 
transported through an external circuit from 
anode to cathode, providing power to connected 
devices. Anode: C2H5OH +3H2O → 12H+ +12e- 
+2CO2, cathode:  3O2 + 12H+ + 12e- → 6H2O. 
SOFC (solid oxide fuel cell) is a system that 
produces electricity directly from oxidizing  of 
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a fuel consist of a solid oxide. The most important 
advantage   of this category equipment are a 
combination of heat and power efficiency, long-
term stability, fuel flexibility, low emissions, and 
relatively low cost. The largest disadvantage is a 
high operating temperature [47]. Generally, 
SOFC consist of   four layers which three of them 
are ceramics and single cell consisting of these 
four layers stacked together is basically only a 
few millimeters thick. A few hundreds of these 
unit cells are then connected in series for forming 
SOFC stack. The ceramics used in SOFC do not 
become active until they reach very high 
temperature and as a result, the stacks have to run 
at temperatures ranging from 500 to 1,000 °C. 
Reduction of oxygen into oxygen ions occurs at 
the cathode. These ions can then diffuse through 
the solid oxide electrolyte to the anode where 
they can electrochemically oxidize the fuel. In 
this reaction, a water byproduct is given off as 
well as two electrons. These electrons then flow 
through an external circuit where they can do 
work. The cycle then repeats as those electrons 
enter the cathode material again [48]. 

DISCUSSION 

The details of the above fuel cells are 
summarized in table 1. The enthalpy of hydrogen 
combustion reaction or hydrogen heating amount 
for one mole of hydrogen can be calculated via  
∆𝐻𝐻 = ∆𝐻𝐻𝑓𝑓0(𝐻𝐻2𝑂𝑂) − ∆𝐻𝐻𝑓𝑓0(𝐻𝐻2)− 1

2
∆𝐻𝐻𝑓𝑓0(𝑂𝑂2) =

−286.31 𝐾𝐾𝐾𝐾/𝑚𝑚𝑚𝑚𝑚𝑚 . Hydrogen heating amounts 
are used as a measure of energies input for the 
fuel cells and this is the maximum value of 
thermal energy which  can be extracted from 
hydrogen. In addition Gibbs free energy is given 
by the following equation: ∆G = ∆H - T∆S. which 
the difference between entropies of products and 
reactants can be calculated as  ∆𝑆𝑆 =
∆𝑆𝑆𝑓𝑓0(𝐻𝐻2𝑂𝑂)− ∆𝑆𝑆𝑓𝑓0(𝐻𝐻2)− 1

2
∆𝑆𝑆𝑓𝑓0(𝑂𝑂2) . The 

maximum electrical work is: 𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚 =
−𝑛𝑛(𝑒𝑒𝑚𝑚𝑒𝑒)𝐹𝐹 = -∆𝐺𝐺 where F is Faraday’s constant 
and “emf” is the ideal electro motor force or 
potential of the cell. Therefore the theoretical 
hydrogen/oxygen fuel cell potential or maximum 
voltage of fuel cells is: 𝑒𝑒𝑚𝑚𝑒𝑒 = 𝐸𝐸 = −∆𝐺𝐺

𝑛𝑛𝑛𝑛
=

237.342 𝐽𝐽 𝑚𝑚𝑚𝑚𝑚𝑚−1

2∗98486.5 𝐶𝐶𝑚𝑚𝐶𝐶𝑚𝑚𝑚𝑚𝐶𝐶
= 1.231 𝑉𝑉𝑚𝑚𝑚𝑚𝑉𝑉. The thermal 

efficiency is defined based on amount of useful 
energy released when a fuel is reacted with an 
oxidant (∆𝐺𝐺), relative to the change in stored 
chemical energy (∆𝐻𝐻) therefore the maximum 

theoretical yields in a fuel cell is 𝜂𝜂 = ∆𝐺𝐺
∆𝐻𝐻

=
237.342
−286.31

= %82.9. Based on Nernst equation a 
function of temperature and pressure can be 
applied for any fuel cells as;  𝑒𝑒𝑚𝑚𝑒𝑒 = 𝐸𝐸(𝑇𝑇,𝑃𝑃) =

−�∆𝐻𝐻
𝑛𝑛𝑛𝑛
− 𝑇𝑇∆𝑠𝑠

𝑛𝑛𝑛𝑛
� + 𝑅𝑅𝑇𝑇

𝑛𝑛𝑛𝑛 
𝐿𝐿𝑛𝑛 �

𝑃𝑃𝐻𝐻2𝑃𝑃𝑂𝑂2
0.5

𝑃𝑃𝐻𝐻2𝑂𝑂
�, (1). For both 

Phosphoric acid fuel cells (PAFC) and polymer 
electrolyte membrane fuel cells (PEMFC), the 
hydrogen molecules splitting at the anode into 
hydrogen ions are transport across the electrolyte 
to the cathode. For a PEMFC of static electrolyte 
with 25cm2 active area, 50µm thickness and 9⋅10-

7cm2⋅s-1 diffusion coefficient of H+ ions [25-28], 
current density obtained for applied potential 
difference between 0.5-1.0V at 75°C exhibited in 
Fig.6  

 
Figure 6. Current densities versus potential 

Although PEMFC has lower current than 
PAFC, due to its lower operating temperature 
allowing fast startup and can be applied in 
automotive power applications. Another 
advantage of PEMFC is that its electrolyte is a 
solid material and is less expensive to 
manufacture than the liquid electrolyte η(𝑇𝑇,𝑃𝑃) =

�∆𝐻𝐻−𝑇𝑇∆𝑆𝑆
𝑛𝑛𝑛𝑛

� + 𝑅𝑅𝑇𝑇𝐿𝐿𝑛𝑛(
𝑃𝑃𝐻𝐻2𝑃𝑃𝑂𝑂2

0.5

𝑃𝑃𝐻𝐻2𝑂𝑂
). It is notable that, the 

maximum electrical energies and the potential 
differences are achieved when the fuel cells are 
operating under the thermodynamically 
reversible condition. Practically, an open circuit 
potential is considerably lower than the theory 
due to three main losses which are, first 
concentration polarization𝑉𝑉𝑐𝑐𝑚𝑚𝑛𝑛𝑐𝑐𝑚𝑚𝑛𝑛 second 
activation polarization𝑉𝑉𝑚𝑚𝑐𝑐𝑎𝑎, and third ohmic 
polarization𝑉𝑉𝑚𝑚ℎ𝑚𝑚𝑚𝑚𝑐𝑐. The irreversible voltage loss 
𝑉𝑉𝑚𝑚𝑖𝑖𝑖𝑖𝑚𝑚𝑖𝑖 is a summation of these three parameters, 
𝑉𝑉𝑚𝑚𝑖𝑖𝑖𝑖𝑚𝑚𝑖𝑖 = 𝑉𝑉𝑚𝑚𝑐𝑐𝑎𝑎 + 𝑉𝑉𝑚𝑚ℎ𝑚𝑚𝑚𝑚𝑐𝑐 + 𝑉𝑉𝑐𝑐𝑚𝑚𝑛𝑛𝑐𝑐𝑚𝑚𝑛𝑛. Based on 
Butler-Volmer equation, a specific potential is 
needed for overcoming to the energies barriers 
which called activation polarization 𝑖𝑖 = 𝐼𝐼𝑐𝑐 +
𝐼𝐼𝐴𝐴 = 𝑖𝑖0 �− exp(−𝛼𝛼𝐶𝐶𝑛𝑛𝑛𝑛𝑛𝑛

𝑅𝑅𝑇𝑇
�+ exp (𝛼𝛼𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛

𝑅𝑅𝑇𝑇
)] where 

𝐼𝐼𝐴𝐴 𝑎𝑎𝑛𝑛𝑑𝑑 𝐼𝐼𝑐𝑐 are anode and cathode current densities, 
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respectively and 𝑖𝑖0is the reaction exchange 
currents densities. Meanwhile 𝛼𝛼𝐴𝐴 and 𝛼𝛼𝐶𝐶 are the 
charge transfer coefficients at the anode and 
cathode and n is the number of exchange protons 
per mole of reactant. Here 𝜂𝜂 is the activation over 
potential term or  ∆𝑉𝑉𝑚𝑚𝑐𝑐𝑎𝑎 = 𝜂𝜂 = − 𝑅𝑅𝑇𝑇

𝑛𝑛𝛼𝛼𝐶𝐶𝑛𝑛
𝑚𝑚𝑛𝑛 𝑚𝑚

𝑚𝑚0
. For a 

fuel cell operating with a transfer coefficient of 
0.45 activation losses versus current density are 
shown in Fig.7.  

 
Figure 7. Activation loss as a function of current 
densities 

With an exchange current density of 10-3Acm-

2 activation losses for different transfer 
coefficients are shown in (Fig.8) which indicate 
that for large exchange current densities, fuel cell 
has insignificant activation over potential. This is 
a measure of the system abilities for delivering a 
net current with significant energies loss. When 
the transfer’s coefficients are low, the activation 
over potentials is large for any specific current. If 
the transfer’s coefficients are large, the fuel cell 
will provide large current with small activation 
over potential. The electrolytes have an intrinsic 
resistance to prevent the charge flow due to 
ohmic polarization including 
𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐𝑎𝑎𝑖𝑖𝑚𝑚𝑛𝑛𝑚𝑚𝑐𝑐 𝑎𝑎𝑛𝑛𝑑𝑑 𝑅𝑅𝑚𝑚𝑚𝑚𝑛𝑛𝑚𝑚𝑐𝑐. Fuel cell resistances can 
be written as: 𝑉𝑉𝑚𝑚ℎ𝑚𝑚𝑚𝑚𝑐𝑐 = 𝑖𝑖𝑅𝑅𝑚𝑚ℎ𝑚𝑚𝑚𝑚𝑐𝑐 =
𝑖𝑖(𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐𝑎𝑎𝑖𝑖𝑚𝑚𝑛𝑛𝑚𝑚𝑐𝑐 + 𝑅𝑅𝑚𝑚𝑚𝑚𝑛𝑛𝑚𝑚𝑐𝑐) 𝑅𝑅𝑚𝑚𝑚𝑚𝑛𝑛𝑚𝑚𝑐𝑐 Indicates the ionic 
resistance and 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐𝑎𝑎𝑖𝑖𝑚𝑚𝑛𝑛𝑚𝑚𝑐𝑐 consist of the total 
electrical resistance of all components 
concluding bipolar plates, cell interconnects and 
all connection path. 

 
Figure 8. Activation loss versus transfer 
coefficient  

The big amount of ohmic loss appears during 
the transport of ions through the membrane which 
depends to membrane water or membrane 
relative humidity ( ∅𝑚𝑚) parameter as a function 
of   λ=𝐶𝐶0 + 𝐶𝐶1∅𝑚𝑚 + 𝐶𝐶2∅𝑚𝑚

2 + 𝐶𝐶3∅𝑚𝑚
3 +

𝐶𝐶4∅𝑚𝑚
4+… where 𝐶𝐶𝑛𝑛 are coefficients.  It is 

notable that the resistance of the membrane 
changes with water because of water uptake 
results in membrane swelling, which changes the 
membrane thickness along with its conductivity. 
The ionic resistance can be written as: 
𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐𝑎𝑎𝑖𝑖𝑚𝑚𝑛𝑛𝑚𝑚𝑐𝑐 = 2𝑚𝑚𝑑𝑑

𝜎𝜎𝑑𝑑
 where 𝑚𝑚𝑑𝑑 and 𝜎𝜎𝑑𝑑 are diffusion 

layers of thickness and electronic conductivities, 
respectively. The concentration over potential is 
due to the mass transfer of H2 and O2. When the 
PEMFC cathode (O2) and the anode (H2) gases 
interact as an electrochemical process, the 
concentration of the H2 and O2 at the two 
electrodes will be consumed, that are lower than 
the initial concentration, and the irreversible loss 
caused by this concentration gradient is called the 
concentration over potential. The concentration 
over potential can be expressed as𝑉𝑉𝑐𝑐𝑚𝑚𝑛𝑛𝑐𝑐 =
𝐶𝐶𝐿𝐿𝑛𝑛( 𝑚𝑚𝐿𝐿

𝑚𝑚𝐿𝐿−𝑚𝑚
). Where 𝑖𝑖𝐿𝐿 indicates that the PEMFC 

can reach the limiting current density during 
operation and c indicates the concentration loss 
constant. 
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Table 1. Summarized information of various fuel cells  

 

 

 

 

Fuel cell 
type Abbreviation General 

Electrolyte ~C0 Size 
KW ~R% Application 

Proton 
exchange 
membrane 
fuel cell 

PEMFC Polymer 
membrane 80 1-100 60 R &  D 

Alkaline fuel 
cell AFC Diluted 

KOH 90 10-100 60 R &  D 

Phosphoric 
acid fuel cell PAFC H3PO4 150-200 100-400 40 R &  D 

Molten 
Carbonate 
fuel cell 

MCFC 
Solution of 

alkaline 
metal 

600-700 300-3000 40-50 R &  D 

Solid Oxide 
fuel Cell SOFC 

Yttria 
Stabilized 
Zirconia 

700-1000 1-2000 60 R &  D 

Metal hydride 
fuel cell MHFC 

Aqueous al
kaline  solut

ion 
> -20 1-100 50 R &  D 

Electro-
galvanic fuel 

cell 
EGFC 

Aqueous 
alkaline sol

ution 
<40 1-10 40 R &  D 

Direct formic 
acid fuel cell DFAFC Polymer 

membrane <40 < 50 W 50 R &  D 

Microbial-
fuel cell MFC Polymer 

membrane <40 < 50 W 30 R 

Regenerative-
fuel cell RFC Polymer 

membrane    R &  D 

Solid 
oxide regener

ative fuel  
SORFC Polymer 

membrane 550-750   R &  D 

Direct boro-
hydride fuel 

cell 
DBFC 

Aqueous 
alkaline 
solution 

   R &  D 

Direct-
methanol fuel 

cell 
DMFC Polymer 

membrane    R &  D 

Direct-ethanol 
fuel cell DEFC Polymer 

membrane    R &  D 

solid oxide 
fuel cell SOFC 

O2−-
conducting 
ceramic oxi

de 

500-1000   R &  D 

Protonic 
ceramic fuel 

cell 
PCFC 

H+-
conducting 

ceramic 
oxide 

   R &  D 

Direct carbon 
fuel cell DCFC Several 

different    R 

Magnesium-
Air Fuel Cell MAFC Salt water    R 
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ABSTRACT 

 

In 2018, France has announced the launch of its national hydrogen program. CEA and the major French 

academic and industrial players contribute actively to this program. This presentation aims at giving an 

overview of the Hydrogen state of the art research and academic eco-system located in the Grenoble area 

in France. 
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ABSTRACT 
 

In correlated materials, electron and lattice distortion is coupled, therefore metal-insulator transition 
(MIT) of correlated materials accompanies the structural phase transition (SPT). We focused on the near 
room temperature phase transition process, i.e. insulating monoclinic to metallic rutile phase transition of 
the vanadium dioxide (VO2), a representative correlated materials. By the first principles calculation, we 
designed the rutile/monoclinic heterogeneous interface that electron-electron interaction of monoclinic 
VO2 region is successfully reduced without crystal structure changing [1]. This interface design can 
stabilize unstable metallic monoclinic phase. The MIT without SPT of VO2 is also confirmed by 
combination with experimental approaches like thin-film growth, structural and electrical 
characterizations. Our results clarify the long-time controversy about origin of phase transition in VO2 
and will be applied by the high speed functional devices which are based on phase transition. 
Keywords: metal-insulator transition, VO2  
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ABSTRACT 

 
High performance Si-based devices require atomically ordered interface of heterostructures and doping 
profiles as well as strain engineering, which is obtained by the introduction of Ge and C into Si. In this 
work, in-situ co-doping process of B and C in Si1-xGex epitaxial growth on Si (100) substrates using SiH4 
- GeH4 - B2H6 - SiH3CH3 - H2 gas mixtures at 550oC is explained by the modified Langmuir-type 
mechanism.   It is proposed that the increase of growth rate by B2H6 addition for heavy B doping is 
caused by reactions of SiH4, GeH4 and B2H6 at the B-occupied sites where B2H6 molecules have been 
adsorbed at Si-Si, Si-Ge and Ge-Ge pair sites and that the decrease of growth rate by SiH3CH3 addition 
for higher GeH4 partial pressure is caused mainly by the increase of inactive site density for both the SiH4 

and GeH4 due to the adsorption of SiH3CH3 at Ge-Ge pair sites.   It is also proposed that the C doping is 
influenced by reaction of SiH3CH3 at the B-occupied sites.  Fairly good agreement is obtained between 
all the experimental data and the calculated values using the modified Langmuir-type mechanism. 
Keywords: Si, Ge, Co-doping, CVD, Langmuir  
 

INTRODUCTION 

For the fabrication of Si-based ultra-small 
devices, atomically ordered interface of 
heterostructures and doping profiles as well as 
strain engineering due to introduction of Ge and 
C into Si are required. Our interest is the 
generalization of atomic-order surface reaction 
processes for group IV semiconductors [1-6].   
The growth rate of Si, Si1-xGex, the Ge fraction 
x and the dopant concentration in Si1-xGex (100) 
were related to the growth conditions using the 
Langmuir-type mechanism although there were 
the disagreements of fitting [5].  Recently, it was 
found that the incorporation rate constants of B 
into the grown film and adsorption rate constant 
of the B2H6 molecule are obtained from the 
depth profile of dopant in the grown layer during 
in-situ doping [7].  For lower B2H6 partial 
pressure, growth rate, Ge fraction and B 
concentration in the films are explained by a 
Langmuir-type mechanism [8]. For higher B2H6 
gas partial pressure, it was proposed that SiH4, 
GeH4 and B2H6 molecules are absorbed and 
react partially at the B-occupied sites where 
B2H6 molecules have been adsorbed on (100) 
surface.  In this work, in-situ co-doping process 

of B and C in Si1-xGex epitaxial growth on Si 
(100) substrates is explained by the Langmuir-
type mechanism shown in Fig.1 using the 
experimental data [9, 10]. 

 
(a)Adsorption/reactions of SiH4 and GeH4 and 
co-doping of B and C at Si1-xGex 

(100) surface. 

 
(b)Adsorption/reactions of SiH4 and GeH4 and 
co-growth of B and C at B-occupied site. 
Figure 1. Reactant gas adsorption/reactions for 
co-doping of B and C in Si1-xGex (100) epitaxial 
growth. 
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EXPERIMENTAL 

The in-situ co-doping of B and C in Si1-xGex 
epitaxial growth on Si (100) substrates at 550oC 
in a SiH4-GeH4-H2-B2H6-SiH3CH3 gas mixture 
has been performed [10] by using an ultraclean 
hot-wall low-pressure CVD system shown in 
Fig.2 [5]. Details of the epitaxial growth and 
surface treatment conditions were described 
elsewhere [10, 5]. 

 
Figure 2. Schematic diagram of an ultraclean 
hot-wall low-pressure CVD. 

RESULTS AND DISCUSSION 

Langmuir-type formulation for in-situ co-doping 

By the formulation based on the Langmuir-
type adsorption and reaction mechanism shown 
in Table 1, in-situ doping characteristics of 
dopant (B or C) in Si1-xGex epitaxial growth can 
be explained, assuming that: 
1) One dopant molecule (B2H6 or SiH3CH3) 

occupies one free surface site according to 
Langmuir’s adsorption isotherm, 
independently of SiH4 or GeH4 partial 
pressure [3], as shown by eqs. (1), (2) and (4) 
in Table I, 

2) The B-occupied site where B2H6 molecule 
has been adsorbed becomes active for the 
SiH4, GeH4 and B2H6 adsorption /reactions 
on the surface [8], as shown by eqs. (3) - (7), 
and (9).  In the present work, it is also 
proposed that the B-occupied site becomes 
active for the SiH3CH3 adsorption/reaction 
on the surface, as shown by eqs. (2), (8) and 
(10). 

3) The dopant occupancy is different at the Si-
Si, Si-Ge, and Ge-Ge pair sites on the surface 
[3],  

4) B and C incorporation rate constants into the 
epitaxial grown film are given by eqs. (1) - 
(10).  

 

 

Table 1. Equations in the modified Langmuir-
type mechanism for formulating growth rate, Ge 
fraction, B and C concentration in the epitaxial 
growth on the (100) surface. i = 1, 2 and 3 
correspond to the Si-Si, Si-Ge, and Ge-Ge pair 
sites, respectively. 
Total adsorption site density n i at each pair site 
n i=Qsi+QBi+QCi                                                      (1) 
Qsi : free site density for B2H6 and SiH3CH3, QBi 
and QCi: B2H6 and SiH3CH3 adsorption site density, 
respectively. 
QBi, QCi and Qsi in steady state 
QBi=[kBiPB/(k-Bi+kINC-Bi)]Qsi,  
QCi=[kCiPC/(k-Ci+kINC-Ci)]Qsi, 
Qsi=n i/[1+kBPB/(k-B+kINC-B)+k iPC/(k-C+kINC-C)]      
(2) 
kBi, k-Bi,  kCi, k-Ci, kINC-Bi and kINC-Ci: adsorption, 
desorption and incorporation rate constants shown in 
Fig. 1(a). PB and PC : partial pressure of B2H6 and 
SiH3CH3 gas. 
B precipitation amount QBB by reaction of B2H6 
gas at B-occupied sites  

3 
QBB=kBBPBΣ(c iQBi),                                               (3) 

i=1 
kBB : B precipitation rate constant shown in Fig. 1(b). 
Si1-xGex growth rate R0 at free site 
R0=(k1n0PSiH4+k2n0PGeH4)/[1+(k1/kSi)PSiH4)],          
(4) 

  3 
with kan0=Σkain ic i(Qsi/n i)] 

i=1  
a=1, 2, Si; c1=(1-x)2, c2=2x(1-x), c3=x2,          
k1, k2, kSi: adsorption and reaction rate constant 
shown in Fig.1(a). PSiH4, PGeH4 : partial pressure of 
SiH4 and GeH4 gas.  
Si1-xGex and B growth rate RB at B-occupied sites 

3                                                                
RB=(k1Bn0PSiH4+k2Bn0PGeH4) Σ(c iQBi(t)/n i) 

                                           i=1
                           3      

+QBB/(1.16x1023), with n0=Σ(c in i),  (5) 
                                                                 i=1 
k1B, k2B : growth rate constant shown in Fig. 1(b). 
Total growth rate R 
R=R0+RB.                                                                (6) 
Ge Fraction x in the grown film 
x={k2n0PGeH4/[1+(k1/kSi)PSiH4] 3 

+k2BPGeH4Σ(c iQBi)}/(R0+RB). (7) 

                                                                         i=1 

C precipitation amount QCC by reaction of 
SiH3CH3 gas at B-occupied sites 

3 
QCC=kCCPCΣ(c iQBi),                                                
(8) 

i=1 
kCC : C precipitation shown in Fig. 1(b). 
B concentration CB in the grown film 

3 
CB=[Σ(c ik INC-BiQBi)+QBB]/R.                                   
(9) 

i=1 
C concentration CC in the grown film 
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3 
CC=[Σ(c ik INC-CiQCi)+QCC)]/R.                               (10) 

i=1 

In Table 1, the values of k1i, k2i, kSi and kBi, k-

Bi, kBB are shown in ref. [5] and [8], 
respectively.  The values of kCi, k-Ci and kINC-Ci 
in Table I are shown in Table II, determined by 
fitting the experimental data [9] of C doping 
without B2H6 addition to equations in Table I.  
Therefore, by the determination of kCC shown in 
Table II, the comparison between the co-doping 
data and the mechanism shown in Table I are 
performed.  
 

 
Table 2. The fitting parameters kCi, k-Ci, kINC-Ci 
and kCC on the (100) surface at 550ºC, 
calculated from equations in Table I using the 
fitting parameters shown in ref. [8], the 
experimental data in ref. [5] and in Fig. 3.  

       i        1           2           3 
                                Si-Si     Si-Ge   Ge-Ge 

kCi         (min-1Pa-1)   1.6          10         200 
k-Ci        (min-1)           -             -             - 
kINC-Ci  (min-1)     2          0.5          30 

kCC        (min-1)                       400 

 
   (a) Growth rate                                       (b) B concentration 

 
(c) Ge fraction                                        (d) C concentration 

Figure 3.  Dependences of the (a) growth rate, (b) B concent-ration, (c) Ge fraction and (d) C 
concentration in Si1-xGex on the B2H6 partial pressures. The solid lines are calculated from equations in 
Table I using the fitting parameters in Table II and in ref. [8]. The total pressure and the SiH4 partial 
pressure are 30 Pa and 6.0 Pa, respectively. The deposition temperature is 550ºC
 

In-situ co-doping of B and C in Si1-xGex 
epitaxial growth  

Figure 3 shows the dependences of growth 
rate, B concentration, Ge fraction and C 
concentration for co-doping of B and C in Si1-

xGex epitaxial growth at 550ºC on Si (100).  The 
growth rate at lower PGeH4 increases with 
increasing PB2H6. But that at higher PGeH4 

decreases with increasing PB2H6 (Fig. 3(a)).  
With SiH3CH3 addition, the growth rate scarcely 
changes at lower PGeH4 and decreases at higher 
PGeH4, corresponding the calculated lines. This 
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means that the decrease of the growth rate is 
caused mainly by the increase of inactive site 
density for both the SiH4 and GeH4 due to the 
adsorption of SiH3CH3 at Ge-Ge pair sites.  The 
calculated values of B concentration correspond 
to the experimental data expect for the samples 
grown at PGeH4=1.2 Pa and PSiH3CH3=0.09 Pa. 
For those samples (Ge fraction>0.44 and C 
concentration>8 x 1020 cm-3) as shown in Fig. 
3(b).  It was suggested that the B and C atoms 
exist at interstitial site [8]. Therefore, for the 
samples, it is considered that the value of kINC-Bi 
is mainly different from that of the other 
samples.    The calculated values of the Ge 
fraction and C concentration correspond the 
experimental data shown in Fig. (c) and (d).    It 
should be noted that the calculated C 
concentration, which is almost independent of B 
concentration, results from C precipitation by 
reaction of SiH3CH3 gas at B-occupied sites 
shown in eq. (8). 

SUMMARY 

The in-situ co-doping process of B and C in 
Si1-xGex epitaxial growth on Si (100) substrates 
using SiH4 - GeH4 - B2H6 - SiH3CH3 - H2 gas 
mixtures at 550oC is explained by the modified 
Langmuir-type mechanism.  In the calculation of 
growth rate, B concentration, Ge Fraction and C 
concentration in the grown film using Table I, 
the values of k1i, k2i and kSi are used in ref. [5] 
for undoped Si1-xGex epitaxial growth and kBi, k-

Bi, kBB in ref. [8] for B doped Si1-xGex epitaxial 
growth.  The values of kCi, k-Ci and kINC-Ci are 
determined by fitting the experimental data [9] 
for C doped Si1-xGex epitaxial growth to 
equations in Table I. Therefore, for the present 
co-doping, only kCC as a fitting parameter is 
obtained.  By such fitting, it is proposed that the 
increase of growth rate at lower PGeH4 by B2H6 
addition for heavy B doping (Fig.3(a)) is caused 
by reactions of SiH4, GeH4 and B2H6 at the B-
occupied sites where B2H6 molecules have been 
adsorbed at Si-Si, Si-Ge and Ge-Ge pair sites 
[8].  As shown in Fig. 3(a), it is proposed that 
the decrease of growth rate by SiH3CH3 
addition for higher PGeH4 is caused mainly by 
the increase of inactive site density for both the 
SiH4 and GeH4 due to the adsorption of 
SiH3CH3 at Ge-Ge pair sites.   It is also 
proposed that the C concentration shown in Fig. 
3(d) is influenced by reaction of SiH3CH3 at the 
B-occupied sites.  Fairly good agreement is 

obtained between all experimental data shown 
in Fig. 3 and the calculated values using the 
modified Langmuir-type mechanism. 

These results open the way for 
generalization of atomically controlled surface 
reaction process in group IV semiconductors by 
CVD. 
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ABSTRACT 
 

In recent years, our sensitivity for imaging and spectroscopy has dramatically improved due to aberration 
correction, greatly assisting the correlation of atomic-scale structure and bonding to materials’ properties. 
Trial and error materials’ development is increasingly being replaced by atomic scale engineering, informed 
by the powerful combination of microscopy and theoretical calculations. Here we present some recent 
applications of this approach to catalysts, batteries, piezoelectrics, thermoelectrics and complex oxide 
device structures. 
Keywords: Scanning transmission electron microscopy, catalysts, piezoelectrics, thermoelectrics, complex 
oxides 

INTRODUCTION 

With aberration-corrected scanning 
transmission electron microscopy it is possible to 
form probes smaller than atomic dimensions, 
allowing an unprecedented view of 
microstructural details. It is also possible to 
perform spectroscopy with such a probe, 
providing atomic-level information on 
composition and electronic structure. With such 
tools, coupled with theoretical calculations, it is 
becoming increasingly feasible to design and tune 
functional materials based on sound 
understanding of the fundamental atomistic 
origin of their structure-property relations. 

EXPERIMENTAL  

All experimental data presented here were 
obtained in a JEOL ARM200F microscope at the 
National University of Singapore, which is 
equipped with an ASCOR probe corrector, cold 
field emission gun, UHR pole piece, Gatan 
Quantum ER spectrometer, OneView camera and 
Oxford Aztec EDS system. Results were obtained 
at 200 kV accelerating voltage, although 40, 60 
and 80 kV are also available for beam sensitive 
materials. 

RESULTS AND DISCUSSION 

We present illustrative results from several 
classes of functional materials, ranging from 
catalysts through piezoelectrics and 
thermoelectrics to complex oxide device 
structures.  

The first direct observation that active 
catalyst clusters could be as small as dimers or 
even single atoms was in 1996.[1] Today, after 
aberration correction, it has become almost 
routine to image single atoms and probe their 
coordination by spectroscopy, greatly aiding the 
development of single atom catalysts (SACs). 
Their unique coordination can impart exceptional 
activity and selectivity, and much effort is 
ongoing to replace platinum group metals by 
cheaper, earth abundant metals such as cobalt or 
nickel. However, SACs must be sufficiently 
anchored on a support to avoid coalescence into 
nanoparticles. One such example is the synthesis 
of graphene-supported cobalt SACs with a 
tunable high loading using atomic layer 
deposition.[2] These SACs show exceptional 
activity and selectivity for the hydrogenation of 
nitroarenes to azoxy aromatic compounds. Figure 
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1 shows a high-angle annular dark field 
(HAADF) Z-contrast image where single Co 
atoms are visible. The electron energy loss (EEL) 
spectra show that whenever Co is detected, so 

also is O; it is these proximal O atoms that expose 
partially-filled Co-d orbitals, resulting in the 
excellent catalytic activity.

Figure 1.  (a) Z-contrast image of Co SAC. (b) EELS showing O associated with the Co atoms. (c) 
Theoretical simulation of a Co atom (blue ball) with and without O (red balls), showing their respective 
partial density of states (blue and red curves). The presence of O uncovers the Co d orbitals at the Fermi 
energy. [2]  

Another example of a Co-SAC is using 
porous nitrogen-doped carbon nanoflake arrays, 
which are synthesized from a Co-metal-organic-
framework (MOF) precursor, followed by acid 
leaching to remove Co nanoparticles and create 
extra porosity and active surface area.[3] 
Interestingly, these SACs show a lower oxygen 
evolution reaction (OER) over potential and 
higher oxygen reduction reaction (ORR) 
saturation current than the Co nanoparticle 
catalysts and have been used as the air cathode in 
a solid-state Zn−air battery.[3] 

Piezoelectric materials translate electrical 
energy into mechanical strain, and vice versa, 
finding broad application as electronic and 
electro-mechanical devices. Most materials in 
current use contain lead, so the development of 
suitable lead-free alternatives is urgently 
required. It is well known that giant responses 
occur near structural phase boundaries, but the 
atomistic understanding of the origin of the 
response has been lacking. By employing atomic-
resolution polarization mapping we can uncover 
the general structural origin of the giant response, 
a coexistence of ferroelectric phases inside 
nanodomains allowing gradual polarization 
rotation between them in response to the applied 
field. Combined with systematic density 
functional calculations, we have significantly 
enhanced the properties of (K,Na)NbO3 and 
BaTiO3 based lead-free piezoceramics.[4-6]  

Thermoelectric materials translate electrical 
energy into thermal energy, and vice versa, and 

hold promise for solid-state refrigeration and 
harvesting electric power from waste heat. 
Structural defects have a major influence on 
thermal and electrical transport properties. [7] 
Nanostructuring has been widely used to enhance 
thermoelectric properties, however, atomic-scale 
defects have been difficult to quantify via 
traditional methods. The improved sensitivity of 
aberration-corrected STEM has now allowed the 
direct observation of intrinsic Pb vacancies and 
extrinsic Cu interstitials in PbTe thermoelectric 
(Fig. 2), revealing the critical roles of Cu for the 
simultaneous optimization of phonon and carrier 
transport. [8]  

Similar structural origins are proposed for the 
new-generation “phonon glass, electron crystal” 
materials such as SnSe and CoSb3. Recently, we 
have shown that doping S into Se sites in SnSe 
markedly improves performance, representing an 
important step toward low-cost, earth-abundant, 
and environmentally friendly thermoelectrics. [9] 
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Figure 2.  Top: Schematic showing the roles of 
Cu in PbTe, filling the intrinsic Pb vacancies to 
enhance carrier mobility and reduce the lattice 
thermal conductivity through scattering all-
wavelength phonons via forming interstitials, 
clusters and precipitates. Bottom, direct imaging 
of the defects.[8].  

Figure 3. By scanning transmission electron 
microscopy and electron energy loss 
spectroscopy, tail-to-tail charged domain walls 
(CDW), are revealed in 
LaAlO3/SrTiO3//NdGaO3 heterostructures. The 
strong correlation between the domain wall and 
interface interdiffusion (ID), plus oxygen 
octahedral rotation (ORR) determine the 
complicated SrTiO3 thickness dependent 
transport properties. [11]  

Finally, complex oxides offer new 
functionality through the interplay of charge, 
spin, orbital, and lattice degrees of freedom, as 
well as oxygen vacancies, and represents the key 
to boosting device performance. The microscope 
can track key parameters unit cell by unit cell, 
including vacancy concentration, valence, 
oxygen octahedral rotations, and ferroelectric 

displacements, enabling these complex 
phenomena to be unraveled unambiguously and 
revealing the underlying physics. Examples will 
include generation of an ultrathin ferromagnetic 
insulator at a LaMnO3/SrTiO3 interface,[10] and 
the emergence of charged domain walls in 
LaAlO3/SrTiO3//NdGaO3 heterostructures (Fig. 
3).[11]  

CONCLUSION 

A wide variety of materials are now able to be 
studied at their atomic level to provide 
fundamental insight into the origin of their 
structure-property relations and revealing new 
opportunities to engineer their properties towards 
improved functionality.  
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ABSTRACT 

 

In this presentation, we try to review the current status of research and applications of carbon 

nanomaterials in various fields such as environment, medicine, construction, metallurgy, agriculture, etc.  

We also focus on the obtained results of our group at Vietnam Academy of Science and Technology in 

these fields. Detail results of our research in nanofluids for high power electronic devices such as CPU of 

the computer, LED street lighting, marine vessel, solar powered stirling engines for electric generation, 

electrodeposition … will be presented.  

Keywords: Graphene, carbon nanotubes, nanofluids, electrodeposition  
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ABSTRACT 
 

The road to the development of mechanical sensors using semiconductor piezoresistive effect began with 
the theoretical grounds and experimental results on resistors of Ge and Si single crystals in 1954. After 
that, it progressed to practical application research of pressure sensor, accelerometer, force sensor, tactile 
sensor and so on. At present, the basic type of widely used Si pressure sensor has been used diffused lead 
type on Si planar technology presented in 1970. A sensitivity temperature compensation method has been 
developed by using the constant current drive method. It has been achieved good temperature 
compensation of ± 0.01%/°C. With the adoption of semiconductor pressure sensors for automobiles with 
severe environment of use, made progress in practical development of various mechanical and physical 
sensors. As other sensor developments applying the piezoresistive effect that I have been involved with,  
a seat pressure sensor, a micro diaphragm pressure sensor of square diaphragm of 80 μm, a full integrated 
pressure sensor, a pressure image sensor array of 32×32 (1024) and a 6-degree-of-freedom force/moment 
sensor are explained.  

INTRODUCTION 

When talking about the path of development 
of piezoresistive semiconductor mechanical 
sensors, we must go back to the birth of 
semiconductor strain gauges. In 1954 C.S. Smith 
presented theoretical and experimental results on 
the piezoresistance of Ge and Si [1]. Application 
of these results to the development of strain 
gauges was promoted [2] [3]. The origin of the 
piezoresistive semiconductor pressure sensor is 
the Ge semiconductor strain gauge adhesive 
pressure sensor announced by Igarashi et al. in 
1964 [4]. This concept became the starting 
point, and pressure sensors and acceleration 
sensors were developed. Furthermore, it has 
come to be developed as a pressure sensor for 
medical diagnosis and measurement. Currently, 
the basic type of semiconductor pressure sensor 
widely used is a diffused  type using Si planar 
technology pressure sensor developed by 
Sugiyama et al. in 1970 [5]. Ten years later, in 
1981, a semiconductor intake pressure sensor 
was successfully installed in a car as a 
semiconductor sensor for automobiles. Used in 
the electronic fuel injection (EFI) system of 
Toyota Motor Corporation, which cleared 
exhaust gas regulations in 1978 in Japan. This 
track record of mounting semiconductor 

pressure sensors in automobiles has given us 
confidence in industrial applications of 
piezoresistive mechanical sensors, and we have 
come to this day through many technological 
innovations with high reliability. 

In this paper, I would like to look back on 
the development of piezoresistive mechanical 
sensors and help create new technologies in the 
future. 

SILICON PRESSURE SENSOR 

Diffused type pressure sensor: By applying 
Si planar technology, a pressure sensor was 
developed in which four p-type piezoresistive 
elements were formed on an n-type Si substrate 
by impurity diffusion in 1970 [5]. Since no 
organic adhesive is used, creep characteristics 
and temperature hysteresis characteristics have 
been dramatically improved, and stable 
characteristics can be exhibited. In addition, 
mounting became easier and variations in mass 
productivity and performance were improved. 
Since the pressure medium is in direct contact 
with the pressure receiving diaphragm, the 
electrical components must be electrically 
isolated from the pressure medium. In response 
to this requirement, a diffusion lead structure 
was devised in 1975 [6]. The upper surface of 
the pressure receiving part was covered with a 
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chemically stable SiO2 film, and a diffusion 
resistance piezoresistive element and a low 
resistance diffusion lead connecting the 
electrodes were provided thereunder. A structure 
with no Al wiring was realized in the 
mechanical strain generator (Fig. 1). By using 
this structure, differential pressure can be 
measured. Furthermore, by adopting diffusion 
leads, thermal hysteresis was improved and 
stable temperature characteristics could be 
obtained. The diffusion lead structure is now 
widely used as a basic structure of a sensor 
having a movable part such as an acceleration 
sensor as well as a pressure sensor. 

Sensitivity temperature compensation: 
The sensitivity of the piezoresistor that is the 
detection element of the pressure sensor, that is, 
the temperature characteristic of the 
piezoresistive effect has a relatively large 
negative temperature coefficient of several 
thousand ppm. On the other hand, the resistance 
value has a positive temperature coefficient. By 
using this relationship, a decrease in sensitivity 
due to a temperature increase can be 
compensated by an increase in the voltage 
applied to the bridge by constant current driving. 
It was found that the surface impurity (Boron) 
concentration of p-type piezoresistive element 
was about 3×1020 cm-3. In 1976 good sensitivity 
temperature compensation of ± 0.01% / ℃ was 
realized in the temperature range of -20 ℃ to 80 
℃ [7]. This constant-current self-sensitivity 
temperature compensation method is widely 
used as the basic type of silicon pressure sensor, 
similar to the diffusion lead structure described 
above (Fig. 2). 

In 1981, the semiconductor intake pressure 
sensor succeeded in mounting the automobile, it 
was adopted in the electronic fuel injection 
(EFI) system, and it could clear the exhaust gas 
regulation [8]. With the adoption of 
semiconductor pressure sensors for automobiles 
with severe environment of use, Si 
piezoresistive pressure sensors became the basic 
form and made progress in practical 
development of various mechanical sensors. 
Figure 3 shows the measurement items of the 
mechanical and physical sensors installed in the 
latest automobile with reference.  

Diffused lead
Piezo-resistorAl electrode

Si diaphragm
SiO2 protective film Silicon rubber

Glass bonding

Au wire

Glass base

Piezo-resistor

vacuum

 
Figure 1. Basic type Si pressure sensor using Si 
planar technology. 

 
Figure 2. Negative temperature coefficient of 
sensitivity of the piezoresistive element can be 
canceled by using positive temperature 
coefficient of resistance. 

 
Figure 3. Measurement items of the mechanical 
and physical sensors installed in a latest 
automobile 

MICRONIZATION 

Micro diaphragm pressure sensor: A 
micro-diaphragm pressure sensor that can be 
manufactured by single-sided processing was 
developed 1986 (Fig. 4) [9]. In the center of the 
chip, a square diaphragm is formed with a 40 
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μm to 80 μm square Si3N4 film with a thickness 
of 2 μm. As a pressure reference chamber, a 
pyramidal cavity is formed by anisotropic 
etching. The etching hole provided in the 
periphery of the diaphragm is an absolute 
pressure type that is finally sealed by plasma 
CVD. Four polysilicon piezoresistive elements 
are arranged on the diaphragm to form a full 
bridge. The output sensitivity was 1 mV/V at a 
pressure of 500 kPa. 
  

 

 
Figure 4. Micro diaphragm pressure sensor 
fabricated by single side processing. A square 
Si3N4 diaphragm of 80 μm is formed. A 
pyramidal cavity is formed by anisotropic 
etching.  

Surface micro diaphragm pressure 
sensor: A micro pressure sensor by surface 
micro-machining using sacrificial layer etching 
was also devised and prototyped in 1987 (Fig. 5) 
[10]. The difference from the micro-diaphragm 
pressure sensor is that the pressure reference 
chamber is formed by polysilicon sacrificial 
layer etching with a thickness of 2 μm and 
vacuum sealing is performed at the center. The 
circular diaphragm has no stress concentration 
and can reduce the amount of leakage in vacuum 
sealing. A diaphragm with a diameter of 100 μm 
or less was stably formed. 

 
Figure 5. Surface micro diaphragm pressure 
sensor 

INTEGRATION 

Integrated pressure sensor with amplifier: 
In the 1980s, a series of monolithic temperature 
compensation circuits and amplifiers were 
announced. In 1983, an integrated pressure 
sensor with both analog and digital (frequency 
output) outputs was developed, which included a 

frequency converter IC in addition to a bipolar 
amplifier circuit [11]. 

Pressure imager: A pressure image sensor 
that can measure the two-dimensional 
distribution of pressure by arranging sensor 
elements with the same characteristics in a 32 x 
32 (1024) array was developed in 1987 (Fig. 6) 
[10]. A 100 μm square micro diaphragm is 
formed in each detection unit by single-sided 
processing technology. Four polysilicon 
piezoresistive elements are bridged on the micro 
diaphragm. Each detection unit includes a 
CMOS logic circuit. The detection units are 
arranged and configured at intervals of 250 μm, 
and a CMOS signal processing circuit is formed 
around the array. The pressure sensitivity was 
about 100 mV / (g/mm2), and the readout speed 
was 16 ms / frame at a clock frequency of 4 
MHz. 
 

 
Figure 6. Pressure imager has been developed 
by arranging sensor elements in an array of 
32×32 (1024). Micro diaphragms of 100 μm 
square were formed with CMOS signal 
processing LSI. 

One-chip integrated pressure sensor: A 
complete one-chip pressure sensor was 
developed in 1989 with a diffusion lead type, 
bipolar amplifier, and SiCr thin film trimming 
resistor, which are the basic types of silicon 
pressure sensors (Fig. 7) [12]. For sensitivity 
temperature compensation, the impurity 
diffusion concentration of two types of diffusion 
resistors is optimally adjusted, and a wide range 
of sensitivity compensation is performed by 
constant voltage drive. This technology has been 
developed for mass production and used in 
automotive products. 
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Figure 7. One-chip integrated pressure sensor 
with amplifiers, a temperature compensator and 
offset trimming resistors of IC 

Force/moment sensor: A six-degree-of-
freedom force/moment sensor measuring three-
directional forces and three-axis moments by 
forming cross-shaped beams fixed at the center 
of the chip and forming 20 piezoresistive 
elements on the crossed beam has been 
developed. This sensor is applied to the robot's 
fingertip force control and fluid flow analysis 
(Fig. 8) [13]. 

 
Figure 8. Six-degree-of-freedom force/moment 
sensor formed a cross-shaped beam fixed at the 
center of the chip at both ends with 20 
piezoresistive elements on the crossed beam has 
been developed. 

CONCLUSION 

The road to technological progress of 
piezoresistive semiconductor mechanical 
sensors was observed. It has a history of 50 
years. The driving force for technological 
development can be said that the first is 
innovation in semiconductor manufacturing 
technology and the second is the development of 
micromachining. Today, the world's production 
volume of semiconductor sensors reaches 

several billions a year. In the future, we must 
face many global issues to realize a sustainable 
society. Sensors will occupy an increasingly 
important position as key devices. 
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ABSTRACT 
 

The hard and soft magnetic nanoparticles of Mn-(Bi,Ga) and Fe-Co, respectively, were prepared by using 
a high energy ball milling method. These nanoparticles were then mixed together with different ratios and 
subsequently annealed in various conditions of temperature and time to make nanocomposite magnets. 
The coercivity Hc and maximum energy product (BH)max of these magnets depend on the nanoparticle 
size and the ratio of the hard/soft magnetic phases. The annealing process plays an important role for 
exchange-coupling between the hard and soft magnetic phases. With size in a range of 40 - 60 nm, the 
Mn-(Bi,Ga) nanoparticles reveal high coercivity (Hc > 12 kOe) to be a potential rare-earth-free hard 
magnetic phase for producing nanocomposite magnets. Quite high coercivities, Hc > 4 kOe, and 
maximum energy products, (BH)max > 4 MGOe, have been achieved for this kind of rare-earth-free 
nanocomposite magnets.    
Keywords: Magnetic nanoparticles, nanocomposite magnets, rare-earth-free magnets, high coercivity, 
high energy ball milling method. 

INTRODUCTION 

In fact, the hard magnetic nanocomposites 
are widely applied because of their mechanical, 
physical and chemical properties, which are 
different from bulk materials with the large 
particle sizes. Besides, the exchange-spring 
interaction effect between the hard and soft 
magnetic phases is combined by the values of 
the high saturation Ms of the soft magnetic 
phase and the large coercivity Hc of the hard 
magnetic phase to create new materials, which 
exhibit the high value of the maximum energy 
product (BH)max [1].  

It is well known that the physical properties 
of the materials are strongly decided by their 
microstructure. Meanwhile, the technological 
conditions such as the ratio of magnetic phases, 
annealing process greatly influence on the 
structure and the magnetic interactions between 
the phases. Therefore, the investigations of the 
technological factors to create the hard magnetic 
nanocomposites with high performance has 

always been interested [2-4]. It is also known 
that rare earth hard magnetic materials such as 
Nd-Fe-B and Sm-Co alloys exhibit the large 
coercivity Hc and high maximum energy 
product (BH)max. However, the rare earth 
elements are expensive and limited resources. 
Thus, it is necessary to research and develop the 
rare-earth-free hard magnetic materials.  

In this work, the Mn-(Bi,Ga) based hard 
magnetic phases have been selected to create the 
magnetic nanocomposite. For Mn-Bi alloy, 
theoretically, it has a quite large maximum 
energy product (BH)max of 18 MGOe and a high 
value of coercivity Hc due to the large 
magnetocrystalline anisotropy (1,6×106 J/m3) 
[6]. A high coercivity of 18 kOe has been 
observed at 550 K based on the MnBi melt-spun 
ribbons, which is very useful for high 
temperature applications [7]. According to Yang 
et al. [8], the coercivity of MnBi alloy rapidly 
increases with temperature in a range of 150 - 
400 K, and coercivity larger than 20 kOe can be 
expected at higher temperature. For examples, 
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Rao et al. [9] observed Hc = 26 kOe at 550 K for 
MnBi ribbons.  

Another Mn based alloy, Mn-Ga system, it 
exhibits complicated binary phase diagram and 
is also suggested that MnGa and Mn3Ga alloys 
have potential for permanent magnets. 
According to Hyh et al. [10], magnetic 
properties of MnxGa ribbons are assigned to the 
competing ferromagnetic coupling between Mn 
moments in the regular L10-MnGa lattice sites 
and antiferromagnetic coupling with excess Mn 
occupying Ga sites. Unfortunately, the L10 
phase is a metastable one. Sawada et al. [12] 
reported that the hard magnetic properties of 
Mn3Ga with the D022 structure (a modified of 
the L10 structure) can be improved by an 
addition of a small amount of Cu, Al, Cr, Fe... 
Accordingly, the coercivity of materials will be 
increased to over 20 kOe. 

Recently, the Fe65Co35 nanoparticles have 
attracted the attention of the materials scientists. 
Previous reports have shown that they exhibit 
some excellent soft magnetic properties such as 
high Curie temperature and high value of the 
saturation (Ms ∼ 240 emu/g) [13]. Besides, the 
Fe65Co35 nanoparticles can be easily fabricated 
by several methods such as high energy ball 
milling [14], wet chemical processes [15, 16], 
which is convenient to make a composite of the 
hard/soft magnetic phases. Therefore, in this 
work, the Fe65Co35 nanoparticles have been used 
as a soft magnetic material to combine with one 
of the hard magnetic materials of Mn-(Bi,Ga) 
based nanoparticles, namely Mn50Bi50 and 
Mn65Ga20Al15. The wt% ratio of the hard/soft 
magnetic phase will be changed to find out the 
good hard magnetic nanocomposites. Our 
purpose is that the rare-earth-free magnets can 
be produced by cost-effective and sustainable 
manufacturing processes, useful for high 
temperature applications.  

EXPERIMENTAL 

The alloy ingots of Mn50Bi50, Mn65Ga20Al15 
and Fe65Co35 were prepared from high purity 
(99.9%) metals of Mn, Bi, Ga, Al, Fe and Co by 
an arc-melting method in argon gas. Herein, Mn 
is a strongly evaporating element during melting 
process. The weight of Mn metal was thus 
increased 15% before arc-melting. These alloy 
ingots were then used as the starting materials 
for high energy ball milling on the SPEX 8000D 
equipment with the different milling times (tm). 
Accordingly, we obtained the nanopowders of 

Mn50Bi50, Mn65Ga20Al15 and Fe65Co35. The 
nanopowders of Mn50Bi50 and Mn65Ga20Al15 
were divided into two parts, one was as-milled, 
and the rest was annealed in argon gas at 250oC 
in 2 h for Mn50Bi50 and at 650oC in 0.25 h for 
Mn65Ga20Al15. Both of them were then mixed 
well with the Fe65Co35 nanopowder with 
different wt% to create the nanocomposites. 
Finally, these nanocomposites were annealed in 
argon at 250oC in 2 h for Mn50Bi50/Fe65Co35 
and at 650oC in 0.25 h for 
Mn65Ga20Al15/Fe65Co35. For convenience, these 
samples are denoted according to Table 1. 
Table 1. Denoted samples and their annealing 
process. 

Samples Components Technology 
conditions 

MB-AM Mn50Bi50 As-milled 

MB-A Mn50Bi50 Annealed 
250oC/2h 

MG-AM Mn65Ga20Al15 As-milled 

MG-A Mn65Ga20Al15 
Annealed 
650oC/0.25h 

FC Fe65Co35 As-milled 
MB-
AM/FC Mn50Bi50/Fe65Co35 wt% FC = 2, 

4, 6, 8% 
Annealed 
250oC/2h 

MB-
A/FC Mn50Bi50/Fe65Co35 

MG-
AM/FC Mn65Ga20Al15/Fe65Co35 wt% FC = 5, 

10, 15, 20% 
Annealed 
650oC/0.25h 

MG-
A/FC Mn65Ga20Al15/Fe65Co35 

The crystalline structure of all the samples 
was checked by an X-ray diffractormeter 
(Equinox 5000 - Thermo Scientific) with the 
Cu-Kα radiation source (λ = 1,5406 Å). A field-
emission scanning electron microscope 
(FESEM, S4800 - Hitachi) technique has been 
used to analyze the size and shape of the 
nanoparticles. The magnetic properties of the 
samples were investigated via the magnetization 
measurements on a vibrating sample 
magnetometer (VSM) with Hmax = ± 12 kOe and 
a pulsed field magnetometer (PFM) with Hmax = 
± 90 kOe at room temperature.  

RESULTS AND DISCUSSION 

The X-ray diffraction (XRD) patterns of the 
separate hard and soft magnetic phases are 
presented in Fig.1. We found that the annealing 
process strongly influences on the crystallization 
and the formation of the desired phase. With the 
optimal conditions, characteristic XRD peaks of 
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the hard magnetic phases are appeared. Herein 
Mn-Ga-Al phase appears in MG-A sample in 
two types of the structure, D022-Mn3Ga and 
D019-Mn3Ga, Fig. 1(b). According to Liu et al. 
[17], the magnetic properties of D019-Mn3Ga 
structure is lower than that of D022-Mn3Ga one.  

 
Figure 1. XRD patterns of the hard and soft 
magnetic phases: a) MB-AM (1) and MB-A (2); 
b) MG-AM (1) and MG-A (2); and c) FC 
samples. 

 
Figure 2. FESEM images of (a) MB-AM, (b) 
MG-AM, and (c) FC samples. 

In this work, we thus believe that the 
magnetic properties of the hard magnetic phases 
are significantly enhanced after annealing. Fig. 
1(c) shows the XRD pattern of FC sample. 

There are two XRD peaks corresponding to 
Fe65Co35 phase, no the characteristic peaks of 
secondary phase. It means that FC sample is a 
single phase of Fe65Co35. Fig. 2 shows the 
representative FESEM images of the MB-AM, 
MG-AM, and FC samples. We can see all 
samples are nanoparticles. Their shape is 
spherical or pseudo-spherical. The size of 
particles is about 40 - 60 nm for MB-AM and 
MG-AM samples, Figs. 2(a) and 2(b). For FC 
sample, particles are smaller than that of MB-
AM and MG-AM samples, and creating to 
clusters. However, we predict they are about 10 
- 30 nm. The particle size of composite samples 
is almost unchanged. Thus, they are not shown 
here. 
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Figure 3. Hysteresis loops measured at 300 K of 
Mn50Bi50/Fe65Co35 nanocomposites with 
different Fe65Co35 concentrations. The insets 
present the change of Hc and Ms with wt% of 
Fe65Co35. (a) MB-AM/FC and (b) MB-AM/FC. 

Figs. 3 and 4 show hysteresis loops of 
Mn50Bi50/Fe65Co35 and Mn65Ga20Al15/Fe65Co35 
nanocomposites, respectively, with different 
Fe65Co35 concentrations measured at 300 K. 
Clearly, these samples exhibit the hard magnetic 
characters. For each system, the value of Ms 
increases with an increasing of Fe65Co35 
concentration, while the value of Hc decreases. 
This is related to the change in the ratio of the 
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hard/soft magnetic phases. It is completely 
understandable because the hard magnetic 
phases (Mn50Bi50 and Mn65Ga20Al15) have the 
large values of Hc but low Ms, while the soft 
magnetic phase (Fe65Co35) has very small value 
of Hc but quite high Ms. The change of Ms and 
Hc with Fe65Co35 concentration in these systems 
has been determined and plotted in the insets of 
Figs. 3 and 4. Accordingly, Hc value decreases 
rapidly from 9 to 4 kOe, while Ms value 
increases from 38 to 48 emu/g when the soft 
magnetic phase concentration increased from 2 
to 8% in MB-AM/FC samples, Fig. 3(a). For 
MB-A/FC samples, their tendency of changing 
in Hc is quite similar to MB-AM/FC samples 
(Hc = 5 - 8.9 kOe) but the value of Ms is higher 
than that of MB-AM/FC samples. The 
maximum Ms value of MB-A/FC samples is 
found to be 55 emu/g for 8% of Fe65Co35, Fig. 
3(b). 
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 Figure 4. Hysteresis loops measured at 300 K 
of Mn65Ga20Al15/Fe65Co35 nanocomposites with 
different Fe65Co35 concentrations. The insets 
present the change of Hc and Ms with wt% of 
Fe65Co35. (a) MG-AM/FC and (b) MG-A/FC. 

Additionally, the hysteresis loops of samples 
exhibit the waists, which are related to the 
coexistence and competition of the hard and soft 
magnetic phases in the samples. The sunken 
level in these hysteresis loops increases with 
increasing the concentration of the soft magnetic 

phase. According to theoretical models proposed 
by Skomski-Coey and Kneller-Hawig [18, 19], 
for magnetic nanocomposites, to achieve the 
excellent interactions between two hard and soft 
magnetic phases, the optimal particle size should 
be about 10 nm. Unfortunately, in this work, the 
particle size in our samples prepared by the high 
energy ball milling method is rather greater 
(they are about 40 - 60 nm). It means the size of 
the hard and soft magnetic particles is not 
optimal. Therefore, a part of the hard and soft 
magnetic particles has no interaction between 
them but exists independently. 
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Figure 5. Magnetic characteristic curves 
obtained at 300 K of Mn50Bi50/Fe65Co35 
nanocomposites with 8% Fe65Co35. The insets 
show the change of the maximum energy 
product (BH)max with various fractions of 
Fe65Co35.  

(a) MB-AM/FC and (b) MB-A/FC. 
Based on the hysteresis loops of the 

nanocomposites obtained above, we have 
determined their maximum energy product 
(BH)max. Figs. 5 and 6 perform the 
representative magnetic characteristic curves of 
the nanocomposites with the highest content of 
the soft magnetic phase, 8 and 20 wt% Fe65Co35 
for Mn50Bi50/Fe65Co35 and 
Mn65Ga20Al15/Fe65Co35, respectively. Herein, 
the dependences of (BH)max on Fe65Co35 content 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

50



  

for both systems are plotted in the insets. 
Clearly, the maximum energy product (BH)max 
strongly depends on the ratio of the hard/soft 
magnetic phases and technological conditions. 

The highest values of the maximum energy 
product (BH)max are 3.4 and 3.8 MGOe 
corresponding to MB-AM/FC and MB-A/FC 
samples with 8% Fe65Co35 in 
Mn50Bi50/Fe65Co35 system; 4.8 and 4.2 MGOe 
corresponding to MG-AM/FC and MG-A/FC 
samples with 20% Fe65Co35 in 
Mn65Ga20Al15/Fe65Co35 system. These values 
are moderate in compared with other rare earth 
free hard magnetic materials. However, they but 
they have an advantage of quite high Hc value 
(4-9 kOe). To enhance the value of (BH)max, the 
optimal particle size of the magnetic phases 
should be reduced to make the best exchange-
spring interactions for the material. It thus will 
become a potential material for high temperature 
applications. 
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Figure 6. Magnetic characteristic curves 
obtained at 300 K of Mn65Ga20Al15/Fe65Co35 
nanocomposites with 20% Fe65Co35. The insets 
show the change of the maximum energy 
product (BH)max with various fractions of 
Fe65Co35: (a) MG-AM/FC and (b) MG-A/FC. 

CONCLUSIONS 

In summary, we have successfully prepared 
two nanocomposite systems of 
Mn50Bi50/Fe65Co35 and Mn65Ga20Al15/Fe65Co35 
based on the hard and soft magnetic phases by 
using the combination of arc-melting and high 
energy ball milling methods. We pointed that the 
magnetic properties, including the maximum 
energy product (BH)max of systems strongly 
depend on the content of the phases and 
technological conditions. Two good hard 
magnetic nanocomposites are found to be MB-
A/FC and MG-AM/FC samples, corresponding 
to 8 and 20 wt% of Fe65Co35. With quite high 
hard magnetic quality (Hc > 4 kOe amd (BH)max 
~ 4 MGOe), these materials are useful for high 
temperature applications.  

Acknowledgment 

This research is supported by the 
collaborative project “Development of 
permanent magnetic materials” between 
Korea Institute of Materials Science (KIMS) and 
Institute of Materials Science (IMS), VAST, and 
the National Foundation for Science and 
Technology Development (NAFOSTED) of Viet 
Nam under grant number of 103.02-2018.339. A 
part of the work was done in the Key Laboratory 
for Electronic Materials and Devices, IMS-
VAST. 

References 

[1]. R. Coehoorn, D. B. de Mooij, J. P. W. B. 
Duchateau and K. H. J. Buchow, Novel 
permanent magnetic materials made by 
rapid quenching, Journal de Physicque 49 
(1988) 669-670. 

[2]. N. Pang, F. Ye, Y. Jiang, Cryogenic ball 
milling synthesis of L10-Mn55Ga45/FeCo 
composites with effective exchange 
coupling and enhanced maximum energy 
products, Mater. Lett. 231 (2018) 167-
170. 

[3]. Y. Q. Li, M. Yue, T. Wang, Q. Wu, D. T. 
Zhang, Y. Gao, Investigation of magnetic 
properties of MnBi/Co and 
MnBi/Fe65Co35 nanocomposite permanent 
magnets by micro-magnetic simulation, J 
Magn. Magn. Mate. 393 (2015) 484-489. 

[4]. W. Lu, Z. Luo, Z. Xiang, X. Wang, F. 
Pan, W. Tian, Y. Yan, Synthesis and 
magnetic properties of LTP-
Mn55Bi45/Fe7Co3 and LTP-Mn55Bi45/Co 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

51



  

magnetic nanocomposites with enhanced 
energy product, Mater. Lett. 236 (2019) 
514-516. 

[5]. Y. Yan, J. Guo, J. Li, R. Li, Magnetically 
exchange coupled MnBi/FeCo thin film 
composites with enhanced maximum 
energy products, Mater. Lett. 184 (2016) 
13-16. 

[6]. E. Adams, W. M. Hubbard, and A. M. 
Syeles, A new permanent magnet from 
powdered manganese bismuthide, J Appl. 
Phys. 23 (1952) 1207-1211. 

[7]. X. Guo, X. Chen, Z. Altounian, and J.O. 
Strom-Olsen, Magnetic properties of 
MnBi prepared by rapid solidification, 
Phys. Rev. B 46 (1992) 14578-14582.  

[8]. J. B. Yang, W. B. Yelon, W. J. James, Q. 
Cai, S. Roy, and N. Ali, Structure and 
magnetic properties of the MnBi low 
temperature phase, J Appl. Phys. 91 
(2002) 7866-7868. 

[9]. N. V. R. Rao, A. M. Gabay, and G. C. 
Hadjipanayis, Anisotropic fully dense 
MnBi permanent magnet with high energy 
product and high coercivity at elevated 
temperatures, J Phys. D: Appl. Phys. 46 
(2013) 062001. 

[10]. Y. Huh, P. Kharel, V. R. Shah, X. Z. Li, 
R. Skomski, and D. J. Sellmyer, 
Magnetism and electron transport of 
MnyGa (1 < y < 2) nanostructures, J Appl. 
Phys. 114 (2013) 013906. 

[11]. J. J. Wyslocki, P. Pawlik, A. Przybyl, 
Magnetic properties of the non-oriented ε-
phase in Mn–Al–C permanent magnet, 
Mater. Chem. Phys. 60 (1999) 211-213. 

[12]. R. Sawada, T. Yamamoto, K. Minakuchi, 
M. Nagasako, Y. Hayasaka, K. Niitsu, Y. 
Cho, R. Kainuma, Y. Murakami, Cellular 
microstructures superposed on martensite 
plates in Mn55.2Ga19.0Cu25.8 alloy showing 
large coercivity, Scr. Mater. 135 (2017) 
33-36. 

[13]. N. M Lam, T. M. Thi, P. T. Thanh, N. H. 
Yen, and N. H. Dan, Structure and 
magnetic properties of Fe-Co 
nanoparticles prepared by polyol method, 
Physica B 532 (2018) 71-75. 

[14]. Y. D. Kim, J. Y. Chung, J. Kim, H. Jeon, 
Formation of nanocrystalline Fe–Co 
powders produced by mechanical 
alloying, Mater. Sci. Eng. A291 (2000) 
17-21. 

[15]. S. J. Shin, Y. H. Kim, C. W. Kim, H. Gil 
Cha, Y. J. Kim, and Y. S. Kang, 
Preparation of magnetic FeCo 
nanoparticles by coprecipitation route, 
Curr. Appl. Phys. 7 (2007) 404-408. 

[16]. R.Kuchi, K. Lee, Y. Lee, C. H. Luong, K. 
Lee, B. Park, and J. Jeong, Synthesis of 
highly magnetic FeCo nanoparticles 
through a one pot polyol process using all 
metal chlorides precursors with precise 
composition tunability, Nanosci. 
Nanotechno. Lett. 7 (2015) 734-737. 

[17]. Z. Liu, K. Su, Y. Cheng, and R. V. 
Ramanujan, Structure and propertes 
evolutons for hard magnetc MnAl and 
MnGa based alloys prepared by melt 
spinning or mechanical milling, Mater. 
Sci. Eng. Adv. Res. 1 (2015) 12-19.  

[18]. R. Skomski and J. M. D. Coey, Giant 
energy product in nanostructured two-
phase magnets, Phys. Rev. B 48 (1993) 
15812-15816. 

[19]. E. F. Kneller and R. Hawig, The 
exchange-spring magnet: a new material 
principle for permanent magnets, IEEE 
Trans. Magn. 27 (1991) 3588 - 3560. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

52



  

 
 

 

 
BIOGRAPHY  

 
Professor Nguyen Huy Dan is Director of Key Laboratory for Electronic 
Materials  and Devices, where he leads the group working in the fields of 
magnetic nanocomposites, hard magnetic materials, energy conversion 
materials, magnetic refrigeration, magnetic and electric properties of 
nanocrystalline and Heusler alloys, shape memory alloys. He has a lot of 
experience in preparation and characterization for both the electronic ceramic 
and metallic materials. At present, he is the PI of a national project involved in 
permanent magnets for applications in motors and generators. He is the co-
author of more than 200 scientific papers, and is the supervisor for about 10 

PhD. and 40 Msc. students within electronic materials.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

53



  

 
 
 
 
 
 
 
 
 
 
 
 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

54



 
 

NFT-004-I 

PLASMONIC INTERCONNECTS FOR GLOBAL WIRES IN 
INTEGRATED CIRCUITS 

 
Chua SJ1,3,4,6, Liu Yan1, Lu Ding,2  Aaron Thean,3 Ting Mei,4 Christian A. Nijhuis 1, 5 

1NUSNNI-Nanocore, National University of Singapore, 5A Engineering Drive 1, #11-00, Singapore 
117411, Singapore 

2Institute of Materials Research and Engineering, A*STAR (Agency for Science, Technology and 
Research) 117602 Singapore, Singapore. 

3Department of Electrical and Computer Engineering, 4 Engineering Drive 3, National University of 
Singapore, Singapore 117576, Singapore 

4Key Laboratory of Space Applied Physics and Chemistry, Ministry of Education; and Shaanxi Key 
Laboratory of Optical Information Technology, School of Science, Northwestern Polytechnical 

University, Xi’an 710072, China 
5 Department of Chemistry, National University of Singapore, 3 Science Drive 3, Singapore 117543, 

Singapore 
6LEES Program, Singapore-MIT Alliance for Research & Technology (SMART), Singapore 138602, 

Singapore 
 

INTRODUCTION 

The history of the Integrated Circuits has 
always followed the trend towards smaller 
dimensions of the chip to serve the need of 
increasing the speed for internal intrachip 
communication and to increase the packing 
density. The latter allows for more transistors per 
chip and hence offer greater functionality for new 
applications. This trend of doubling the transistor 
density every year in the 60s and 70s, famously 
described by Moore’s law, has more lately seen a 
decline to every two years due to the complexity 
of resolving the multiple issues. The increasing 
demand of data rates requires novel interconnect 
technologies to replace classical electronic wires, 
particularly in terms of signal latency, energy 
dissipation per bit, wire throughput, crosstalk 
effect and higher integration. In the prevailing 10 
nm technology from Intel [1], it is seen that the 
global wires (top metals) with pitch of ~ 11 𝜇𝜇𝜇𝜇 
for asynchronous communication occupy a large 
footprint both in the vertical and lateral directions. 
It has been suggested that plasmonics, working at 
optical frequencies, has the potential to replace 
the metallization wires to enhance the processing 
speed at reduced physical dimensions of future 
integrated circuits. In the proposed scheme, 
signals are not transmitted by electrons in wires 
as in typical ICs with speeds limited to only 2.2 ×
106 𝜇𝜇/𝑠𝑠, but by surface plasmon polaritons (SPP) 
propagating along plasmonic waveguides with 
much higher speed in excess of 107𝜇𝜇/𝑠𝑠 . The 

main attraction is that they work at optical 
frequencies but operate at wavelengths much 
smaller that the optical wavelength and thus are 
able to interface naturally with the small 
dimension of electronic devices. 

 
Figure 1. The metal wires used in conventional 
integrated circuits is 6 𝜇𝜇𝜇𝜇  thick at the global 
level (metal-0 and metal-1). Plasmonics 
waveguides replacing the global wires can be 
only 40 nm thick. The smaller dimension of 
plasmonic waveguides means that higher 
integration can be achieved. 

The local wires (Metal 0 to Metal 5) and 
intermediate wires (Metal 6 to Metal 10) in 10 nm 
CMOS technology, shown in Fig 1,  have pitches 
in the range of 36 to 160 nm, which can 
implement the good feature of a small RC delay, 
low noise and high speed data transport. However, 
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in the level of asynchronous communication 
between blocks, the global wires (top metal layers) 
are thicker (thickness, T ~ 6 𝜇𝜇𝜇𝜇) and with a wider 
pitch (~ 1 to 11 𝜇𝜇𝜇𝜇 ) to accommodate for the 
larger bandwidth for data transport. Thus, the 
footprint and data transport efficiency of global 
wires will increasingly impede the pursuit of chip 
scaling beyond the 10 nm node. With plasmonic 
interconnects, the thickness can be as small as 40 
nm with pitches on the order of 500 to 1000 nm. 
To be successful in the scheme of using 
plasmonic interconnects, a source and a detector 
of plasmons are necessary and progress in these 
areas has been made in utilizing tunnel junctions 
for both purposes [2]. 

SIMULATION AND EXPERIMENTAL 
VERIFICATION OF SPP PERFORMANCE 

A plasmonic waveguide is typically formed 
by a metal strip or metal-like strip sandwiched 
between two dielectrics such as SiO2 or Si3N4 
referred to as the I-M-I structure. The SPPs are 
electron waves formed by the oscillations of 
electron densities formed at the interfaces 
between the metal and the dielectrics. The 
electrons therefore do not move from one end of 
the wire to the other. These waves are Transverse 
Magnetic waves supported by the negative value 
of the dielectric constant of the metal. Thus any 
metal-like materials with negative dielectric 
constant such as TiN can also be used. To study 
the properties of these waves, a Au metal layer 50 
nm thick is deposited on top of a thin layer of 
native oxide on Si. The upper surface is bounded 
by air. This configuration is used so as to compare 
with the results obtained from experiment where 
such a structure facilitates the measurement of the 
SPP fields using a scanning SNOM. The 
simulation is carried out with the finite-element 
method (FEM) using the commercial software 
COMSOLTM. Two optical frequencies are used in 
the simulation, one corresponding to that of the 
He-Ne at wavelength 633 nm for verification with 
the experiment which uses the laser for SPP 
excitation and the other at the communication 
wavelength of 1550 nm to be used in the actual 
ICs. 

 

Figure 2. The axes used in the simulation.  

The TM wave field components are given by 

𝐻𝐻𝑧𝑧 = 𝐴𝐴2𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒−𝑘𝑘2𝑦𝑦 

𝐸𝐸𝑖𝑖 =
𝑖𝑖𝑘𝑘2

𝜔𝜔𝜖𝜖0𝜖𝜖𝑟𝑟2
𝐴𝐴2𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒−𝑘𝑘2𝑦𝑦 

𝐸𝐸𝑦𝑦 = −
𝛽𝛽

𝜔𝜔𝜖𝜖0𝜖𝜖𝑟𝑟2
𝐴𝐴2𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒−𝑘𝑘2𝑦𝑦 

 
Figure 3. The simulated field 𝐸𝐸𝑦𝑦 in the air. At the 
location 𝑥𝑥 = 0 where the SPP is generated by the 
coupling of the HeNe beam of wavelength 633 
nm, it can be seen another wave at the lower 
interface which propagates a short distance. 
Total length of guide is 9000 nm. 

Fig 2 shows the axes used in the simulation 
and the field components that are present in layer 
2 in the air. Layer 1 is the metal. 𝛽𝛽 is the 
propagation constant and 𝑘𝑘2 = �𝛽𝛽2 − 𝑘𝑘02𝜖𝜖𝑟𝑟2 . A 
similar set of equations exist in the metal. For a 
thin metal, the two SPP modes existing at the 
metal/air interface and at the metal/Si interface 
are hybridized to form the Long Range Surface 
Plasmon Resonance (LR-SPR) concentrated in 
the upper interface and the Short Range Surface 
Plasmon Resonance (SR-SPR) in the lower 
interface. It can just be seen in Fig. 3 that the SR-
SPP propagates a short distance from 𝑥𝑥 = 0 
where the beam is coupled to the waveguide by a 
grating. The field that is seen in air in the 
simulation is to be measured by Scanning Near-
field Optical Microscopy (s-SNOM). s-SNOM 
operates as a tapping AFM tip which scans 
simultaneously both the topology and the near 
field optical signal of the sample surface. The tip, 
of 20 nm radius of curvature, is made of Si and 
coated with PtIr. An AFM tip is used because the 

x 

z 

y 

1 
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spatial resolution, determined by the radius of the 
apex of the tip, far exceeds optical resolution   A 
p-polarized 633 nm laser is focused on the sample 
at an incident angle 𝜃𝜃𝑖𝑖 =60°. 

 
Figure 4. Nanostructured Au semi-ring slits on n-
Si substrate (with 1~2 nm native SiO

2
). The left 

picture shows the SEM image of the semi-ring 
grating. The right picture shows the detected 
optical amplitude S4 of an interference pattern 
with the period 𝛬𝛬𝑝𝑝 = 320 𝑛𝑛𝜇𝜇. 

To facilitate the excitation of the SPP in the 
Au film with a HeNe laser, a semi-ring structure 
is used as shown in Fig 4. The signal S4 is 
obtained at the 4th order tapping frequency (~1.2 
MHz) where it is most sensitive to the near-field. 
The scattered light at the edge of the slits 
generates a spectrum of in-plane wave-vectors, 
one of which compensates the momentum 
mismatch between the in-plane component of 
light in free space and the SPP wave (𝑘𝑘𝑠𝑠𝑝𝑝𝑝𝑝). Due 
to the reflection-mode in sSNOM measurement, 
the SPP wave cannot be detected directly on the 
surface of Au film. The excited SPP wave on the 
surface of Au film interferes with the back-
reflected in-plane wave and forms the 
interference fringes. The (𝑘𝑘𝑠𝑠𝑝𝑝𝑝𝑝) is obtained from 
the following equation, where Λ𝑝𝑝 is the period of 
the interference pattern which value is measured 
from the picture 

𝑘𝑘𝑠𝑠𝑝𝑝𝑝𝑝 ± 𝑘𝑘0 sin𝜃𝜃 = 2𝜋𝜋 Λ𝑝𝑝⁄  
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Fig 5. (a) The propagation length (1.99 ± 0.5 𝜇𝜇𝜇𝜇) of SPP wave is obtained by curve fitting the 
oscillations obtained from the experiment. (b) Results of numerical simulation showing the magnitude Ey 
of hybridized SPP wave, with a propagation length of 1.5 𝜇𝜇𝜇𝜇 obtained by curve fitting. The incident 
angle 𝜃𝜃 = 60° of the excitation beam is determined from the experimental set-up and 𝑘𝑘0 = 2𝜋𝜋 633𝑛𝑛𝜇𝜇⁄ . 

  
A comparison of the results obtained from 

simulation and experiment is tabulated below:  

 
The propagation lengths compare reasonably 

well between values obtained from simulation 
and experiment. For the air-Au-Si waveguide the 
propagation length is about ~1.7 µm. 

 
 

I-M-I STRUCTURE FOR SPP 
WAVEGUIDE. 

With the experimental results confirming the 
simulation results, the design of an I-M-I SPP 
waveguide is undertaken. The results of the 
propagation lengths of the SPP at the frequency 
of light at the communication wavelength of 1.55 
𝜇𝜇𝜇𝜇 is shown in Fig.6. The propagation length is 
the length where the signal has decayed by 1 𝑒𝑒⁄  
of its initial value.  

 

(a) (b) 
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Figure 6 The propagation lengths of asymmetric 
(air-Au-nSi) and symmetric (SiO

2
-Au-SiO

2
) 

structure at 1550 nm for a thin Au film of 
thickness varying from 10 nm to 200 nm. For 
50nm thick Au, the LR-SPP for the symmetric 
structure has a propagation length of 100𝜇𝜇𝜇𝜇 . 
For 633 nm, LR-SPP of the 50 nm thick Au for the 
asymmetric structure was shown earlier in Fig. 5 
to be only about 1.5 𝜇𝜇𝜇𝜇.  

For the symmetric SiO2-Au-SiO2, Fig 6 
shows that the LR-SPP can reach a propagation 
length of 100 µm for a Au thickness of 50 nm and 
can reach even longer lengths for thinner Au 
layers due to the fact that more of the energy is 
residing in the oxide. Such long lengths are 
sufficient for use as intrachip interconnects in 
ICs. Au is not a material compatible with Si 
foundry processes and thus alternative materials 
such as Cu and TiN have been explored. The 
results from these plasmonic waveguides using 

these materials will be reported in a separate 
paper. 

CONCLUSION 

Surface plasmons polariton has the potential 
of fulfilling the role as the next generation of 
metal interconnects for intrachip communication 
at the global level. Metal lines as thin as 40 nm 
can have propagation lengths as large as 100 µm. 
It has a small footprint compatible with the small 
dimension down to the 10 nm node and having a 
large bandwidth commensurate with optical 
frequencies. 
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ABSTRACT 

 
We present a simple and low-cost fabrication technique, based on low one-photon absorption (LOPA) 
phenomena in a weakly absorbing photoresist (532 nm laser versus SU8 or S18 photoresist). This novel 
approach enables production of submicrometer 2D and 3D photonic structures on demand using a very 
modest laser power. We also demonstrate that the LOPA based direct laser writing allows realization of 
plasmonic (gold, silver) and magneto-photonic (Fe3O4) nanostructures. Different applications of these 
fabricated structures could be envisioned, and partially realized, such as tuneable photonic devices, data 
storage, bright single photon source, quantum information, plasmonic data storage, and color nanoprinter. 
Keywords: Direc Laser Writing, LOPA, Plasmonics, Photonic Crystals, Quantum Optics  

INTRODUCTION 

Recently, Direct laser writing (DLW) 
becomes a common and powerful technique for 
fabrication of arbitrary shapes micro and 
submicro-structures. In this technique, a laser 
beam is tightly focused, by using a high 
numerical aperture (NA) objective lens (OL), 
into a photosensitive material, which locally 
induces a chemical or physical change of such 
material. In order to realize a thick structure or a 
three-dimensional (3D) structure, a two-photon 
absorption (TPA) method is usually employed. 
For that, a femto-second laser source and a 
complicated optical system are required in order 
to achieve a nonlinear absorption at the focusing 
spot. This technique is therefore expensive and 
bulky. Recently, by using the one-photon 
absorption (OPA) technique at very low 
absorption regime, called as LOPA method 
[1,2], any desired 2D and 3D structures have 
been also demonstrated. In such method, a 
combination of a very low absorption effect and 
a very high excitation intensity allows one to 
achieve a complete polymerization only within 
the focusing spot of the OL. Therefore, the 
LOPA-based DLW enables 3D 

submicrostructures fabrication, similar to the 
case of TPA-based DLW. The advantage of this 
technique is that it is very simple and low-cost. 
The OPA-based DLW has also applied to obtain 
desired structures in different materials, such as 
magnetic [3], metallic [4,5], etc. Moreover, the 
use of a simple continuous-wave (cw) laser at 
532 nm - wavelength allows us to realize 
different photonic structures containing as 
desired a single active nanoparticle, resulting in 
strong enhancement of the optical properties of 
the nanoparticle [6-9]. 

EXPERIMENTAL  

Figure 1 shows the experimental set up of 
the LOPA-based DLW system. A cw laser beam 
emitting at 532 nm is focused into a sample 
(photoresist, metallic, magnetic thin films) via 
an OL (NA=1.3, oil immersion). The sample is 
moved in three dimensions by using a 
piezoelectric translator. This setup is used for 
both fabrication of desired 2D and 3D photonic 
structures (PS) and characterization of active 
nanoparticles (NP), which are embedded (or not) 
in PSs.  

To fabricate PSs, we have used both a 
negative photoresist SU-8 [1] and a positive 
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photoresist, S18 [2]. The desired 1D, 2D, and 
3D PSs could be fabricated by moving the 
photoresist sample following a pre-design. The 
laser power is only about few milliwatt, a very 
modest one. A magneto PS has been also 
demonstrated, by mixing magnetic Fe3O4 
nanoparticles with SU-8 photoresist [3].  

To fabricate plasmonic nanostructures, the 
laser power was increased to few dozen 
milliwatts. The laser beam was focused into a 
metallic film (gold, silver) having a thickness of 
few nanometers. Thanks to the optically induced 
local thermal effect, metallic nanoparticles have 
created via the dewetting effect [4]. By moving 
the focusing spot, any 1D and 2D plasmonic 
nanostructure can be obtained [5]. 

Furthermore, we have demonstrated that the 
LOPA technique enables the coupling of any 
active NP into polymeric PS by a double step 
process. The first step consists of determining 
the position of the NP via the fluorescent 
mapping by using only few microatts of the 532 
nm laser. Once the NP position is known, the PS 
can be fabricated, which contains the NP at 
desired position, by increasing the 532 nm laser 
to few milliwatts. Figure 2 illustrates a 
possibility of coupling a single active NP 
(plasmonic, nonlinear, or fluorescent) [6-9] into 
a PS, by using the LOPA-based DLW technique.  

 

 
 

Figure 1. Experimental setup of the LOPA-based 
DLW technique. PZT: piezoelectric translator; 
OL: oil immersion microscope objective; DM: 
dichroic mirror; M: mirror; λ/4: quarter-wave 
plate; S: electronic shutter; F: long-pass filter; 
APD: silicon avalanche photodiode; Li (i=1,2,3): 
lenses. 

 
Figure 2. Illustration of different possibilities of 
coupling a single nanoparticle into a photonic 
structure by the use of the LOPA-based DLW 
method. 

RESULTS AND DISCUSSION 

Figure 3 shows the scanning microscope 
images of several 2D and 3D PSs realized by the 
LOPA-based DLW technique. The 3D spiral PS 
is obtained by a pure SU-8 photoresist. The 
microfish is made by a magnetic nanocomposite 
Fe3O4/SU-8. The last structure is a 3D membrane 
containing a single KTP nanocrystal at the center.  

 

 
Figure 3. Scanning microscopes images of few 
examples of 2D and 3D photonic and/or 
magnetic structures, with and without single 
nanoparticles, realized by the LOPA-based DLW 
technique. 

The fabricated PSs could be used directly as 
photonic crystals, even the refractive index is 
low, thanks to the optimum design of the PS. 
These structures can be also transferred to other 
materials for other applications, such as laser, 
nonlinear optic, plasmonic, etc. In particular, the 
PS containing a single active NP, could enhance 
the optical properties of those NPs. Strong 
enhancement of second-harmonic generation 
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[7], or of the single photon generation [8,9] have 
been successfully demonstrated. 

CONCLUSION 

We have demonstrated a simple and low-
cost technique, based on one-photon absorption 
(OPA) phenomena, to realize on demand 
photonic, magneto-photonic, as well as 
plasmonic nanostructures. In particular, at very 
low absorption regime (LOPA), this approach 
enabled production of any 2D and 3D 
submicrometer structures using a very modest 
laser power. We then demonstrated that the 
LOPA-based DLW technique also enables 
incorporation of a single nanoparticle (nonlinear, 
metallic, or fluorescent) into polymer-based 
pho- tonic structures, at any desired position. 
Different applications of these fabricated 
structures could be envisioned, and were 
partially realized, such as polymer-based 
photonic crystals, waveguide grating resonant, 
enhanced second-harmonic generation, as well 
as controlled bright single photon source. 
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ABSTRACT 

 
Photocatalysts made from earth-abundant elements represent attractive candidates to harvest photon 
energy in the sun light to drive the photocatalytic activities for the H2 fuel generation and the organic 
pollutants degradation processes. In this talk, we present our recent progress in engineering Cu-based 
photocatalysts, namely Cu2O, CuO, Cu2S, Cu2-xSe etc., to enhance their photocatalytic activity and 
robustness. Indeed, these p-type semiconductors have narrow band gap of 1.2 – 2.0 eV which are suitable 
to harvest the visible light of the solar spectrum. However, they suffer from the photocorrosion that leads 
to a quick degradation of catalytic performance over operation time. To address this issue, we investigate 
various strategies to “push” the corrosive agents, namely the photogenerated electron and hole, out of the 
Cu-based light harvesters. Onto the Cu2S [1, 2] or the CuO [3] core, a shell made of large band gap n-
type semiconductor like ZnS or TiO2 is introduced. As such, a pn heterojunction Cu2S/ZnS or CuO/TiO2 
is created that enhances the charge separation within Cu2S, CuO light harvesters therefore to enhance the 
photocatalytic activity. Furthermore, with this core/shell design, the photogenerated electron is quickly 
migrated to the ZnS or TiO2 shell to lose its reducing action to Cu ions that helps to enhance the stability 
of the Cu2S and CuO light harvesters. With the same engineering concept, a n-type Cu2O shell is 
introduced onto the p-type Cu2O core to create an pn homojunction [4]. Thus, the photo-generated 
electron within the p-type Cu2O core is quickly quenched by the n-type Cu2O shell that enhances both the 
catalytic H2-evolving activity and the stability against the reductive photocorrosion. In another approach, 
we apply a protective layer made of thermal sputtered gold [4] or graphene sheets [5] onto the Cu2O light 
harvester surface. In this cases, a Schottky junction is formed that also significantly enhances the charge 
separation within the Cu2O light harvester. Furthermore, the decorated gold nanoparticles also act as an 
efficient H2-evolving catalyst that promotes the catalytic H2 generation on Cu2O photocatalyst. We 
emphasise that our developed engineering strategies, mainly based on a solution process, could be applied 
for other photocatalyts but not only the Cu-based ones as described here. 
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ABSTRACT 

 

It is challenging to sputter deposit layered two dimensional metal sulphide films since the energetic 

bombardment associated with the sputtering process typically exceeds the level needed to break the 

chemical bonds and consequently destroy the material and deteriorate its properties. Another problem is 

the fact that the formation of the layered structure occurs at relatively high temperatures. At these elevated 

temperatures, the sulphur has a tendency to evaporate resulting in a substoichiometric film. 

We have studied sputtering of WS2 films from a WS2 target in H2S as well as in pure Ar. Highly (001)-

textured layered, slightly substoichiometric, WS2 films have been deposited. XRD reveals only (002), 

(004), (006) and (008) peaks and Raman spectroscopy shows peaks at 355 cm-1 and 419 cm-1 which is 

characteristic for layered WS2 material. Further, TEM images show distinguishable layers in the deposited 

film. Raman indicates that it is possible to deposit few monolayers end close to one monolayer of WS2 

material. Further, it has been shown that WS2 can be mixed with SnS2 to deposit a mixed multi-metal high 

quality 2D-film. The challenges of obtaining an epitaxial film is pointed out and suggestions on how to 

obtain growth conditions for this is presented. 

Keywords: WS2, 2D materials, sputtering, sulphides 

INTRODUCTION 

Two-dimensional (2D) materials, such as 

MoS2, WS2, and graphene, have recently received 

a great deal of attention in the scientific 

community. The reason for this is their unique 

properties giving them enormous potential in a 

variety of applications in fields such as 

electronics, photovoltaics, and as tribological 

coatings. One example of such application is the 

recently presented single layer MoS2 

transistor.[1] However, the MoS2 layer in that 

work was not deposited by a thin film process but 

was the result of exfoliation of a single-layer 

MoS2 and subsequently transferred to a silicon 

substrate. In this work, we propose to develop a 

sputter-deposition process that is compatible with 

the sensitive layered sulphide materials. Sputter 

deposition is a commonly used process and the 

ability of using it in conjunction with 2D 

materials would constitute an enormous 

advantage for the possibility of incorporating 

such materials into electronics and sensor 

applications. This has however not been 

accomplished yet. One reason for this is the 

energetic particle bombardment associated with 

conventional sputtering which will easily break 

the weak bonds in these materials. [2,3] The 

sputtering process normally involves significant 

energetic particle flux onto the growing film. 

Such flux is usually beneficial for the film quality 

but may be detrimental during sputtering of 

sensitive materials such as the two-dimensional 

sulphide materials. By sputtering at high 

pressures, the energetic particles may be 

thermalized and a sputtering process with low 

energetic particle flux, which is compatible with 

sputter deposition of sensitive materials, can be 

obtained.  

EXPERIMENTAL  

All coatings were deposited by pulsed DC 

magnetron sputtering in a turbo pumped high 

vacuum von Ardenne system with a cylindrical 

chamber with a diameter of 50 cm and a height of 

28 cm. The base pressure for all depositions was 

below 7*10−4 Pa. Two 4-inch WS2 and SnS2 

sputter targets, with purity >99.9%, were used. Ar 

and H2S were employed as sputtering gases. Si 

and SiO2 were used as substrates. Substrate could 

be heated up to 700℃. The total gas flow 

(Ar+H2S) was kept at 20 sccm and the pressure 

was 50 mTorr. Target power was kept at 200 W. 
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RESULTS AND DISCUSSION 

Fig 1 shows TEM images of films deposited 

in only Ar as well as only H2S. Others have 

previously sputtered tungsten sulphide films in 

Ar/H2S mixtures but only from a metallic W-

target.[4] Films sputtered from such target were 

reported to be substoichiometric due to the 

reducing effect of hydrogen radicals produced 

from H2S in the plasma.[4] It is therefore a good 

idea to sputter from a sulphide target which may 

serve as another source of Sulphur and thereby 

increase the Sulphur content in the films. 

 

 Figure 1. TEM images of WS2 films deposited in 

100 % Ar (top) and 100 % H2S (bottom) 

Is can be concluded from Fig. 1 that the 

quality of the films is rather similar. The different 

thicknesses are due to different deposition times 

and different sputtering yields for Ar and H2S. 

The comparable quality between the films is 

further corroborated in Fig. 2, which shows X-

Ray Diffraction from the two films. 

 
Figure 2. XRD (Θ-2Θ scan) of WS2 films sputter 

deposited in 100 % Ar and 100 % H2S 

It can be seen in Fig. 2 that the films sputtered 

in Ar has a somewhat smaller Full Width Half 

Maximum (FWHM) compared to the film 

sputtered in H2S. This is believed to be due to 

incorporation of hydrogen in the latter films. 

However, the hydrogen content in the films has 

so far not been measured. 

 
Figure 3. Raman from WS2 films sputtered in 100 

% Ar and 100 % H2S (different laser powers) 

The Raman spectroscopy in Fig. 3 shows 

peaks at 355 cm-1 and 419 cm-1 which is 

characteristic for two dimensional WS2 films. 

Other results from Raman have indicated very 

uniform thin sputtered WS2 film.  

With respect to the film composition, results 

from RBS has indicated somewhat inconclusive 

results so far. Stoichiometric films cannot 

however be excluded. Further compositional 

analysis will be carried out. Also electrical 

characterization will be conducted in detail. 

Very recent results from co-sputtering of WS2 

and SnS2 targets in pure Ar has indicated that the 
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crystalline quality may be equally good in such 

composite films as in the sputtered WS2 films. 

CONCLUSION 

It is possible to deposit very high quality two 

dimensional WS2 films by sputtering from a WS2 

target in either Ar or H2S. Moreover, it is possible 

to obtain very thin films of high quality which are 

uniform over large areas. It is further possible to 

get high quality two dimensional WS2/SnS2 films 

from co-sputtering in Ar. 
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ABSTRACT 

 
Although carbon nanotubes (CNTs) are remarkable materials with exceptional physical, optical, 
electrical, thermal, and mechanical properties, their poor chemical functionality limits their various 
potential applications. In this work, I present a novel strategy to functionalize CNTs with any functional 
group without degrading their intrinsic structure using a DNA-binding peptide (DBP) anchor. Using a 
DBP tagged with a certain functional group, such as thiol, biotin, and carboxyl acid, it is possible to 
introduce the functional group with controlled density on DNA-wrapped CNT. Multiple types of 
functional groups can be introduced on a CNT as well using DBP molecules tagged with different 
functional groups at the same time. This method can be used to construct multifunctional CNT 
nanocomposites containing different types of nanoparticles (NPs), such as gold (AuNPs), magnetic 
(MNPs), and quantum dots (QDs), using different conjugation chemistries. The CNT nanocomposites 
decorated with these nanoparticles not only have efficient catalase activity, due to the synergistic catalytic 
effects of multiple nanomaterials, but also are reusable multiple times after separation with magnets. We 
believe this method can be a novel chemistry platform to construct new functional CNTs suitable for 
diverse applications. 
Keywords: carbon nanotube, DNA binding peptide, heterogeneous, multi-functionalization, 
nanocomposites 
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ABSTRACT 

 

Graphene had been known as tough material and is expected to offer reasonable reinforcement of rubber. 

However, in reality, there is no reports about significant reinforcement of rubber (natural rubber and 

synthetic rubber) with graphene, which can satisfy industrial demands of low portion of filler in tire for 

light weight and low cost.  

Recently, molecularly disturbing of (silica/acid composite) (SAC, USP Application 20180099905) with 

electron acceptor derivative such as fumed silica rendered it into reactive nano silicate (RNS). RNS is 

self- reactive forming rigid film exhibiting interesting properties over raw materials; such as fire flame 

retardant (anti fire), water proofing, heat resistant, anti UV and provides protection of materials 

against weather changes.  

RNS is reactive with rubber and hydroxylated graphene hybrid composite (GHC, US9460827 B2_1, USP 

Application 20190202701) and becomes the chemical bridge connecting GHC with rubber and thus 

exhibiting significant reinforcement effect of GHC in rubber.   

Overall, RNS is precursor to overcome the limit of graphene for mechanical and thermal properties 

applications. 

INTRODUCTION 

Graphene and related materials such as 

pristine graphene, graphene oxide (GO), reduced 

graphene oxide, graphene nano platelet (GNP) 

and recently disclosed graphene hybrid 

composite  had been known tough materials and 

they are expected to offer good contribution to 

the reinforcement of rubber . In reality, not thing 

seriously happened when graphene is simply 

mixed into rubber as filler indicating that 

graphene is not effective for rubber 

reinforcement.  

On the other hand, in the rubber tire 

compounding technology, complicated additive 

components including silica had been added to 

balance elastomeric force but not reinforcement. 

SILICA/ACID COMPOSITE (SAC) 

U.S. Patent Publication 20180099905 [1](the 

“‘905 Publication”) disclosed a composite 

formed from liquid glass with specific 

carboxylic acid.  In the ‘905 Publication, liquid 

glass is extracted from paddy husk, which husk 

originated in Vietnam. The product can be called 

a silica/acid composite (“SAC”), which exhibits 

a primary particle size in the range of 

approximately 5 nm.  These primary particles 

can stick to each other to form a translucent 

white gel. However the translucent white gel did 

not form a film upon drying and show no effect 

of water proofing even dried SAC particles 

exhibits excellent waterfastness. Thus when 

SAC was mixed with colorant in attempt to form 

waterproof for house paint, it is not capable of 

fully shielding colorant of the house-painting 

product from water attack.  

In another study, SAC was added onto 

rubber latex as nano filler. The mixture was 

uniform due to relatively good compatibility 

between SAC and rubber latex.  However, upon 

being dried, the rubber comprising SAC did not 

show any significant improvement in physical 

properties. 

Based upon these tests, it was concluded that 

SAC is relatively inert and non-reactive.  The 

SAC showed smaller particle sizes than other 

gels but was not found to be robust enough to 

cause any significant enhancement in material 

durability. 
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REACTIVE NANO SILICATE (RNS) 

In an attempt to change the nature of SAC, 

we are successfully incorporate into the network 

of SAC a disturber, which can convert the non-

reactive SAC into reactive species named as 

Reactive Nano Silicate (RNS), which is more 

interactive with other materials. The SAC 

disturbing molecule can be SAC family but not 

exactly the same physical structure. Example of 

the SAC disturber is metal oxide such as but not 

limited Fe2O3, TiO2, Xe2O, SnO2, Al2O3, SiO2, 

TiO2, V2O5, In2O3, rare earth oxide such as 

La2O3, cerium oxide, neodymium oxide, 

samarium oxide, and the like. RNS is self-

reactive and forms film upon being dried. The 

dried film of RNS exhibiting water proofing 

properties. 

Fig.1 is a photograph of a water drop on a 

dry surface coated with RNS.  The photograph 

shows that the dried film of RNS repels water. 

 
Figure 1. Photograph of a water drop on a dry 

surface coated with RNS. 

Fig. 2 illustrates a TEM image of SAC 

(shown on left) and RNS (shown on right) (the 

image scale is 200nm).   One can recognize that 

SAC appears as individual particle while RNS 

shows a particle connected into cloudy 

membrane. Thus, this is evidence that SAC and 

RNS are different species. 

 
Figure 2. Illustrates a TEM image of SAC 

(shown on left) and an RNS (shown on right) 

(the image scale is 200nm). 

Now, it can be suggested that the stranger 

molecule added on the solution of SAC, 

somehow, had successfully disturbed the 

structure of SAC and converted the non-reactive 

nature of SAC into reactive species, which is 

RNS. RNS can be strongly intramolecular 

interaction to form film. 

Next , water reactive  GHC (as disclosed in 

United States Patent 9460827 and U.S. Patent 

Publication 20190202701  [2] [3]was added into 

synthetic rubber SBR emulsion (KRL341 SBR 

obtained from Kumho, a company of South 

Korea) with different levels into in the presence 

of RNS. The mixture was baked at 

approximately 85 oC for approximately 72 hours 

then exposed to TGA test.  The data is illustrated 

in Fig.3.One can recognize the heat resistance of 

SBR increased with increased concentration of 

(GHC/RNS).

 

Figure 3. TGA data of SBR doped with GHC in the presence of RNS. 
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Figure 4. TGA data of NR doped with GHC in the presence of RNS 

 
Figure 5. TGA data of rubber doped with GHC only (no RNS)

Fig.4 is a graph of TGA data of Natural 

Rubber (“NR”) doped with (GHC/RNS) 

composite.  A similar reinforcement effect was 

observed. For further confirmation of the role of 

RNS, GHC alone was added into the SBR or 

Natural rubber, The TGA data of (GHC/rubber) 

composite was shown in Fig.5. One can observe 

that nothing change with no matter what GHC 

was added. It is suggested from this result that 

RNS is reactive; RNS can react with both rubber 

and GHC and (GHC/RNS) composite enables 

chemical bonding of GHC into rubber.  Without 

RNS, GHC is substantially inert relative to any 

kinds of rubber.  The chemical bonding of GHC 

with rubber can cause reinforcement of rubber 

with GHC.  

Overall, the present study provides a reactive 

nano silicate, which can comprise a silica/acid 

composite comprising reactive functional groups 

activated by an intramolecular disturber.  The 

reactive functional groups can comprise -SiH, -

SiOH, silazane, durazane, polysilazane, and 

spiro silazane.   

The mechanism of causing increased 

reactivity of SAC by disturber molecule is not 

clear at this point in time. However, the specific 

disturber molecule somehow molecularly 

connected to SAC and successfully transfer 

electron from SAC into disturber causing 
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electron starving SAC and increase SAC 

reactivity as illustrated in Fig.6 as a band gap 

model of electron transfer between SAC and 

disturber. According to this model, SAC should 

be more electrically conductive than disturber. 

The thermal electron from conduction band of 

SAC can be transferred into conduction band of 

disturber. Thus, disturber is relatively more 

electron acceptor than SAC. The disturber can 

be found in the group of oxide such as but not 

limited to Fe2O3, Xe2O, SnO2, Al2O3, SiO2, 

TiO2, or a rare earth element oxide.

 

 
Figure 6. Electron transfer from SAC into Disturber 

 

CONCLUSION 

The RNS can exhibit intramolecular 

interaction caused by the reactive functional 

groups.  The RNS can exhibit: 

 Film forming properties; 

 Water proofing properties;  

 Flame retardant properties; 

 Heat resistant properties;  

 Ultraviolet energy (“UV”) blocking 

properties; and/or  

 Weather resistant properties, etc. 

The RNS can be reactive with:  

 Rubber 

 A hydroxylated material; and/or a 

hydroxylated nano carbon, such as a 

hydroxylated nano carbon that 

comprises at least one of a surface 

modified carbon black, carbon nano 

tube, fullerene, thin film graphene, 

graphene oxide, reduced graphene 

oxide, graphene nano platelet, graphene 

hybrid composite, and/or a water soluble 

GHC, etc. 

The RNS can be used as a precursor to:  

 Provide a reinforcement capability of 

graphene in rubber;  

 Enhance thermal conductivity of 

graphene in media;  

 Enhance thermal conductivity of 

graphene in boron nitride; and/or 

Enhance thermal conductivity of 

graphene in aluminium nitride, etc. 
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ABSTRACT 

 
In surgery, besides the joint replacements that need permanent prosthesis implantation in the human body, 
there are many other clinical cases, such as bone fracture, cardiovascular diseases, in which the temporary 
implant materials are needed. The fixation or mechanical support are temporarily needed during the healing 
process of the injured or pathological tissue, and after that, the implants accomplish their mission and will 
no longer function in human body. In this case, biodegradable materials are the optimal choice as these 
materials do their job while healing and new tissue forming occur and degrade in the human body thereafter. 
Amorphous magnesium-zinc based alloys are nowadays a very promising group of metallic glasses. 
Unfortunately, the brittleness of Mg-Zn MGs and poor glass forming ability have hindered their further 
application We have developed composition series of completely new (not published) ternary Mg-Zn-Sr 
biodegradable alloys with attractive properties in terms of possible future applications (density comparable 
to human bones, wide supercooled liquid region etc.). These ternary alloys will serve as precursors for 
design of future highly alloyed systems with tuned dissociation rate in human body. 
Keywords: Biodegradable, alloys, X-ray diffraction, nanoindentation 

INTRODUCTION 

In the field of surgical orthopaedics, an 
important aspect is the suppression of 
inflammatory reaction at the site of contact of 
metal implants with human tissue. Materials 
considered to be bio-inert such as titanium, 
stainless steel and cobalt and chromium-based 
alloys are widely used joint replacement 
materials such as ribs and knees [1]. The human 
defence (immune) mechanism naturally defends 
itself against foreign objects and there is a risk of 
implant rejection. The human body tends to reject 
titanium, and in addition, abrasion may result in 

the release of toxic ions into the surrounding 
tissue [2]. For these reasons, stainless steel, which 
exhibits higher compatibility is more commonly 
used, but its drawback is a significantly higher 
density compared to bones. A breakthrough class 
in the field of the use of metal implants is the so-
called biodegradable metals (BMs) [1]. They do 
not need to be surgically removed after fulfilling 
their function and thus cause further discomfort 
to the patient in the form of re-operation. These 
materials dissolve in a controlled manner, in 
addition to assisting in healing (since they 
nourish the surrounding tissue) because they are 
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made up of elements inherently existing in the 
human body.  

Mg alloys with excellent biocompatibility 
have become one of the most revolutionary 
research topics as bio-implant materials [3]. 
However, the clinic applications are limited with 
the current developed Mg alloys due to their high 
corrosion rate and hydrogen release rate. Mg-Zn-
Ca based bulk metallic glasses (BMG) have 
received considerable attention because of their 
much lower corrosion rate and good mechanical 
properties. Unfortunately, the brittleness of Mg-
Zn-Ca MGs and poor glass forming ability (GFA) 
have hindered their further application [4]. Thus, 
it is desirable to develop new Mg-based MGs 
with superior GFA and mechanical properties. 
Strontium, a bone-seeking element, has been 
reported to be capable of stimulating bone-cells 
replication and protein synthesis, depressing 
bone resorption, and increasing bone mass and 
strength [5]. Other studies have shown that 
strontium can inhibit bone resorption and 
stimulate bone formation [6]. Sr-based drug 
treatments can reduce the risk of fracture in 
patients after one year of treatment and inhibit 
osteoclast activity and stimulate osteoblast 
proliferation [7]. 

This work reports our development of a brand 
new fully biocompatible bulk metallic glass 
based on Mg, Zn and Sr. Our alloys development 
is based on machine learning prediction described 
in the article [8]. 

EXPERIMENTAL 

The alloys selection was based on the 
condition that the elements that will be used are 
exclusively biocompatible. The choice of the 
chemical composition of alloys that could form 
metallic glass is based on the new machine 
learning prediction approach described in the 
article F. Ren et al. [8]. The result of this 
prediction is shown on the Mg-Ca-Sr ternary 
alloy as probabilistic color map where the most 
probable compositions to form metallic glass are 
in red color, see Figure 1. We decided to 
experimentally verify compositions laying on 
concentration of Sr up to 8 at.%. Our selections 
are marked in the figure by squares and circles. 
The Mg-Zn-Sr alloys of different compositions 
were fabricated by induction melting of the pure 
constituent elements (Mg 99.98 wt.% Zn 99.9% 
wt.% and Sr 99 wt.%) in a BN coated quartz tube 
under a high vacuum (better than 3.0 × 10−3 Pa) 
at 1000 °C. Ribbons of maximum thickness of 40 

μm, width ~4 mm and length below 70 mm were 
prepared by the single-roller melt-spinning 
method. 
 
 

 
Figure 1. Mg-Ca-Sr ternary diagram showing in 
colormap prediction of glass forming probability 
calculated by machine learning algorithm, the 
alloys which were tested experimentally are 
marked by squares and circles. 

The densities of the alloys were measured at 
room temperature using a gas pycnometer 
(Micrometritics, AccuPyc II 1340) with helium 
as the displacing fluid. The density measurements 
were performed 40 times and the measurement 
values were averaged. 

Elastic modulus of the alloys was determined 
by nanoindentation experiment conducted using 
the NHT, CSM nanoindenter instruments 
calibrated on pure fused silica. The indenter tip 
was a diamond Berkovich indenter (three sided 
pyramid) and the results were evaluated using the 
Oliver-Pharr method. Indentation was performed 
in single load mode as high as 25 mN using the 
loading rate 1 mN/s, with dwell time 10 s. 

Thermal stability of the alloys was 
ascertained by Perkin Elmer power-compensated 
differential scanning calorimeter (DSC 8000) at 
the scanning rate of 10 K.min-1. Measurement 
was carried out in graphite sample pans under 
pure argon atmosphere. Each measurement was 
followed by a second run to determine baseline of 
the measurement. 

To determine phase composition of 
crystalline samples the laboratory X-ray 
diffractometer Philips X’Pert PRO using Cu Kα 
radiation was applied. For the amorphous alloys 
the hard X-ray diffraction experiment was 
performed at the beamline P21.1 located at the 
PETRA III (electron storage ring operating at an 
energy of 6 GeV with beam current ~100mA 
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operating in top-up mode). During the 
experiment the following setup was used: 
transmission (Debye-Scherrer) geometry; mono-
chromatized high energy X-ray beam of photon 
energy 103.06 keV (λ = 0.01203 nm) to obtain 
high quality diffraction patterns up to large 
magnitude of the scattering vector 
Qmax=4π sin(θ)/λ=18 Å-1; beam cross-section on 
the sample was ~ 1 mm × 1 mm (h x v); fast 2D 
image plate detector Perkin Elmer XRD1621 
(2048 pixels × 2048 pixels, size of a pixel: 200 
μm × 200 μm) to record diffracted X-rays.  

RESULTS AND DISCUSSION 

 
Figure 2. X-ray diffraction patterns of the Mg-Zn-
Sr alloys prepared by rapid solidification method 
– melt spinning. XRD patterns of the amorphous 
alloys are in blue, while the partially or fully 
crystalline alloys are black. 

Figure 2 shows X-ray diffraction patterns of 
the Mg-Zn-Sr alloys. From this figure it is evident 
that the alloys of the composition Mg90Zn2Sr8, 
Mg78Zn12Sr7 and Mg31Zn61Sr8 are fully 
crystalline, (marked by grey circles on the Figure 
1), while the Mg70Zn23Sr7, Mg57Zn37Sr6 and 
Mg51Zn41Sr8 were prepared in fully amorphous 
state (blue squares). The Mg42Zn51Sr7 alloy is 
only a partially crystalline. The DSC signal from 
this alloy, not shown here, exhibits glass 
transition followed by crystallization exothermic 
peak, features characteristic for metallic glasses.  

Chemical composition determined by the 
EDX analysis, phase composition, elastic 

modulus, nano-hardness as well as the 
characteristic phase transformation temperatures 
of the Mg-Zn-Sr alloys are listed in Table 1.  By 
comparing the results we can formulate the 
following conclusions: 
• By change of magnesium to zinc ratio, the 

modulus of elasticity EIT of the alloys does not 
change, and its value is approximately twice 
that of the modulus of cortical bone (~20GPa). 
The highest value 61±6 GPa shows the alloy 
Mg31Zn61Sr8. 

• Nano-hardness HIT of the alloys are for all the 
alloys the same within the experimental error. 

• Super-cooled liquid region (important 
technological parameter for thermoplastic 
forming of the material) is in the case of the 
Mg57Zn37Sr6 extraordinarily wide 79oC. This 
parameter also confirms that the Mg57Zn37Sr6 
composition is close to deep eutectic of this 
ternary system. Such observation is in good 
agreement with the machine learning 
prediction, see amorphous phase probability 
map in Figure 1.   

• As expected, the alloy density increases with 
increasing Zn content at the expense of Mg. 
The lowest measured density 2.103 g.cm-3 is 
close the value reported for of non-porous 
cortical bones 1.9 g.cm-3. 

CONCLUSION 

In this paper we report our development of a 
brand new fully biocompatible bulk metallic 
glass based on Mg, Zn and Sr elements. Design 
of the alloys was based on machine learning 
prediction described in the work of F. Ren et al. 
[8]. In the range of strontium concentrations from 
6 to 8 at.% we have identified compositional 
areas that can be prepared to fully amorphous 
state by rapid quenching method with critical 
cooling rate ~105 K-1, see Figure 1. The alloys 
except of the Mg31Zn61Sr8 have elastic modulus 
~ 45GPa, and indentation nanohardness ~ 4 GPa. 
The alloy Mg57Zn37Sr6 exhibits extraordinarily 
wide 79oC super-cooled liquid region, indicating 
that this alloys composition is close to deep 
eutectic point of the Mg-Zn-Sr system.
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Table 1. Properties of the Mg-Zn-Sr alloys, from left to right EDX determined chemical composition, 
phase composition (A - amorphous C – crystalline phase, A/C - mixed state), EIT- elastic modulus, HIT – 
hardness, Tg – glass transition temperature, Tx1 onset – onset of the 1th crystallization temperature, ΔT – 
supercooled liquid region and ρ – density. 

Alloy Phase EIT 

[GPa] 
HIT 

[GPa] 
Tg 

[°C] 
Tx1 onset 

[°C] 
∆T 

[°C] 
ρ 

[g.cm-3] 
Mg90Zn2Sr8 C 46±4 4.4±0.8    2.106 
Mg78Zn12Sr7 C 46±5 5.0±0.9    2.484 
Mg70Zn23Sr7 A 44±3 3.9±0.3 96 130 34 2.807 
Mg57Zn37Sr6 A 45±4 3.4±0.7 96 175 79 3.291 
Mg51Zn41Sr8 A 46±4 4.4±0.8 147 214 67 3.663 
Mg42Zn51Sr7 A/C 46±3 4.4±0.7 179 243 64 4.291 
Mg31Zn61Sr8 C 61±6 4.7±0.7    4.985 
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ABSTRACT 

 

Over the past decades, the reliable and early-stage detection of hazardous gases has become gradually 

important in various areas of modern industrialized, mobile-networked society. The purpose includes 

safety both in industry and at home, health care, defense of terror and chemical warfare, and environment 

monitoring. Stimulated by the great demand, significant efforts have been made to realize highly sensitive 

and selective chemical gas sensors not only by the creative design of new materials but also by innovation 

in sensor structure and architecture. It is widely accepted that improving the sensing capability is to use 

nanomaterials. In this talk, an overview on the current status of nanomaterials-based chemiresistive gas 

sensors and their prospect will be presented. In addition, various approaches to obtain better sensing 

properties of nanomaterials will be discussed. 

Keywords: Nanomaterials, Chemiresistive sensor, Gas sensor, Environment monitoring 
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ABSTRACT 
 

The thermal devices can work without cooling. This is different from the quantum devices based on the 
semiconductor bandgap which suffers from the thermal noise especially for the infrared (IR) application. 
For saving the operation power for cooling the device, the thermal devices become attractive to many 
applications. Here, (1) a light source and (2) a detector are described. The basic MEMS advantage is the 
low thermal conduction loss keeping the thermal energy at the specific position. (1) A microheater for the 
wavelength selective IR emitter shows the enhanced emission peak for CO2 gas sensing using to the 
surface plasmon polariton. Figure 1 shows the schematic drawing of the emitter. The thermal isolation is 
obtained using 2 µm-thick Si membrane having 5.4mm outer diameter realized by the structure with the 
ring reinforcement. Figure 2 shows the photo of the microheater observed from the front and the back 
sides. Figure 3 show the emission spectra. The underlying gold grating is designed to have 4.3m pitch. 
The emission at the wavelength of the absorption band of CO2 gas is enhanced. Against input power, the 
intensity at the peak wavelength shows the steeper increase than the background intensity. The peak at 
4.3µm has the width of about 400 nm and CO2 absorption band is inside. (2) A temperature-sensitive 
electrostatic resonator is realized. Figure 4 shows the resonator at (a) the initial and (b) the heated 
conditions. The resonator consists of two layers. The base layer is the tensile (600 MPa) poly-Si. The 
larger thermal expansion of the top Al layer bends the structure, making the torsion bar slant. This 
increases the torsional spring constant. From the frequency change, the incident infrared can be measured. 
Figure 5 shows one fabricated device. The twisting resonant frequency increases from 112 kHz at the rate 
of 426 Hz/K. The ratio is +3790 ppm/K. This is more than 10-times larger in magnitude and opposite in 
direction compared to the temperature dependence of the material used indicating the high sensitivity. 
The temperature dependence of the transverse elastic moduli of Al and Si will give the ratio of -285 and -
30 ppm/K, respectively. Figure 6 shows the response when the resonator is irradiated by the infrared spot. 
Keywords: Optical MEMS, Infrared Emitter, Surface Plasmon Polariton, Infrared Detector, Resonator 
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Figure 4. Principle of increasing the natural frequency of the torsional resonator showing (a) the 
initial and (b) the heated conditions. 

Figure 5. One fabricated device. The tensile 
poly-Si is obtained by crystallizing LPCVD 
grown amorphous Si. 

Figure 6. Resonant frequency shift of the resonator 
being irradiated by the infrared light spot at the 
different source power. 
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Figure 1. Schematic drawing of the indirect 
wavelength selective thermal emitter and the 
energy flows of the microheater on the grating. 
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Figure 3. FT-IR spectra of the emission. With the aimed peak at 4.3µm, other peaks at 2.9 and 3.5µm 
are also observed. This can be attributed to the insufficient grating profile control at present. 
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Figure 2. (a) Photo of the microheater. The current 
flows between electrodes at the opposite corners. (b) 
SEM image of the microheater observed from 
backside. The membrane outer diameter is 5.4mm. 
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ABSTRACT 
 

One of the major application targets for future electronics is wearable communication tools with low-
power consumption. Tunnel field-effect-transistors (TFET) are promising since extremely low-voltage 
operation of switching beyond the limitation of CMOS devices would be possible. 2D materials and 1D 
nanowires attract attention not only because these materials would be suitable for the fabrication of 
TFETs, but also various novel application such as sensors, displays would be possible. Quantum 
computing is no longer a future technology. Recent advances in D-Wave computers based on quantum 
annealing and superconducting devices, and the demonstration of long spin decoherence times in 
isotopically-enriched Si qubits, have accelerated the research and development of this technology. The 
remaining challenge is large scale integration of qubits. Physically-defined coupled quantum dots (QDs) 
on silicon-on-insulator substrates are promising for multiple scaled qubits. In this paper, we discuss 
recent progress of 0D (quantum dots), 1D (nanowires) and 2D atomic-layer materials devices.  
Keywords: Quantum dot, Si nanowire, 2D atomic layer devices 
 

INTRODUCTION 

One of the major application targets for 
future electronics is zero-power (without the 
need of recharging battery) wearable 
communication tools [1]. Combination of low-
power consumption devices and energy 
harvesting devices are necessary. Tunnel field-
effect-transistors (TFET) are promising since 
extremely low-voltage operation of switching 
beyond the limitation of CMOS devices would 
be possible [2]. 2D materials and 1D nanowires 
attract attention not only because these materials 
would be suitable for the fabrication of TFETs, 
but also various novel application such as 
sensors, displays would be possible [3]. 

On the other hand, quantum computing is no 
longer a future technology. Recent advances in 
D-Wave computers based on quantum annealing 
[4] and superconducting devices, and the 
demonstration of long spin decoherence times in 
isotopically-enriched Si qubits [5], have 
accelerated the research and development of this 
technology. The remaining challenge is large 
scale integration of qubits. Physically-defined 
coupled quantum dots (QDs) on silicon-on-
insulator substrates represent potential multiple 
scaled qubits. 

In this paper, we discuss recent progress of 
quantum dot (0D), nanowire (1D) and 2D 
atomic-layer material devices 

COUPLED QUANTUM DOTS FOR 
SILICON QUBITS 

A. Device Fabrication 

Physically-defined double quantum dots 
connected to source/drain electrodes, five side 
gate electrode to control the number of electrons 
in QDs and interaction between QDs and 
electrodes, are fabricated on SOI (silicon-on-
insulator) substrates by electron-beam 
lithography and reactive ion etching [6]. 

B. Pauli Spin Blockade 

Electron transport was measured at 250 mK.  
Current counter plot as functions of two control 
gate electrodes showed honeycomb-like 
structure, which suggests quantum interaction 
between two quantum dots. We also observed 
current rectification in coupled QDs due to Pauli 
spin blockade, which is a valuable tool for the 
initialization and readout of spin states during 
the operation of spin qubits [6, 7]. 
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C. A Few Electron Regime 

To implement quantum logic gates based on 
electron spin, it is necessary to reduce the 
number of electrons in individual QDs to only a 
few or even to a single electron, so as to create 
spin states that are energetically well defined 
and separate from other states. We prepared 
integrated charge sensors (CSs) composed of 
QDs in order to determine the absolute number 
of electrons in the individual QDs. 

We have successfully determined the 
number of electrons in each QD and controlled a 
few electron regimes in coupled QDs as shown 
in Fig. 1; essential steps for qubit operation [7,8].  
Recently, single-qubit gate fidelities exceeding 
99.9% have been observed on an electron spin 
confined in a 28Si/SiGe quantum dot [9]. This is 
quite promising for the realization of fault-
tolerant universal quantum computation.  

 
Figure 1. (a) SEM image of a double-quantum dot 
(DQD) device and a schematic of the measurement 
setup. The DQD device was fabricated by the same 
process used to make the single QD device and 
measurements were performed at a base temperature 
of 300 mK. (b) Plots of the SET transconductance, 
dISET /dVSG1, as functions of VSG1 and VSG2 in a 
DQD; VTG = 5.8 V and VSG3 = 0 V, VD = VS = 0.9 V, 
and VDSET = 3 mV. A charge stability diagram of the 
few electron regimes in the DQD is clearly obtained. 
[7] 

Ge/Si CORE/SHELL NANOWIRES 
 

For the implementation of zero-power 
devices, energy harvesting systems from light, 
thermal, vibration, and RF energy are 
investigated. We propose thermoelectric devices 
using the temperature deference between human 
skin and ambient based on Ge/Si core/shell 
nanowires are promising for wearable power 
generators. 

The figure of merit ZT of the thermoelectric 
system is described as 
 

            (1) 

 
where κ is the thermal conductivity, σ is the 
electrical conductivity, S is the Seebeck 
coefficient, and T is the absolute temperature. 

Because of the unique density of states 
distribution of one-dimensionally quantized 
structure of nanowires, high Seebeck coefficient 
is expected. Since Ge core region is confined by 
Si potential well, high hole concentration is 
obtained even in undoped Ge, that results in 
high electrical conductivity. Surface phonon 
scattering of Si shell region suppresses thermal 
conductivity. All these effects result in large 
value of the figure of merit for thermoelectric 
energy conversion. 

We have prepared high crystalline quality 
and narrow Si and Ge nanowires by vapor-
liquid-solid chemical vapor deposition [10-12]. 
We have also fabricated Ge/Si core/shell 
nanowires. The problem we encountered was the 
formation of branch structure due to migrated 
Au particles on the surface of Ge nanowires. We 
solved the problem by suppressing Au migration 
using two step growth methods [13]. We have 
obtained very high quality interface between Ge 
core and Si shell, as shown in Fig. 2, and 
measured electron transport in core/shell 
structures [14]. We also prepared thermoelectric 
devices based on Ge/Si core/shell nanowires. 
The preliminary measurements show very 
promising properties for energy harvesting 
devices for zero-power wearable devices. 

 
Figure 2. TEM image of a Ge/Si core/shell nanowire. 
The inset shows the whole Ge/Si NW with a 20 nm 
scale bar. [14] 
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TWO DIMENSIONAL ATOMIC LAYER 
TRANSISTORS 

Two-dimensional atomic layer materials are 
promising for wearable device application, 
because of high-electric and thermal 
conductivity, low-power consumption, 
flexibility and transparency [15]. Particularly, 
MoS2 transistors are promising, because of low 
interface defect density due to free of dangling 
bonds, scalability to sub-5-nm region due to 
ultra-thin uniform layer and relatively large 
bandgap [16, 17].  

A self-assembled monolayer (SAM), an 
organic molecular film that spontaneously forms 
on the surface of a substrate exactly one 
molecule thick, has ideal characteristics for gate 
dielectrics in FETs because of insulating 
properties at a very thin layer and easy 
fabrication process. We applied n-
octadecylphosphonic acid (ODPA) and AlOx 
dual layer as gate dielectrics for MoS2 
transistors. The electrical properties are 
excellent with very steep subthreshold slope of 
69 mV/dec and no hysteresis, which means free 
of interface defects [18]. A SAM layer is also 
used as a self-alignment mask to simplify the 
device fabrication process [19, 20]. Adhesion 
lithography using SAM has been applied to 
various material systems including organic 
semiconductors [21]. We also improved gate 
characteristics using transfer printing technology 
as shown in Fig. 3 [22]. Normally-off 
characteristics are achieved by controlling 
threshold voltage using proper gate metals [23].  

Wafer scale MoS2 films are commonly 
prepared by chemical vapor deposition. 
However, sometimes triangular structure 
deteriorates the uniformness of CVD grown 
films. In order to circumvent this problem, we 
deposited MoS2 films by RF sputtering [24]. We 
clarified that surface flatness of the substrate is 
essential for high quality films [25]. To reduce 
the number of sulfur defects, annealing in the 
forming gas [26], H2S [27] and sulfur vapor [28] 
was effective and low carrier density MoS2 
films were obtained. Normally-off nMISFET 
characteristics were observed from sputtered 
MoS2 with MoSi2 contacts by sulfur powder 
annealing [29]. High Hall-effect mobility of 
1,250 cm2/Vs was obtained from atomic-layered 
ZrS2 films using sputtering and annealing [30]. 
These processing technologies are important 

steps towards future high-performance wearable 
devices. 

 

Figure 3. Schematic illustrations of transfer printing 
of Al2O3 gate dielectric and fabrication process for 
top-gate MoS2 FET. (a) Deposition of Ni on SiO2/Si 
substrate, ALD of Al2O3 gate dielectric on Ni, spin-
coating of PMMA on Al2O3, and attachment of 
thermal release tape onto PMMA. (b) Immersion of 
entire substrate in DIW and separation of laminated 
structure from SiO2 surface. (c) Wet etching of Ni 
with dilute HNO3. (d) Formation of trench by 
photolithography and BHF etching. (e) Deposition 
and lift-off of Au/Ti to form alignment mark. (f) 
Deterministic transfer of MoS2 flakes on the receiver 
substrate. (g) Transfer printing of Al2O3 gate 
dielectric on MoS2 through a thermal release process. 
(h) Deposition and lift-off of Al and Au/Ti for gate 
and source/drain, respectively. (i) Optical image of 
top-gate MoS2 FET. [22] 

CONCLUSION 

 Low-dimensional materials are emerging. 
Novel properties, self-assembled fabrication are 
promising for next generation wearable devices 
and new architecture computations. 
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ABSTRACT 

 

Low dimensional materials such as nanowire, graphene, transition metal dichalcogenides (TMDs) has 

significantly attracted in future optoelectronic materials due to high performance electrical and optical 

behaviors, mechanical stability, and tunable bandgap with respect to the structure of nanomaterial. 

However, Nanowires have their limitation of device-to-device deviation and uniform film for a channel of 

device. In this regards, 2D materials was suggested as an alternative solution to integrate them into a 

large-area circuit. Unlike graphene, the existence of bandgap (1~2.1 eV) in TMDs, especially MoS2, 

MoSe2, WS2, and WSe2, combined with a large area growth, would be a strong candidate for future 

optoelectronic materials. In this talk, I will introduce High-mobility and low-power 2D semiconducting 

transistor1, giant photoamplification in multilayer MoS2 phototransistor with local-bottom gate 

structures2, and high-detectivity MoS2 phototransistor with wideband spectral response3.  

Keywords:  transition metal dichalcogenides, phototransistor, flexible, electronics, photodiode. 
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ABSTRACT 

 
The recycling of the silicon particles issued from silicon wafer production for electronic applications such 
as photovoltaics has great energy value and environmental benefits. This paper deals with the 
contamination management of these particles to allow an efficient circular recycling. An accurate 
elemental chemical analysis of the particles as function of the cutting parameters of the silicon ingot into 
wafers shows that the light elements contamination –oxygen, carbon and sulfur–strongly depends on the 
cutting fluid composition. A fine characterization of the surface chemical-bonds of the Si particles 
through photo-emission spectroscopy and infra-red spectrophotometry using appropriate analysis 
configurations reveal that a significant part of the light elements concentration is located at the surface of 
the powder in the form of adsorbed elements [1]. In addition, the study of the different potential sources 
of contamination shows that the metallic contamination is mainly induced by the tools used for the wafers 
production such as the cutting wire and the ingot holder. The Si-particles characterization methodology 
reported in the present work is a powerful tool towards a controlled process for the recycling of the Si 
particles without heavy chemical etching steps. 
Keywords: Si particles, XPS, ATR-FTIR, Mass spectrometry, recycling 
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ABSTRACT 
 

Red or near infrared (NIR) persistent phosphors, emitting red or near infrared luminescence for a long 
time after removal of the excitation source, have recently gained great interest and play more important 
role in many areas, especially in vivo bio-imaging system [1, 2]. In this work, Y3(Al,Ga)5O12 co-doped 
with Cr3+ and rare-earth ions (YAGG:Cr3+, RE3+) persistent phosphors, emitting red and NIR persistent 
luminescence, were synthesized by the co-precipitation method. Structure and morphology of nano-
powders were characterized by X-Ray Powder Diffraction (XRPD), Brunauere-Emmette-Teller method 
(BET), Infrared Spectroscopy (FT-IR) and Transmission Electron Microscopy (TEM). The average 
crystallite sizes and particle sizes were calculated from the Rietveld refinement data and TEM images, 
respectively. The emission and excitation spectra were measured in order to study the optical properties 
of the YAGG:Cr3+, RE3+ persistent phosphors. In addition, the energy transfer efficiency between dopants 
was also calculated based on the luminescence decay curves. For developing the optical quality, the 
influence of annealing temperature of phosphors on their optical properties was also determined. 
Keywords: Nano-phosphors, NIR persistent luminescence, Rare earths 
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ABSTRACT 

 
We present an original platform constituted of an engineered lipid monolayer, which is used as the active 
sensitive layer and as ultra-thin gate dielectric in field effect transistor sensors. Sup-ported lipid layers, 
with thicknesses of a few nanometers indeed constitute good candidates. In living cells lipid membranes 
are known to constitute natural insulators which play an efficient role as barrier to both ionic and 
electronic transport across the membrane, associated with an electrical resistance of the order of several 
giga-Ohms in magnitude. However, despite excellent insulating properties, lipid bilayers and even more 
lipid monolayers have been poorly exploited in devices due to their inherent instability under application 
of an electric field, leading to damages caused mainly by an electroporation process occurring at low 
electric field. Furthermore a lack of mechanical stability is often observed.  
We show that the mechanical and chemical stability of lipid layers as well as their dielectric performances 
can be improved by changing the molecular structure of the lipids and by achieving intra-chain 
reticulations within the layer, and that surprisingly both these properties are correlated. In fact such 
reticulated layers with a thickness of 2.5 nm only present low leakage current even at high electric field, 
and a direct dielectric breakdown occurring at ~30 MV/cm, i.e. much higher than for a silicon oxide layer 
of similar thickness or other high-K dielectrics.  
We show that ones the lipid monolayer on the transistor channel the specificity of the sensor given by the 
grafting of probes to the lipids can be tuned using simple procedure making our sensor extremely 
versatile.  As a proof of concept, we present here different sensors that were developed for the detection 
of Fe3+, Cu2+ and Cs+ ions using different materials, inorganic transistors with silicon channel and organic 
transistors with a Poly(3-hethyl)thiophene as channel, and different types of probes. Our sensors present 
good specificities with exceptional low limit of detection down to the sub-femtomolar range, high 
sensitivity and a linear response over several decades. 
Keywords: lipid monolayers, mechanical and dielectric properties, ISFET sensors 
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ABSTRACT 

 
In this paper, the impact of sintering on the conventional and persistent luminescence in the ceramics is 
presented. Spectroscopic properties were characterized by the photoluminescence, excitation spectra and 
kinetics of luminescence. It was found that sintering pressure decreases the grain size, forms new traps, 
change the color of conventional and prolongs persistent luminescence. Mechanism of persistent 
luminescence in the ceramics is proposed. 
Keywords: Rare-earth ions, aluminates, garnets, persistent luminescence, ceramics 

INTRODUCTION 

Persistent luminescence materials are able to 
emit light a few seconds, minutes, or even hours 
after ceasing the irradiation [1]. This 
phenomenon results from the storage of the 
excitation energy in traps and its subsequent 
release induced by the thermal energy available 
at room temperature. Materials exhibiting 
persistent luminescence have been widely 
studied because of their potential applications 
such as emergency signalization, defect 
indicators, solar energy harvesting or bio 
imaging [2, 3]. 

The advantages of aluminate and garnet 
based persistent phosphors over the previous 
sulfide-based ones are as follows: longer 
persistence time, higher luminescence intensity, 
non-toxicity, stable crystal structures as well as 
good physical and chemical stability. The blue 
CaAl2O4:Eu2+,Dy3+ and green 
SrAl2O4:Eu2+,Dy3+ phosphors are a well-known 
persistent luminescence materials. Less known 
but also often studied are persistent phosphors 
from the garnet group such as 
Gd3Ga3Al2O15:Ce3+ or Gd3Ga3Al2O15:Pr3+.  

There are a lot of publications about 
persistent luminescence properties of powders 
but only few describing ceramics. Most of them, 
however, do not deal with the impact of the 

preparation process on the properties of the 
ceramics. For such reason we prepared series of 
powders and ceramics made of them. The 
impact of sintering on the conventional and 
persistent luminescence in the ceramics was 
presented. Spectroscopic properties were 
characterized by the photoluminescence and 
kinetic of the process. The difference between 
powders and ceramics was. It was found that 
sintering pressure decreases the grain size, forms 
new traps, and prolongs the filling and bleaching 
of the traps. In garnets also change of the crystal 
field was observed and discussed. 

EXPERIMENTAL  

The powders were obtained by a self-
combustion method. Stoichiometric amounts of 
reagents (nitrate form) were placed in a quartz 
crucible and appropriate amounts of urea 
(reducer) were added. The mixture was heated 
on an electric hot plate to evaporate water to 
about 30 % of the original volume. Then 
crucible was placed in a furnace with 
temperature of 650 °C for 5 minutes until 
spontaneous ignition. The duration of the 
combustion was about 30 seconds and, after 
cooling, a foam-like product was obtained. The 
foam was ground with an agate mortar to obtain 
fine powder. The ceramics were fabricated with 
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a one minute reaction time from the respective 
phosphors by a low temperature (450 oC) - high 
pressure (8 GPa) technique described earlier by 
us [4].  

Emission and excitation spectra were 
measured using FLS980 fluorescence 
spectrometer from Edinburgh Instrument 
equipped with a 450W xenon lamp as an 
excitation source and a Hamamatsu 928 PMT 
detector and a USB 2000 Ocean Optics CCD 
camera (0.3 nm resolution).  

RESULTS AND DISCUSSION 

The emission spectra were recorded for 
ceramics sintered at different pressures and from 
powders prepared at different temperatures. It 
can be seen that for ceramics made from 
smallest grains (calcined at lowest temperature) 
emission band is shifted to the red (Fig.1). With 
increase of grain size (increase of calcining 
temperature) band is shifted to the blue. This 
behavior is related to the change of crystal field 
that was observed also for YAG/YGG matrix 
[5], where crystal field strength was changed by 
increase of Ga content in the matrix. The 
decrease of crystal field lead to red shift of the 
emission band and decreasing of the 
luminescence intensity. In case of GGAG:Ce3+ 
ceramics applied pressure leads to increase of 5d 
levels splitting and in consequence 
recombination of electrons with conductance 
band and decreasing emission intensity. 
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Figure 1. Changes of the position of the Ce3+ 
emission band after applying the pressure 
measured for the GGAG ceramics prepared from 
powders calcined at different temperatures. 

The red shift is also observed for the 
ceramics sintered at highest pressure. Since in 
our previous paper we showed that with 
increasing the pressure the size of grains 

decrease [6] red shift of the emission may be 
directly linked to the change of crystal field 
strength. 
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Figure 2. Impact of the applied pressure on the 
position of the Ce3+ emission band in 
GGAG:Ce3+ 

After ceasing the UV radiation, emission 
intensity decay is observed due to the release of 
the energy from the traps (Fig. 3). In the 
materials where more traps are predicted, decay 
time should be longer. In the present case, an 
increase in the decay time observed for ceramic 
samples suggest formation of the new traps after 
sintering process. This assumption is confirmed 
by the calculation of the fading time of the 
persistent luminescence. The decay time was ca. 
60 – 80 % longer after sintering of powders. 
This shows that the sintering process induce the 
formation of new traps leading to longer 
persistent luminescence. 
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Figure 3. Fading times of persistent 
luminescence of Ca0.5Sr0.5Al2O4:Eu2+,Dy3+ 
(bottom) powders and ceramics measured after 
ceasing 266 nm excitation. 

CONCLUSION 

For all ceramics prepared from respective 
powders it was observed that pressure applied 
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during sintering change persistent luminescence 
properties of the materials. In case of garnet 
structures it was found relation between crystal 
field strength and resulting from this splitting 
and size of the crystals. After sintering process 
the crystal field decrease and lead to the red shift 
of the emission band. The biggest changes are 
observed for the ceramics composed of smallest 
grains. It was also observed that the fading time 
of the persistent luminescence observed in the 
aluminate ceramics were longer than in the 
powders because of presence of additional traps 
induced by the sintering process. 
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ABSTRACT 
 

Paper-structured catalyst (PSC) for the application to direct internal reforming (DIR) SOFC is studied. 
Different oxide supports, (Mg,Al)O derived from hydrotalcite (HT), (Ce,Zr)O2 (CZ) and flowerlike CeO2 
(Ce(F)) were dispersed into the ceramic fiber network to have three types of Ni-loaded PSCs, (a) Ni/HT-
PSC, (b) Ni/CZ-PSC and (c) Ni/Ce(F)-PSC, respectively. Catalytic activities of these PSCs for the dry 
reforming of methane (DRM) were evaluated at the operating temperature of 750oC. Ni/Ce(F)-PSC 
exhibited the highest and most stable methane conversion, and coking hardly occurred after 15h of DRM, 
which may be due to the unique morphology of Ce(F). 
Keywords: paper-structured catalyst, flowerlike structure, dry reforming of methane, solid oxide fuel cell.  
 

INTRODUCTION 

Dry reforming of methane (DRM) (CH4 + 
CO2 → 2CO + 2H2) is the endothermic reaction 
(∆H0

298 = 248 kJ.mol-1). It not only produces 
syngas but also reduces CH4 and CO2 emission. 
Our group make efforts to promote this reaction 
right next to the fuel electrode (anode) of solid 
oxide fuel cell to realize direct internal reforming 
(DIR) operation of solid oxide fuel cell (SOFC) 
[1,2]. Catalysts for DRM, precious metal (Pt, Ru, 
Pd…) and non-precious metal (Ni, Co, Cu…) 
[3,4], have been widely studied. Among them, 
Ni-based catalysts were used because of its 
satisfactory catalytic activity and lower price, but 
prone to coking [5] and sintering [6,7]. To 
improve the catalytic properties of nickel for 
DRM, various oxide supports had been 
synthesized and applied [8, 9, 10]. In this study, 
three types of oxides, (Mg,Al)O derived from 
hydrotalcite (HT), (Ce,Zr)O2 (CZ) and flowerlike 
CeO2 (Ce(F)) were synthesized, and dispersed 
into the ceramic fiber network as the Ni supports 
to form Ni-loaded paper-structured catalyst 
(PSC) which will be applied on the SOFC anode 
to realize DIRSOFC.  

EXPERIMENTAL  

Preparation of PSCs 

Ni/HT-PSC was prepared by the paper 
making process, as described elsewhere [9]. 
Ni/CZ-PSC was prepared from the precipitate of 
Ni(NO3)2.6H2O, Ce(NO3)3.6H2O and 
ZrO(NO3)2 with NaOH and NaBH4 during the 
paper making process [10]. For Ni/Ce(F)-PSC, 
first of all Ce(F) was prepared. 0.0075 mol 
Ce(NO3)3.6H2O, 0.015 mol glucose and 0.03 
mol acrylic acid were dissolved in 130 mL of 
deionized water (DI) under magnetic 
stirring. After that, 6.6 mL of 25 wt% ammonia 
solution was added in 20 mL DI water, and the 
diluted ammonia solution was supplied dropwise 
to the above mixture. The solution was stirred at 
30°C for 5 h to form a deep brown solution and 
transferred into a Teflon-lined autoclave (150 
mL), sealed and kept at 180°C for 72 h, and 
naturally cooled down to room temperature. The 
resulting orange suspension was washed with 
water and alcohol for several times, and then 
dried at 80°C overnight. By the subsequent 
calcination at 600°C for 6 h in air, the Ce(F) were 
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obtained. The NiO/Ce(F) catalyst powder was 
prepared by the impregnation method. 2 g of 
Ce(F) was added into 4 mL of 0.5 M Ni(NO3)2 
solution with polyvinylpyrrolidone (5 wt%), and 
kept for 5 h, then dried at 80°C for 8 h. The green 
powder was calcined at 600°C for 6 h to obtain 
NiO/Ce(F) powder. 1.21 g of ceramic fiber 
(Al2O3: 48 wt%, SiO2: 52 wt%) and 0.012 g of 
cotton fiber were mixed in 100 mL of DI water. 
After adding 2 g of NiO/Ce(F) (with Ni/Ce(F) 
weight ratio of 6/94) and 0.6 mL of 2 wt% 
cationic polymer solution 
(polydiallyldimethylammonium chloride), the 
suspension underwent ultrasonic treatment for 15 
min followed by magnetic stirring for 1 h. Then, 
0.6 mL of 2 wt% anionic polymer solution 
(acrylamide-co-acrylic acid) was added with 
continuous magnetic stirring for 15 minutes. 
After 1 h stabilization, the suspension was mixed 
again just before filtration to obtain a wet-state 
sheet with a diameter of 6.6 cm, which was 
pressed and dried at 80°C overnight. Finally, 3 
wt% Ni-loaded Ce(F)-dispersed PSC (Ni/Ce(F)-
PSC) was obtained by heat treatment at 600°C for 
5 h with subsequent reduction treatment. 

Characterization and Analyses 

The microstructure of PSCs was 
characterized by a field emission scanning 
electron microscope (FE-SEM-SU8010, Hitachi, 
Japan) and the nickel loading on PSCs was 
quantified in percentage by Inductively Coupled 
Plasma (Plasma Atomic Emission Spectrometer, 
Shimadzu ICPE-9000). The crystal structure was 
analyzed by an X-ray Diffractometer (Rint-
Ultima III diffractometer, Rikaku, Japan) at 40 
kV and 40 mA of CuKα radiation. The specific 
surface area of the samples was measured by N2 
adsorption using a Belsorp-mini II analyzer 
(Microtra BEL Corp., Japan).  

RESULTS AND DISCUSSION 

Figure 1 shows the dispersion of Ni/oxide 
supports into the fiber network. In the case of 
Ni/HT-PSC, HT powder was added in the water 
suspesion for papar-making process, leading to 
large Ni/(Mg,Al)O clusters (Fig 1a). In the case 
of Ni/CZ-PSC, CZ was prepared by on-paper 
synthesis using co-precipitation method, 
therefore Ni/CZ was well dispersed in the fiber 
network (Fig 1b). Figure 1c shows the dispersion 
of Ni/Ce(F) in the fiber network. 

 
 

 
Table 1. Specific surface area (SBET) and Ni 
loading of the prepared PSCs 

Sample SBET (m2 g-

1) 
Ni loading (%) 

Ni/HT-PSC 20 8.6 

Ni/CZ-PSC 24 6.1 

Ni/Ce(F)-PSC 32 3 

As listed in Table 1, Specific surface area of  
Ni/HT-PSC, Ni/CZ-PSC and Ni/Ce(F)-PSC were 
20, 24, 32 m2 g-1 with Ni loading of 8.6, 6.1 and 
3 %, respectively. The crystal structure of Ni and 
oxide supports were evaluated by XRD (see Fig 
2). The (Ni,Mg,Al)O solid solution [9], cubic Ni 
with tetragonal (Ce,Zr)O2 [10] and cubic Ni with 
cubic CeO2 were detected in Ni/HT-PSC, Ni/CZ-
PSC and Ni/Ce(F)-PSC, respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Morphology of  (a) Ni/HT-PSC, (b) 
Ni/CZ-PSC and (c) Ni/Ce(F)-PSC. 
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Figure 2. XRD patterns of PSCs after reduction 
treatment at 600oC for 5 h in the flow of 5 % H2-
N2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. (a) CH4 conversion measured during 15 
h DRM test at 750oC and (b) TPO profiles after 15 
h DRM. 

Figure 3a shows CH4 conversion measured 
during 15 h DRM test at 750oC. For the 
dispersion of (Mg,Al)O (Ni/HT-PSC), initial 
CH4 conversion within 15 h was 81%. For the 
dispersion of CZ having high oxygen storage 
capacity (OSC), that was 87.5%. In the case of 
Ce(F) dispersion, despite the lower OSC than that 
of CZ, that was 86.1%, and most stable. These 
results indicate that catalytic function (especially 
anti-coking property) of CeO2-based oxide 
particles derived from OSC can be further 
enhanced by controlling geometry of the 
particles. 

TPO profiles (CO2 signal) for the PSCs after 
15 h DRM test at 750oC are shown in Figure 3b. 
Appearance of CO2 signal in TPO means the 
burning of carbon deposited in PSCs during the 
DRM test. The large peak of CO2 signal for the 
Ni/HT-PSC indicates the occurrence of severe 
coking during the DRM test. By the dispersion of 
Ce(F) and CZ, coking was considerably 
suppressed, due to the unique geometry of the 
Ce(F) and high OSC of CZ well-dispersed in the 
fiber network (16), respectively. 

CONCLUSION 

Ni-loaded paper-structured catalyst (PSC) 
with the dispersion of flowerlike ceria (Ce(F)), 
Ni/Ce(F)-PSC, exhibited the higher and more 
sable methane conversion for the dry reforming 
of methane (DRM) at 750oC compared to the 
PSCs with the dispersion of (Mg,Al)O and 
(Ce,Zr)O2 (CZ), Ni/HT-PSC and Ni/CZ-PSC, 
respectively. After 15 h DRM, in the case of 
Ni/Ce(F)-PSC, coking was considerably 
suppressed in spite of lower Ni-loading than the 
other PSCs. The unique morphology of Ce(F) 
was found to be promising as an oxide support of 
Ni catalyst for DRM, and further enhancement of 
catalytic activity is expected if the flowerlike 
(Ce,Zr)O2 can be prepared.  
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ABSTRACT 

 
The fabrication of advanced CMOS devices consists of numerous processing steps including deposition, 

oxidation, photolithography, etching, implantation, planarization, and surface preparation. These steps are 

repeated throughout the whole process. The surface preparation and cleaning represent more than 20% of 

the total process steps in the fabrication [1]. For such multi-layer structures, the surface properties of 

materials play a key role in determining the extent of adhesion and the properties of the interface formed 

with a deposited layer. This presentation gives a number of examples of the characterization of materials 

used in back-end of line (BEOL) using common characterization methods such as X-ray photoelectron 

spectroscopy (XPS), time of flight secondary ion mass spectrometry (Tof-SIMS), atomic force 

microscopy (AFM), transmission electron microscopy (TEM), and attenuated total reflection Fourier 

transform infrared spectroscopy (ATR-FTIR).  

Porous dielectrics and copper have been used in back-end of line interconnect since the past decades. The 

dielectric layer is typically patterned by plasma etching through metal hard mask using fluorocarbon-

containing plasmas, followed by electroplating of Cu inside the etched patterns. Porous dielectrics are 

extremely sensitive to plasma processes, and the extent of the damaged layer strongly depends on the 

porosity of the dielectrics [2]. In addition, fluorocarbon polymers are formed during the dielectric etch to 

ensure etching anisotropy and profile control of the patterned structure. The “polymers” (post-etch 

residues - PER) deposited on the created dielectric sidewalls and the metal surface must be removed 

(Figure 1) prior to the deposition of subsequent materials (barrier layer, metal) to achieve good adhesion 

and coverage of materials deposited in the etched features. Etching a TiN hard mask-on-porous low-k 

damascene stack using fluorocarbon-based plasma mainly resulted in two types of etch residues. XPS 

characterization showed the presence of both Ti-containing residues and polymer-type residues CFx [3,4]. 

The XPS spectra collected at different take-off angles clearly indicate that the CFx residues are detected 

on all the exposed surface, i.e. TiN hard mask, trench sidewall and bottom. 

  

(a) (b) 

Figure 1. Cross-section SEM images of a single damascene TiN/porous dielectric test structure, (a) 

before and (b) after TiN removal and surface cleaning. 

The surface cleaning becomes even more challenging as the spacing between interconnect lines 

decreases, together with an increase in aspect ratio. For instance, for dielectric lines with width of ~10.5-

12 nm (critical dimension or CD), the structures become more prone to pattern collapsing. Several 

parameters affect pattern collapse, such as CD variations due to variations in the patterning process, the 

aspect ratio, the surface chemistry of the dielectric sidewall, the wet clean chemistry and the rinse-dry 

process. During wet processing, the capillary forces acting on the structures during the rinse-dry process 
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cause deflection of the lines, leading to pattern collapse (Figure 2a). The capillary forces can be reduced 

by changing the surface chemistry of the outermost surface layer of the dielectrics, which in turn modifies 

the surface energy of the sidewall. Figure 2b gives an example of surface modification using silane, 

which changes the surface of the dielectrics from hydrophilic to hydrophobic surface. As a result, the 

presence of these hydrophobic (methyl) groups at the surface suppresses capillary forces and interaction 

forces between the dielectric lines, which in turn mitigate the pattern collapse during wet treatment of the 

structure. 

 

 

 

(a) (b) 

Figure 2. (a) Cross-section SEM image showing the deformation of the dielectric lines (pattern collapse) 

after being processed in a chemical solution followed by a rinse in deionized water and (b) a scheme 

describing a surface modification process using silane. 

Copper has been used for more than 20 years as the metal of choice for BEOL interconnection [5]. 

However, as the interconnect dimensions continue to shrink, alternative metals need to be introduced to 

replace copper. Despite having higher bulk resistivities with respect to that of copper, alternative metal 

candidates for interconnects, such as cobalt and ruthenium, are believed to have lower size effects. In 

particular, Ru is a nobble metal, which has been widely used for microelectronic applications. For 

interconnect application, Ru may not need a diffusion barrier layer [6], which may result in lower line 

resistance compared to Cu of the same dimensions. This presentation highlights the importance of the 

surface (and interface) properties of these metals after different process steps in the device performance. 

Keywords: Surface modification, Silylation, XPS, TEM, AFM 
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ABSTRACT 

 
Multifunctional magnetic nanoparticles have attracted researchers due to their applications and potential 
applications, especially in biomedicine. Magnetic nanoparticles show special effects such as high surface 
area, superparamagnetism and biocompatibility. The organic as well as inorganic functionalizations of 
magnetic nanoparticles give them more applicable in biomedicine, including multifunctional applications. 
This work reports the synthesis, functionalization and applications of multifunctional magnetic 
nanoparticles. The applications of multifunctional magnetic nanoparticles include detection of pathogenic 
viruses, separation and detection of CD34+ stem cells, etc. In conclusion, some promising perspectives 
are also pointed out.   
 
Keywords: Magnetic nanoparticles, multifunctionalization, biomedicine applications. 

 

INTRODUCTION 

Magnetic nanoparticles have been widely 
developed for their applications and potential 
applications due to their particular properties 
[1-4]. In general, magnetic materials are 
classified according to their susceptibility to 
external field effects [4]. Ferromagnetic 
materials exhibit magnetic properties even 
without external magnetic field due to strong 
exchange interactions between magnetic 
moments. When the size of ferromagnetic 
materials reduces to a limit of single-domain 
size, all magnetic moments in a particle align in 
the same direction and the total magnetic 
moment can be seen as one giant magnetic 
moment which composes of all the individual 
magnetic moments in the particle. These 
materials are called superparamagnetic 
nanoparticles, which show paramagnetic 
behavior even below Curie temperature TC with 
high magnetization under low external 
magnetic field. Furthermore, magnetic 
nanoparticles have high surface area and their 
nanosizes are comparable to those of target 
entities, such as the sizes of a cell, virus, and 

protein are in range of 10 – 100 µm, 20 – 450 
nm and 5 – 50 nm, respectively. Based on 
described properties, magnetic nanoparticles are 
highly applicable in biomedicine. The magnetic 
nanoparticles can be effected by an external 
magnetic field, then, can be applied as drug 
deliverer [5], bio-entity tagger [6] or act as 
separation agent [3,7]. They also can be 
resonantly excited, which allows the heat 
transfer to the surrounding tissues for 
hyperthermia application [8,9]. Furthermore, 
they can be applied for magnetic resonance 
imaging (MRI) as contrast agents due to their 
short relaxation time [10,11].  

Magnetic nanoparticles have been 
synthesized by various methods, which can be 
divided into physical methods, biological 
methods and chemical methods [12]. Physical 
methods, such as power ball milling, gas phase 
deposition, electronbeam lithography, pulsed 
laser ablation and laser induced pyrolysis, 
provide magnetic nanoparticles with well 
controlled composition and crystallittes, 
however difficult in controlling size distribution. 
Biological methods, such as plant mediated, 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

115

mailto:namnh@hus.edu.vn
mailto:luongnh@hus.edu.vn


  

fungi mediated, bacteria mediated and 
microbial incubation, are of good 
reproducibility, scalability, and low cost, 
however, slow and laborious. Chemical 
methods, such as sol-gel, oxidation, chemical 
coprecipitation, hydrothermal, thermal 
deposition, etc… are simple, tractable and 
efficient, in which the composition, size and 
shape of nanoparticles can be controlled [12]. 
Among them, coprecipitation method is the 
most commonly used to synthesize magnetite 
Fe3O4 superparamagnetic nanoparticles by the 
coprecipitation of Fe2+ and Fe3+ with controlling 
pH at around 9-14 by adding base to an aqueous 
mixture of these ions chloride at 1:2 molar ratio. 
In our studies, the base was aqueous ammonia 
solution [13]. Figure 1 shows the TEM, X-ray 
analysis and magnetization curve of prepared 
magnetic nanoparticles. The magnetic 
properties of nanoparticles show high saturation 
magnetization as can be seen in the figure. The 
synthesized nanoparticles are usually coated by 
a surfactant to prevent the oxidation and 
agglomeration, which caused by the large 
surface-volume ratio and to reduce surface  

 

 
Figure 1. TEM image, XRD result and 
magnetization curve of the magnetite 
nanoparticles [13]. 
 
energy. The coating may aim for the function of 
biocompatibility, as well as targeting to certain 
applications. Especially, the functionalization 
can be achieved by adding the functions of 
metallic and semiconductor nanoparticles. 
Finally the applications of multifunctional 
magnetic nanoparticles in biomedicine will be 
reviewed with some perspectives.  

 
MULTIFUNCTIONALIZATION OF 

MAGNETIC NANOPARTICLES  
 

The surface modification or functionalization 

prevent the magnetic loss due to the oxidation 
in air and the agglomeration, make them 
hydrophilic for water dispersible, nontoxic or 
biocompartible and also provide abilities for 
certain application aims. The simplest 
functionalization of magnetic nanoparticles is 
coating by a silica layer [14]. The coating was 
carried out by using hydrolysis of 
tetraethylorthosilicate (TEOS) with water. The 
coating thickness of around 2-5 nm is 
controlled by the concentration of ammonium 
base and the ratio of TEOS to water. Silica 
layer protect as-prepared magnetic 
nanoparticles against the oxidation by oxygen, 
or erosion by acid, or base. The additional 
functionalization of silica layer, such as amino 
groups, is also possible due to the 
biocompatibility of silica [15]. 

To improve the stability, biocompatibility 
and functionality for bio-applications, the 
development in synthesis procedure of silica 
coating was carried out by the assist of 
ultrasonic wave with various molar ratios of 
TEOS to Fe3O4 nanoparticles and various 
ultrasonical times [16]. The optimization time is 
observed as the result of saturation behavior 
observed in amount of coated silica with the 
ultrasonical time over 30 min. As can be seen in 
Fig. 2, Fig. 2A-a–c shows the dependence of 
weight (calculated by mass measurements) of 
silica coated Fe3O4 nanoparticles 
(Fe3O4@SiO2 NPs) on the time of ultrasonic 
treatment at a TEOS:Fe3O4 NPs molar ratios of 
17.8, 8.9 and 1. Fig. 2A-d–f shows the 
dependence of the prepared Fe3O4@SiO2 NPs’ 
average particle size on the time of ultrasonic 
treatment at a TEOS:Fe3O4 NPs molar ratio of 
17.8, 8.9 and 1. The increase of the average size 
of the particles due to the increasing of 
ultrasonic time and TEOS:Fe3O4 NPs molar 
ratio observed from the TEM results can be 
seen in Fig. 2A-d–f. The dependence of the 
SiO2:Fe3O4 weight ratio on the time of the 
ultrasonic treatment calculated from saturation 
magnetization (Fig. 2B) shows the saturate 
tendency of the coating. This saturate behavior 
is almost the same as that of the magnetic 
properties and together they indicate that the 
coating did not increase after 30 min of 
ultrasonic treatment. 

Further studies also carried out on the effect 
of pH in the coating procedure by manipulating 
ammonia concentration [17]. The results show 
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that the saturation magnetization of coated 
nanoparticles decreases with increasing pH  

 
 
Figure 2. (A)-(a), (b), (c) The dependence of 
weight Fe3O4@SiO2 NPs on the duration of the 
ultrasonic treatment from mass measurements 
at TEOS:Fe3O4 NPs molar ratios of 17.8, 8.9 
and 1; (A)-(d), (e), (f) The dependence of the 
prepared Fe3O4@SiO2 NPs’s average particle 
size on duration of ultrasonic treatment at 
TEOS:Fe3O4 NPs molar ratio of 17.8, 8.9 and 
1; (B) The dependence of SiO2:Fe3O4 weight 
ratio on the duration of the ultrasonic treatment 
calculated from saturation magnetization [16]. 

 
from 8.7 to 13.2 due to the increase of the 
coating layer. The additional functionalizations 
of coated silica layer were carried out 
depending on the applications. For example, 
amino groups were functionalized on the silica 
layer using silanol reaction of 3-
aminopropyltriethoxysilane H2N(CH2)3-
Si(OC2H5)3 (APTS) in a mixed solution 
containing slilica coated magnetic nanoparticles 
and ammonia [15]. The amino-functionalized 
nanoparticles are ready for further 
functionalization to conjugation with bio 
entities.  

According to the aim of applications, 
especially in biomedicine, the magnetic 
nanoparticles can be functionalized with certain 
polymer or bio-groups. Besides, the 
development of multifunctional nanoparticles, 
which combine the properties of magnetic 
nanoparticles with properties inorganic 
nanoparticles such as metallic or semiconductor 
ones, have attracted many interests [1]. There 
are many composites structures, including core-
shell, matrix dispersed, etc… with various 
preparation methods. In our studies, the simple 
preparations were developed to combine the 
properties of individual nanoparticles in various 
forms of multifunctional magnetic 
nanoparticles.  

The combination of the individual 
nanoparticles can be formed by embedding the 
individual nanoparticles in a matrix. Since the 

silica matrix is a good candidate for the matrix 
due to the easy preparation and the 
biocompatibility then was used to embed 
magnetic nanoparticles with silver 
nanoparticles by inversed microemulsion 
method [18,19]. Silver nanoparticles were 
synthesized by wet chemical reduction method 
using NaBH4 with the presence of surface 
activator polyvinylpyrrolidone (PVP), then was 
coated by 4-Aminothiophenol (4-ATP) to form 
Ag-4ATP nanoparticles. Under sonic bath, 
different mass rates of Ag-4ATP/Fe3O4 were 
moderated for 2 h before TEOS was added to 
react with water in solution to form SiO2 coat 
that covered both types of particles. The TEM 
images of Ag-4ATP, magnetic and combined 
nanoparticles are showed in Fig. 3. The model 
of the combined nanoparticles was also 
proposed. The good magnetic properties and the 
Surface Enhanced Raman Scattering results, as 
shown in Fig. 4, indicated that the coated 
nanoparticles can act simultanously as 
individual magnetic and silver nanoparticles. 
This method of silica coating also was used to 
prepare ZnS:Mn-Fe3O4 bifunctional 
nanoparticles which show both the magnetic 
and photoluminescence properties, which are 
applicable in biomedicine [20].  

The multifunctional composites were also 
sucessfully synthesized using ultrasound 
assisted chemical method [15]. Firstly, 
magnetic nanoparticles were prepared by 
coprecipitation method then coated by a silica 
layer. Silver ions were absorbed on the surface 
of APTS functionalized silica-coated magnetic 
NPs, then they were reduced by sodium 
borohydride under the influence of a 200 W 
ultrasonic wave for 60 min. The schematic  

 

 
Figure 3.  TEM image of Ag-4ATP 
nanoparticles (A), Fe3O4 magnetic 
nanoparticles (B), as-prepared complex 
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nanocolloids (C) and schematic graph of the 
colloid (D) [19].  
illustration of the synthesis process can be seen 
in Fig. 5. 

The relative intensity of diffraction peaks of 
silver crystals in all nanoparticles increased 
when the atomic ratio of silver:iron increasing 
from 0.208 to 0.455 and saturation 
magnetization decreasing from 44.68 emu/g to 
34.74 emu/g. The superparamagnetic properties 
and strong surface plasmon absorption at 420 
nm make these particles promising for 
biomedical applications. 

 

 
 

Figure 4.  Magnetic properties (left) and  
Raman spectra (right) of Fe3O4, Ag-4ATP and 
multifunctional Fe3O4/Ag nanoparticles [19]. 
 

 
 

Figure 5. Schematic illustration of 
multifunctional nanoparticles synthesis [15].  

 
Magnetic nanoparticles can be directly 

functionalized with amino group without 
coating by silica layer [21]. By this way, 
Fe3O4-ZnO multifunctional nanoparticles were 
successfully prepared in aqueous solution by 
ultrasound assisted thermolysis. Fe3O4 
magnetic NPs were prepared by co-
precipitation method then were modified by 
APTS to have free amine (-NH2) groups on 
their surface. Zn2+ ions then were added and 
stirred to adsorb onto the surface of Fe3O4-NH2 
NPs in alkaline solution at pH of 11. The 
solution was decomposed through thermolysis 
in ultrasound bath. The results show that 
photoluminescence of Fe3O4-ZnO 

multifunctional NPs was enhanced in visible 
light at wavelength of 565 nm to allow 
detection, labeling, diagnosis, and therapy in 
biomedicine. Moreover, they exhibit 
superparamagnetic properties of Fe3O4 with 
high saturation magnetization, which can be 
used for separation application in biomedicine 
under an external magnetic field.  

Another way of combining the properties of 
the individual nanoparticles is using them in 
some special complex structures. For instant, 
the fast DNA diagnostics was successfully 
developed using fluorescent ZnS:Mn 
nanoparticles and NH2-functionalized SiO2 
coated Fe3O4 nanoparticles in a sandwich 
structure [22]. In one end of the sandwich 
structure, NH2-modified SiO2 coated Fe3O4 
nanoparticles were employed as a docking 
matrix. A so-called capture probe 
oligonucleotide chain, that specifically 
identifies the target DNA, linked to the docking 
magnetic particles. In the other end, other 
oligonucleotide chain – named detector probe – 
contacted with the semiconductor particles. The 
complementary hybridization of the detector 
probe – target – capture probe formed the 
sandwich configuration that attached the 
fluorescent particles to the docking matrix. This 
configuration was used to detect DNA of 
Epstein-Bar virus (EBV) and as the result, a 
fine affinity between the luminescent intensity 
at 586 nm of ZnS:Mn nanoparticles appeared 
with the initially added DNA target 
concentration, which could detect the presence 
of target DNA within 2×106 copies/ml (~0.3 
fM). This methodology promised an attractive 
applicability for designing a DNA detecting fast 
KIT. 

 
APPLICATION OF NANOPARTICLES 
 
Multifunctional magnetic nanoparticles have 

many applications in biomedicine. Due to the 
strong response with external filed, the 
separation is the most common application. The 
magnetic purifications using silica coated 
Fe3O4 nanoparticles were performed to purify 
DNA of Hepatitis virus type B (HBV) and 
Epstein–Barr viruses (EBV) [14]. The results 
showed that Fe3O4@SiO2 nanoparticles and the 
optimized buffer could successfully enrich 
DNA from solution and that the purified DNA 
was qualified for further PCR-based detection 
of HBV at a sensitivity of 4 × 102 copies/ml. 
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The results obtained in isolating DNA of HBV 
in six real serum samples showed good 
agreement with those confirmed by the hospital 
where the samples were collected. Furthermore, 
the results also show that Fe3O4@SiO2 
nanoparticles may be more efficient than 
Dynabeads Myone silane (short name: 
Dynabeads), Life Technologies Company, in 
DNA isolation of HBV from serum. Similarly, 
Fe3O4@SiO2 nanoparticles and the buffers 
were then used to separate DNA of EBV in real 
serum samples, in comparison to Dynabeads 
[14]. The results indicate that the DNA 
separation efficiency of EBV by Fe3O4@SiO2 
nanoparticles was higher than that using 
Dynabeads. The higher concentrations of EBV 
(copies/ml)  were measured with using 
Fe3O4@SiO2 nanoparticles to purify DNA 
compared to those with using Dynabeads. The 
increase in DNA isolation efficiency by 
Fe3O4@SiO2 nanoparticles is may due to a 
larger total surface of silica-coated magnetic 
nanoparticles. Furthermore, during the process 
of DNA isolation, the time required for magnets 
to attract completely the Dynabeads from 
solution was much longer, about 2 – 3 min, 
compared to 15 – 20 s for Fe3O4@SiO2 
nanoparticles, which is probably also due to the 
fact that Fe3O4@SiO2 nanoparticles have a 
larger total surface area compared to that of the 
Dynabeads. 

The silica coated magnetic nanoparticles 
using ultrasound-assisted method were applied 
for DNA extraction from formalin-fixed, 
paraffin-embedded (FFPE) human cancer 
tissues [16]. Fe3O4@SiO2 NPs allowed 
extraction of DNAs from 10 mg FFPE tissues 
of nasopharyngeal carcinoma patients with the 
highest recovery of about 100–500 ng/µl and 
good purity (A260/A280: 1.8–1.9). The 
extracted DNAs could be used as templates for 
downstream amplification of 252-bp 
sequencing specifically for the Braf cancer 
biomarker gene using polymerase chain 
reaction (PCR), as well as detection of EBV 
and the human papilloma-virus (HPV) using 
real-time PCR. DNA extraction recoveries of 
both EBV and HPV using Fe3O4@SiO2 NPs 
were significantly better that those using 
commercialized Fe3O4@SiO2 microbeads, as 
indicated by lower threshold cycles of all 
fluorescent signals including fluorescein 
amidite (FAM) dye representative for EBV 
infection, hexachlorofluorescein (HEX) dye 

representative for b-globin (internal control), 
and SYBR Green dye representative for HPV 
infection in tested clinical samples from 
patients with nasopharyngeal carcinoma (NPC). 

Fe3O4/Ag nanoparticles were functionalized 
with the free amino (NH2) functional groups 
(Fe3O4/Ag-NH2), then were conjugated with 
fluorescent electron coupled dye (ECD)-
antiCD34 antibody using the 1-ethyl-3-(3′-
dimethyl-aminopropyl) carbodiimide (EDC) 
catalyst (ECD – Electron Coupled Dye or R 
Phycoerythrin-Texas Red is a fluorescent 
organic dye attached to the antibody). The 
characteristic fluorescence of ECD in the 
antibody was used to estimate the percentage of 
the antibodies that were successfully conjugated 
with the nanoparticles. The conjugation 
efficiency was found to increase depending on 
the volumes ratio x of the nanoparticle solution 
(concentration of 50 ppm) and the as-purchased 
antibody solution. The conjugation efficiency 
rapidly increased from approximately 18% to 
approximately 70% when x was increased from 
2:1 to 100:1, and it gradually reached the 
saturated state as the x = 300:1 at an efficiency 
of 95%. To isolate the CD34+ stem cells from 
the bone marrow samples, the solution 
containing the Fe3O4/Ag-antiCD34 
nanoparticles was added to the bone marrow 
samples, including the CD34+ stem cells and 
the CD45+ leukemia cells. At that time, the 
Fe3O4/Ag-antiCD34 nanoparticles specifically 
bound to the CD34+ stem cells due to antigen–
antibody interactions between the antiCD34 
antibody and the CD34+ stem cells, but they 
did not bind to the CD45+ leukemia cells. By 
applying the external permanent magnet, one 
can collect the magnetic nanoparticle-CD34+ 
cell complexes, i.e., isolate the CD34+ stem 
cells from the bone marrow samples.  

 
CONCLUSION 

  
This work reviewed a developing of magnetic 

nanoparticles and multifunctional nanoparticles 
synthesis and characterization for applications 
in biomedicine. By coating with silica or 
functionalizing with appropriate groups, the 
nanoparticles are suitable for various 
applications. Further investigation in order to 
fully control the size, shape and the uniformity 
is required. In addition, the developing of 
multifunctional nanoparticles synthesis is a 
promising research trend because many 
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structures and features can be designed. The 
applications can be improved and broaden 
using synthesized nanoparticles.  
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ABSTRACT 

 
Considerable attention has long been paid to thermoelectric materials for energy conversion from heat to 
electricity. The efficiency of thermoelectric conversion is estimated using dimensionless figure of merit,  
𝑍𝑍𝑍𝑍 (= 𝑆𝑆2𝜎𝜎𝑍𝑍𝜅𝜅−1). Here, 𝑍𝑍 is temperature, 𝑆𝑆 is Seebeck coefficient, 𝜎𝜎 is electrical conductivity and 𝜅𝜅 is 
thermal conductivity. It has been demonstrated that organic-inorganic hybrid perovskites show the 
potentials for thermoelectric device, that is, they show high 𝑆𝑆 , high 𝜎𝜎  and low 𝜅𝜅  [1,2]. The hybrid 
perovskite is abbreviated as ABX3 where A is an organic cation including CH3NH3

+, B is a metal cation 
such as Pb+ and Sn+, and X is a halogen anion (Cl-, Br- or I-). When CH3NH3

+ is replaced by larger 
molecules such as pyridine and its derivatives, perovskites form low dimensional crystals (2D, 1D, and 
0D) [3] as shown in Fig. 1.  
In the present work, we inserted various organic molecules into the perovskite frameworks to have 2D and 
1D single crystals. It was found that thermoelectric properties, 𝑆𝑆,  𝜎𝜎 and 𝜅𝜅 varied depending upon the 
molecules inserted. Electrical conductivity was measured by a four-probe method. We examined a 
replacement of B+ by Bi+ and Eu+, and found that the carrier density increased on the basis of the Hall 
effect measurement. Seebeck coefficient was measured in vacuum by applying the temperature gradient at 
both end of the crystal. It was found that the 2D crystals with 4-methyl pyridine showed rather large 𝑆𝑆 
values of a few hundred 𝜇𝜇VK-1. Thermal conductivity was measured in the wide temperature range from 
4 K to 350 K, from which we discussed the scattering mechanism of phonons.  
Keywords: Organic inorganic hybrid perovskite, Thermoelectric property, Thermal conductivity, 
Seebeck coefficient  
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ABSTRACT 
 

In this work, multifunctional hybrid nanocomposites were prepared by linking 
NaYF4:Yb3+,Er3+ upconversion nanoparticles (UCNPs) with gold nanorods (AuNR) to serve as 
theranostic agents for oral cancer cells. The hybrid nanocomposites exhibited superior upconversion 
luminescence (UCL) labeling, local temperature sensing and photothermal functions simultaneously with 
a single NIR laser excitation. The hybrid nanocomposites displayed better photothermal properties 
compared with pure AuNRs or a blend of AuNRs and NaYF4:Yb3+,Er3+ UCNPs. The temperature-
dependent UCL property was applied to determine local temperature at the hybrid nanocomposites, which 
is useful for selecting appropriate irradiation dosage for photothermal therapy (PTT). The therapeutic 
performance of the hybrid nanocomposites in PTT for OML-1 oral cancer cells was determined. For 
specific cell targeting, we successfully labeled streptavidin-linked nanocomposites on the surface of 
OML-1 oral cancer using anti-human epidermal growth factor receptor 2 (anti-Her2) antibody. Finally, 
this nanocomposite caused exceptional destruction of cancer cells up to 70% dead cells under 976 nm 
laser irradiation for only one min at 0.3 W/cm2 which is below the maximal permissible exposure of 
human skin.  
Keywords: Upconversion nanoparticles, gold nanorods, theranostic agents, phototheraml therapy, oral 
cancer cells. 
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ABSTRACT 

 

Silver (Ag) nanowires (NWs) are promising building blocks for fabrication of flexible transparent 

electrodes, but their poor adhesion to polymeric substrates causes delamination of NWs from a substrate 

during repeated deformation, which leads to degradation in electrical performance. We developed a new 

and simple approach to dramatically improve mechanical, chemical, and thermal stability of a Ag NW 

electrode by hybridizing a NW network film with an organic molecular nanoadhesive layer without 

sacrificing inherent excellent optoelectrical properties of a NW film. In this work, we discovered, for the 

first time, that some of pyridine derivatives can be solution-processed and annealed to form a transparent 

continuous film with high adhesion to a polymeric substrate such as poly(ethylene terephthalate). In 

addition to high optical transparency and electrical conductivity, the NW-nanoadhesive hybrid film 

exhibited low surface roughness, reduced optical haze, excellent adhesion to the substrate without 

delamination against tape and bending tests, and good air-oxidation and thermal stability. Because of 

these synergistic properties, hybrid electrodes showed good performance in applications for flexible touch 

panel and thin film heater. Our work opens a promising route to fabrication of high-performance, 

exceptionally durable NW electrodes, and also a great opportunity for exploring novel organic molecular 

nanoadhesives for application in flexible transparent electronics. 

Keywords: silver nanowires; transparent electrodes; molecular nanoadhesives; touch panel; thin film 

heater 

 

 

 

 

 

 

BIOGRAPHY  

 

Byungkwon Lim obtained his B.S. (1998), M.S. (2000), and Ph.D. (2004) in 

School of Chemical and Biological Engineering from Seoul National University, 

South Korea. He then worked on the synthesis and structural analysis of 

polymers for three years in the R&D Center of LG Chem, South Korea. He 

joined the Younan Xia group (University of Washington at Seattle and then 

Washington University in St. Louis) as a postdoctoral fellow in 2007, started as 

an Assistant Professor at Sungkyunkwan University in 2010, and became 

Associate Professor in 2014. His current research interests include the synthesis 

of nanostructured materials, catalysis, self-assembly, and the fabrication of 

flexible devices. 

 

 

 

 

 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

127



  

 

 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

128



  

NMD-016-I 

SINGLE MOLECULAR TRANSISTOR  
BASED ON NANOGAP ELECTRODES 

 
Yutaka Majima 1 and Phan Trong Tue 1 

1 Laboratory for Materials and Structures, Tokyo Institute of Technology 
4259 Nagatsuta-cho, Midori-ku, Yokohama, Japan 

Email: majima@msl.titech.ac.jp 
 

ABSTRACT 
 

Single molecular transistor is one of the candidates of next-generation 3 nm scale three-terminal devices 
due to small size, unique structure, and high-speed operation. Stable operations of single molecular 
transistor have been the challenge in the research field of molecular electronics. However, a stable operation 
could not be obtained ever. Here, we demonstrate operations of single molecular transistors. We have 
established the fabrication processes of electroless Au plated (ELGP) nanogap electrodes with the gap 
separation equal to the size of the molecule. We introduce π-conjugated molecule between the gap. The 
key to obtain stable operation on single molecular transistors will be discussed.   
Keywords: Nanogap electrodes, electron beam lithography, electroless Au plating, molecular transistor, 
single-electron transistor 

INTRODUCTION 

Nanogap electrodes with gate electrodes are 
the fundamental elements for fabricating bottom-
up nanoscale transistors such as single-electron 
transistors (SETs) and molecular transistors. To 
realize such transistors, many fabrication 
methods for nanogap electrodes, have been 
developed. However, these methods have 
fabrication problems such as lack of 
reproducibility, poor gap separation control, 
improper preparation of gate electrodes, and 
reduction in the linewidth of nanogap electrodes. 
Among the available fabrication methods, 
electron-beam lithography (EBL) is considered 
as a robust fabrication method for nanogap 
electrodes with gate electrodes. We have reported 
the fabrication of electroless Au-plated (ELGP) 
Au-based nanogap electrodes with two-side gate 
electrodes and a 3-nm gap separation at a 90% 
yield by using the combination of EBL and 
electroless Au plating. The use of electroless Au 
plating for fabricating Au-based nanogap 
electrodes ensures that the gap separation is kept 
below the 3-nm scale by using a self-termination 
mechanism or molecular ruler. By using the 
ELGP Au-based nanogap electrodes with two-
side gate electrodes, we have demonstrated the 
stable logic gate operation of chemically 
assembled multigate SETs at 9 K.  

Single molecular transistor is one of the 
candidates of next-generation a few nm scale 

three-terminal devices. Stable operations of 
single molecular transistor have been the 
challenge in the research field of molecular 
electronics. However, a stable operation could 
not be obtained ever.  

Here, we demonstrate operations of single 
molecular transistors. We have established the 
fabrication processes of electroless Au plated 
(ELGP) nanogap electrodes with the gap 
separation equal to the size of the molecule. We 
introduced π-conjugated molecule between the 
gap. The key to obtain stable operation on single 
molecular transistors will be discussed. 

EXPERIMENTAL  

The single molecular transistors were 
fabricated through a combination of top-down 
and bottom-up methods based on previous 
studies. Electrode patterns were designed by EBL 
(Elionix, ELS-7500EX, Japan) on a SiO2 (50 
nm)/Si substrate, and electrode materials were 
evaporated onto the substrate by electron-beam 
evaporation equipment under high vacuum 
conditions. At this point, the average gap 
separation is approximately 10 nm. Probing 
electrodes were then added by photolithography, 
and an iodine ELGP solution was used to reduce 
the size of the nanogaps to less than 3 nm via a 
self-termination mechanism. A π-conjugated 
molecule was then chemisorbed between the 
nanogap electrodes from the solution.  
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The electron transport properties of single 
molecular transistors were measured using a 
mechanical refrigerator-type probe (Nagase, 
GRAIL10-LOGOS01S, Nihonbashi, Japan) and 
a semiconductor device analyzer (B1500, 
Agilent, Santa Rosa, CA, USA). The 
measurement temperature was 9 K. All 
measurements were conducted under the same 
conditions as in previous studies [21–23]. 

RESULTS AND DISCUSSION 

Gate voltage (Vg) dependence of drain current 
(Id) - drain voltage (Vd) characteristics on single 
molecular transistor is shown in Figure 1. 
Coulomb staircase with no current Vd region 
depended on Vg. Based on these results, this 
single molecular transistor operation is attributed 
to single-electron transistor.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Vg dependence on Id - Vd characteristics 
on single molecular transistor 

CONCLUSION 

We have demonstrated typical single 
molecular transistor operation by introducing π-
conjugated molecule between the gap. The 
operation mechanism of the single molecular 
transistor is attributed to the single-electron 
transistor. These results will open the era for 
molecular electronics.   
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ABSTRACT 

 

This paper will present the evolution of silicon-based microelectronics for the last decades and will 

survey the future roadmap for the next logic integrated circuits (IC). It will mainly focus on the 

technologies used for achieving high performance IC such as the introduction of EUV lithography, of 

high-k and low-k materials, as well as the introduction of new transistor architectures (FinFET, FDSOI). 

This paper will also deal with the introduction of new concepts for the next-generation of IC such as the 

nanowire and the nanosheet-based transistors, the neuromorphic circuits and the logic circuits that will 

afford quantum computing.  

Keywords: Silicon, Microelectronics, Field Effect transistor, Integrated Circuits
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ABSTRACT 
 

We report here on a top-down nanofabrication platform for massive parallel silicon nano-pillar based 
devices. Through different device examples we illustrate the pillar array formation, the embedding of the 
pillar array in an insulating membrane, the nanoscale modification of the pillars, as well as the sacrificial 
removal of the pillars to form arrays of well-defined nano-pores. This platform is expected to find 
application in many different device domains, including nanofluidics, (3D)-nanoelectronics, as well as 
nanophotonics.  
Keywords: 3D nanofabrication, 3D electronics, nanofluidics, nanoelectronics  

INTRODUCTION 

Silicon vertical nanowires, here referred to 
as silicon nano-pillars, are already known as key 
building blocks for ultrahigh density electronic 
integrated circuits, making use of the 3rd 
dimension to stretch the limits in areal density. 
An example is the implementation of high areal 
density memory chips (3D-NAND technology) 
[1, 2]. This technology typically consists of a 
multilevel integrated thin-film transistor (TFT) 
arrangement based on relatively deep (~2.5µm) 
polycrystalline silicon nanopillars, in which each 
transistor includes a silicon-oxide-nitride-oxide-
silicon (SONOS) multilayer structure that 
facilitates non-volatile charge-trapping. 

We have introduced an alternative 
fabrication route for high density single 
crystalline silicon nano-pillar devices, based on 
the combination of advanced interference 
lithography, nanoscale reactive ion etching 
(RIE), and a novel approach for filling the space 
between the pillars by an insulating ceramic 
material (so far typically silicon nitride) that can 
be deposited through low pressure chemical 
vapor deposition (LPCVD) [3]. 

An intriguing aspect of the resulting 
configuration is that free standing ceramic 
membranes can be obtained, in which the silicon 
nano-pillar arrays are embedded. This enables 
the direct access to the nano-pillars from both 
sides (top and bottom), paving the road towards 
novel electronic configurations, as well as 
nanofluidic device configurations in which 
typically the nano-pillars are sacrificed to create 
arrays of well-controlled nano-pores. 

Furthermore, as the nano-pillars are 
composed of single crystalline silicon, they can 
be machined by a combination of anisotropic 
etching and self-aligned nano-patterning 
techniques such as corner lithography [4, 5]. 
This combination we refer to as crystallographic 
nano-lithography [6]. 

By introducing four examples of novel 
device concepts, based on the nano-pillar array 
fabrication, we will discuss the different 
innovative aspects of this new platform. Further 
opportunities will be discussed during the 
presentation. 
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FABRICATION OF HIGH DENSITY 
ARRAYS OF NANO-PILLARS: FIELD 

EMITTER ELECTRODES 

High-density nano field emitter arrays 
contribute to important applications in e.g. 
vacuum electronics, display technology, and 
multibeam electron lithography. A new method 
has been developed to fabricate a large area of 
field emitters (LAFE), by a hybrid process that 
merges displacement Talbot lithography (DTL) 
nanoscale pattern with an i-line photoresist 
microscale pattern, yielding a combined 
photoresist pattern in a high-throughput fashion 
[7]. The combined pattern is transferred into a 
silicon substrate by mixed mode RIE in an SF6 
and C4F8 plasma (PlasmaPro 100 Estrelas, 
Oxford Instruments), as is illustrated in fig. 1. 
As fig. 2 shows, pattern transfer is successful 
close the mask transition edge and mid-field. 

 

 
Figure 1. Schematic cross sections of the LAFE 
production process. The red boxes indicate a) 
nanopatterning, b) micropatterning, and c) 
combined result. d) TEOS CVD, e) spacer layer, 
and f) pulsed mode RIE of plateau [7]. 

Electrical characterization of the fabricated 
devices was performed by (I, V) measurements 
in air (2410, Keithley). The counter electrode 
was pressed against a 500 nm SiO2 spacer layer 
using a vertically suspended stainless steel rod 
connected to a strain gauge (LSM250, Futek) 
and a piezo element (P-603.3S1, PI).  The 
Fowler-Nordheim (FN) plots are displayed in 
fig. 3. The near-linear behavior in the FN plots 
indicate that field emission was indeed 
observed. 

FABRICATION AND TESTING OF NANO-
PILLAR BASED DIODES 

Mainly in the context of power handling and 
for “rectenna” energy harvesting systems, we 
are developing diodes which can function 
efficiently for high voltage applications (up to 
~200V) or at high frequencies (GHz or above), 
respectively. 

 
Figure 2. Cross-sectional scanning electron 
micrograph of the silicon nanowires at the 
micropattern edge (scale bar: 1 μm). The top-
right inset shows a top-view of the combined 
resist pattern (scale bar: 2 μm) [7]. 

 
Figure 3. Measurement data obtained by 
electrical characterization (I, V) of field emitter 
devices. The data is plotted in a characteristic 
Fowler Nordheim-plot while the legend contains 
apparent field enhancement factors [7]. 

Two concepts are being explored: Nano-
pillar Schottky diodes [8] and “curved” metal – 
insulator –semiconductor (cMIS) tunnel diodes 
[9]. In the following, the latter concept is 
discussed in more detail.   

A schematic overview of the fabrication 
process of the cMIS tunneling junctions is 
shown in fig. 4. Wafer-scale nanopillars were 
fabricated by combining DTL with inductively 
coupled plasma - reactive ion etching (ICP-RIE) 
[9], steps 1-3. After locally protecting pillars by 
silicon nitride, followed by a local oxidation of 
silicon (LOCOS) step, pillars in selected regions 
can be “de-activated”, as to avoid edge effects in 
final devices (steps 4-5). After accessing the 
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tops of the pillars (step 6), inverted pyramids 
were etched into the pillars by a TMAH solution 
(step 7). In steps 8 and 9 corner lithography [4, 
5] was applied to define the window for tunnel 
barrier formation, and a thin (2.5 nm) silicon 
oxide was formed by rapid thermal oxidation 
(step 9). In step 10, finally, Aluminum was 
deposited by evaporation to complete the curved 
MIS junction array. Details of all steps can be 
found in [9]. 

Fig. 5 shows the measured normalized (I, 
V)-curves for cMIS devices with varying active 
device areas, where the total current is divided 
by the estimated amount (N) of cMIS junctions 
in parallel. In our technology, the tunneling 
current density of a planar reference junction at 
a bias potential of 0.5 V is (2.5 ± 0.2) ×10-4 
A/cm2, which corresponds with earlier reported 
values for a 2.5 nm (planar) oxide barrier [9]. 
Assuming a tunneling window area of 100 nm2 
for one cMIS junction, we find a tunneling 
current density of (3.0 ± 0.6) ×10-3 A/cm2 at 0.5 
V. This is in reasonable correspondence, given 
the uncertainty in exact window area and oxide 
thickness near the apex [9].  

FABRICATION AND TESTING OF 
MASSIVE PARALLEL NANO-PORE 

BASED EOF-PUMP 

Based on sacrificial nano-pillar moulding, a 
process was developed for manufacturing 
massively parallel (∼6×106 nanopores) electro-
osmotic flow (EOF) pumps in silicon nitride 
(SiN) (Fig. 6). The technique enables a high 
pore density and well-controlled pore 
dimensions resulting in a high-throughput pump 
at low actuation voltages. Fig. 7 summarizes and 
illustrates the fabrication process.  

For testing, a 1 cm2 chip with 37 square 100 
µm membranes containing a total of 5.92 
million pores of 455 nm length and 83 nm 
diameter, was placed between two reservoirs 
with electrodes and measurement tubes. 
Preliminary tests with a buffered potassium 
phosphate solution (pH∼8) at 117 mV cross-
membrane voltage showed a maximum flow 
around 13 µl/min or 0.11 ml/(min⋅V), and a 
calculated maximum back-pressure of 14 kPa or 
120 kPa/V. These values were 35% of the 
initially calculated values; the 117 mV cross-
membrane voltage is a calculated value based on 
the applied constant 20 mA current, the 
conductivity of the solution and membrane 
geometry. 

 
Figure 4. Schematic illustration of the main 
fabrication steps [9]. 

 
Figure 5. Normalized (I, V)-curves of the cMIS 
junctions. The caption indicates the device 
name, the device area and the calculated 
amount of pillars N of cMIS devices in parallel, 
respectively [9]. 

 

 
Figure 6. Illustration of the EOF membrane. 
Red: SiN. Green: SiO2. Grey: Silicon [10]. 
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Figure 7. Summarised process flow. Red: SiN. 
Green: SiO2. Dark grey: <100> silicon. Light 
grey: Poly-silicon. Yellow: Resist. A: Oxidised 
nanopillars. B: Etched SiN with poly-silicon 
hard-mask. C: Single sided etching of the 
sacrificial mould with protective poly-silicon 
deposition and oxidation. D: Single sided etching 
of the top SiN down to the pillar tops. E: 
Finished membrane [10]. 

CONCLUSION 

We have introduced silicon nano-pillar 
arrays fabricated by a combination of advanced 
interference lithography and RIE. Nano-pillars 
can be embedded in an insulating ceramic 
membrane, which can be made free-standing to 
access both sides of the pillars. The versatility of 
the platform is illustrated by a number of device 
implementations in the nanoelectronic and 
nanofluidic domains. The combination with 
crystallographic nanolithography for detailed 
shaping and functionalization of the pillars is 

expected to further increase the opportunities 
offered by this platform.  
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ABSTRACT 
 

This paper reports a novel thermal ultraviolet/ozone (UV/O3) assisted annealing method for fabrication of 
solution-processed piezoelectric PZT film at a low-temperature (<450 oC) compatible with CMOS 
technology, which allows, for the first time, an integration of a PZT actuator array on an active-matrix 
oxide TFT. The actuation of the PZT actuator array electrically driven by the active-matrix TFT, was 
confirmed. Fluidic control in microchannel by the PZT/TFT micropump array was successfully 
demonstrated as well. 
Keywords: PZT, Oxide-TFT, Solution process, Piezoactuator, Single-cell analysis 

INTRODUCTION 

The integration of a piezoelectric PZT 
actuator with a controlling element such as thin-
film transistor (TFT) has attracted many 
practical interests for totally integrated smart 
devices such as integrated electronics, 
microfluidics, sensors and actuators. However, 
the integration remains challenging due to a 
required high annealing temperature of the 
device-quality PZT film (> 600oC), at which 
other integrated components cannot tolerate. In 
this paper, we report the first successful 
integration of PZT actuator array on an active-
matrix oxide TFT using the low-temperature 
solution-process for micropump application. 

EXPERIMENTAL  

A schematic fabrication process of the 
oxide-TFT is given in Fig. 1 (step 1-6) [1-4]. In 
this process, all TFT components such as gate 
insulator (La-Zr-O), semiconducting channel 
(In-Zn-O), etch stopper (SiO2), and passivation 
layers (La-Zr-O) were fabricated by a chemical 
solution deposition technique. The maximum 
process temperature was below 550oC. The 
integration of PZT actuator on the fabricated 
TFT array is described by step 7-10 (Fig. 1). 
Here, a novel thermal UV/O3 assisted annealing 
process was applied for a gel state of PZT film 
[5]. In short, the dried PZT gel film was placed 
on a heated stage (200oC) and exposed to UV 

irradiation under ozone ambient, followed by a 
post-annealing at 450oC for crystallization. An 
optical microscope image of the fabricated 
PZT/TFT array is presented in Fig. 2. 

RESULTS AND DISCUSSION 

Cross-sectional SEM image of the fabricated 
PZT actuator array revealed the successful 
fabrication of the device. XRD diffraction 
patterns of PZT films prepared by the low-
temperature process (450oC) with and without 
the thermal UV/O3 treatment, and the 
conventional ones (600oC) as a reference were 
also examined. Pure perovskite diffraction 
patterns of PZT were observed for the UV/O3 

treated film indicating its good crystallinity. A 
squared-hysteresis loop was obtained for the 
film with the UV/O3 treatment, which is 
comparable to the conventional PZT film (Fig. 
3). Figure 4 demonstrates operation of the 
fabricated oxide-TFT with a large “on/off” 
current ratio, a high electron mobility, a small 
subthreshold swing factor, and a small hysteresis 
loop. Performance of the PZT actuator, which 
was electrically controlled by the fabricated 
oxide-TFT, is given in Fig. 5. Dependence of the 
actuator displacement on the applied voltage and 
frequency was observed. A maximum 
displacement of approximately 180 nm was 
achieved, which agrees with simulation results. 
The displacement was confirmed to get 
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decreased less than 10% when an external 
pressure of 1000 hPa was applied indicating that 
the actuator is able to generate ideal driving 
force for micropump. A demonstration of 
microfluidic control in microchannel by the 
PZT/TFT pump array was performed. The 
demonstrated system is promising for future 
smart devices such as piezoMEMS, 
microfluidics, sensors and actuators. 

 
Figure 1. Fabrication process of a PZT actuator 
array integrated on an active-matrix oxide-TFT. 

 
Figure 2. Optical microscope image of the 
fabricated PZT/TFT array. 

 
Figure 3. Hysteresis characteristics of PZT films 
prepared by different methods. 

-20 -10 0 10 20 3010-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4

 VD=15.0 V
 VD=5.0 V
 VD=1.5 V

Dr
ai

n 
cu

rr
en

t (
A)

Gate voltage (V)

W/L=20/20 µm

On/Off: ~106

µ ~ 3.1 cm2V-1s-1

SS ~ 0.28 V/dec.
Hys. ~ 0.5 V

Figure 4. Transfer characteristics of the 
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Figure 5. Actuating response of the fabricated 
PZT actuator. 

CONCLUSION 

A piezoelectric actuator array electrically 
driven by an active-matrix oxide-TFT has been 
successfully developed using a low-temperature 
solution-processed PZT film. The demonstrated 
system is promising for future smart integrated 
devices such as piezoMEMS, microfluidics, 
sensors and actuators. 
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ABSTRACT 

 
Forming droplets are often accompanied with an interconnecting liquid thread. Postulated is that this 
phenomenon can only exist as long as a pressure gradient exists within the thread, for instance when a 
viscous liquid is conveyed via the liquid thread to the forming droplet. We show from the experimental 
results that the thread starts to show unstable behavior as soon as these capillary effects come into play.  
We show how to predict the thread length at which the capillary instability sets in for any liquid thread 
system. It is found that the predicted maximum dimensionless thread length is given by the capillary 
number. 
Keywords: Viscous Liquid Threads, Surface Tension, Stability, Breakup, Microchannels 

INTRODUCTION 

In many liquid thread and droplet formation 
processes a general pattern is observed: droplets 
appear and coupled liquid threads quickly 
disappear. Fluid threads seem to be intrinsically 
unstable and under influence of the interfacial 
tension force they tend to be readily transformed 
into droplets [1, 2]. One might anticipate that 
any sufficiently extended fluid element will 
always break up and converted into droplets.  
However, experiments and calculations have 
shown that this is not always the case [3, 5]. For 
example, Eggers has derived that a strongly 
stretched viscous element will never break up, as 
long as inertial forces can be neglected6. 
Anomalous breakup processes with 
unexpectedly slender and stable viscous threads 
have also been reported [5, 6]. 

In recent years, microfluidic devices [7] are 
progressively used to form droplets from liquid 
threads with techniques based on flow focusing, 
co-flow, cross-flow, and microchannels [7, 8]. In 
most of these devices a liquid thread is created 
to transport liquid towards a forming droplet 
enabling growth of the droplet, until a maximum 
is reached followed by pinching, and next the 
droplet formation process restarts. The breakup 
of the liquid thread normally appears 
downstream at a point close to the droplet. 
Liquid threads can be stabilized by regulating 
the inner fluid flow [8].  

  
 

EXPERIMENTAL  

We used an inner fluid of silicone oil (η = 
373 mPa·s, ρ = 972 kg/m3) in aqueous 1% 
tween20 (interfacial tension γ = 5.0 mN/m) for 
use in a microfluidic device (10 x 10 x 120 mm), 
tilted 0°,7°&20°from horizontal position. Inner 
fluid flows from a nozzle in the stationary outer 
fluid from the bottom of the device. The 
generated droplet floats to the tilted ceiling still 
attached to the nozzle connected by a liquid 
thread. 
 

 
 
Figure 1. Snapshots taken at times 24.90, 20.00, 
14.90, 9.90, 4.90 and 0.1 s before breakup of a liquid 
thread developing in time.  (a) The droplet touches 
the ceiling and starts to shift along it under influence 
of buoyancy.  (b-e) Both thread length and droplet 
volume grow in time. (f) Eventually, an instability 
occurs leading to breakup close to the droplet. 
Arrows indicate the location where the initial liquid 
thread radius has doubled in size and defines the 
length L of the liquid thread as measured from the 
nozzle exit. Scale bars are 2000 μm. 
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RESULTS AND DISCUSSION 

Detailed experimental analysis showed that 
the liquid flowing inside the liquid thread is 
subject to a pressure gradient, denoted by Q. The 
forces contributing to Q may comprise: (i) the 
pressure difference between nozzle exit and 
droplet, (ii) the buoyancy force experienced by 
the droplet, and (iii) the friction force exerted by 
the surrounding fluid on the thread 
interface.

 Figure 2. Dimensionless pressure gradient 
Q*≡QRo/ρvo

2 as a function of dimensionless 
thread length L*≡L/Ro  for in total 6 different 
experiments. 

For short threads the curves are straight lines 
with height fully determined by the 
dimensionless Reynolds number, so by 
viscosity. For longer L values the curves tend to 
bend downwards, due to the increasing influence 
of surface tension effects, represented by the 
Weber number. After bending the shape of the 
curves is nearly completely determined by the 
quotient Re/We, i.e., the capillary number Ca. 
From the analysis of the experiments we learn  
that the liquid thread becomes unstable when  
the value Q decreases to a value where it enters 

the capillary driven regime and find  
Lmax≈12Re/We. 
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ABSTRACT 

 
Inkjet printing method has been of main interests for printed electronics applications because it can easily 
be scaled up for mass production. However, there have been demands for fine pattern printing using highly 
viscous jetting material, which are beyond the capability of conventional piezo inkjet head. In order to 
overcome the previous shortcomings, we will discuss an alternative method in order to meet industry 
requirements. The required pattern width in display industry could be less than 5 µm since the pattern could 
be invisible by human naked eye. To achieve very fine line printing, electrohydrodynamic (EHD) jet 
printing method has been drawn attention. However, EHD drop on demand printing normally uses low 
viscous ink less than 100 cP, which could often result in non-conductive lines due to thin thickness of 
printed patterns (less than 100 nm). In order to ensure sufficiently low resistance of fine printed lines by 
achieving high aspect ratio, the use of high viscous ink has been required in printing methods. For this 
purpose, we proposed the use of near-field electrospinning (NFES) method for fine pattern printing. NFES 
is a continuous jet type of EHD method, which can use highly viscous ink more than 1000 cP. Finally, we 
will discuss industrial applications of the proposed method.   
Keywords: Near-field electrospinning, inkjet printing, fine patterning, printed electronics  

INTRODUCTION 

Inkjet printing technology has advantages 
over conventional photolithographic 
manufacturing process since the manufacturing 
costs could be significantly reduced via its 
additive manufacturing features. However, recent 
printed electronics requires to print fine patterns 
using high viscous ink. For example, display 
electronics often requires patterns width (<5 μm) 
for conductive lines, which can be invisible to the 
human naked eye. However, in practice the 
printed dot sizes less than 30 μm are difficult to 
achieve via conventional inkjet without proper 
surface treatment of a substrate [1]. To achieve 
very small printed dots using inkjet method, 
attention has been drawn to the 
electrohydrodynamic (EHD) jet printing method. 
The EHD uses electrostatic forces to pull down 
the jet from the nozzle tip rather than apply 
thermal or acoustic energy to push the droplet out 
of nozzle.  

EHD has an advantage of producing very fine 
dots. However, there have been two limitations: 
1) low printing speed of DOD (Drop on demand) 
printing and 2) low viscosity of ink. Recently, 
high speed DOD printing has been proposed by 
changing the ink properties, but considering the 
nozzle size, the viscosity of the ink should be 
used less than 100 cP [2]. Nonetheless, the 
viscosity of ink should increase further as the 
solid loading needs to be increased for practical 
applications. In such case, the nozzle inner 
diameter should be increased in order to push the 
highly viscous ink through the nozzle for 
printing. Here, the nozzle with larger inner 
diameter often result in patterns with large 
dimension. However, unlike the conventional 
dispenser, EHD jetting uses electrical field to 
form cone jet. As a result, the deposited jet size 
could be significantly smaller than the nozzle 
inner diameter. For stable continuous jet printing, 
high molecular weight polymer is added to 
functional ink. For printing purpose, the stand-off 
distance is set to a few millimeters and printing 
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speed should be more than 100 mm/s [3]. By 
using these features, printing lines could be 
aligned with respect to printing direction and the 
method is often referred to as near-field 
electrospinning (NFES) [4] in contrast with 
electrospinning [5]. The NFES is based on 
continuous printing and on-off printing is not yet 
reported. Therefore, to obtain the print on-off 
patterns using continuous jet printing, the 
masking layer needs to be employed. For 
example, non-printed area can be covered by thin 
masking layer to remove the unnecessary patterns 
after printing. 

In this presentation, we will discuss two 
industry applications for NFES: i) bridge 
electrodes for touch screen and ii) printing wires 
for connecting electrodes on both sides of glass 
substrate without via holes.  

i. BRIDGE ELECTRODE PRINTING FOR 
TOUCH SCREEN  

A capacitive touch panel uses two axial 
conducting patterns (sensing electrodes and 
driving electrodes) on a substrate [6] as shown in 
Fig.1. In order to reduce the cost and complexity, 
we propose the implementation method for touch 
screen using one sheet of driving (sensing) 
electrodes by printing the sensing (driving) 
electrodes over the insulator as shown in Fig.2. 
The connected line over the insulator in the 
intersection is called as bridge electrode. 

 
Figure 1. Electrodes for conventional touch 
screen [6]. 
 

For implementation of the invisible bridge 
electrode by using direct printing, the line width 
should be reduced to about 5 μm. In this 
presentation, we will discuss how we can use 
NFES method to implement invisible conductive 
lines for touch screen applications. 

 
Figure 2. Proposed method for printing bridge 
patterns for touch screen.  
             

ii. PRINTING FOR DOUBLE SIDED 
CONNECTION 

As another industrial application of NFES, 
the method for connecting of electrodes on the 
other side will be presented. Recently, glass 
substrate has been widely used for display 
applications. However, unlike the printed circuit 
board (PCB), via hole is difficult to make due to 
the brittle nature of the glass. In this presentation, 
we propose the direct printing method for 
connecting electrodes on the opposite side of 
glass as shown in Fig. 3. This method does not 
require via hole for connecting electrodes on 
opposite sides.  

 
Figure 3. Layout for double sided connection of 
glass substrate by direct printing method. 

EXPERIMENTAL 

For NFES ink, high viscous (viscosity = 
11,200 cPs) Ag paste ink (ES-INK, NPK, South 
Korea) mixed with high molecular weight 
polymer (Mv = 400000) solution was fed (1.5 
μL/min) to the nozzle (100~200) μm inner 
diameter to implement NEFS printing. To obtain 
continuous jet from the nozzle, we used high 
voltage (1 -1.5 kV) supply to pull the charged ink 
to the substrate.  

By using NFES printing, patterns are aligned 
with respect to printing direction as shown in Fig. 
4. Here, the printed line should pass over the 
insulating part to connect two ITO battens over 
the insulator. After printing, the printed lines was 
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sintered via laser light irradiation in order to 
obtain the proper conductivity.   

 
Figure 4. NFES for printing fine patterns. 

On the other hand, to print connecting lines 
between two pads on the opposite sides, we 
modified substrate holder as shown in Fig. 5. To 
obtain continuous jet stream and to hold the glass 
substrate in the vertical direction we used two 
conducting blocks.  

 
Figure 5. Schematic of NFES for connecting 
electrodes over the edge of glass substrate.  
 

Due to the continuous jet stream, the printing 
from one side of the glass through top surface to 
the other side pad can be possible by using 
relative movement of nozzle to the substrate.  

RESULTS AND DISCUSSION 

TRANSPARENT TOUCH SCREEN 
PRINTING ON PET FILM 

By alignment of printing direction, the line 
was printed on the desired location as shown in 

Fig. 6. The printed line width is ranging from 4~6 
μm depending on the printing conditions. After 
sintering, the line has resistance of 9.6 Ω/mm and 
the printed bridge electrodes can be used as a 
capacitive touch sensor. 

 
Figure 6. Scanning electron and optical 
microscopy images of printed line  

DOUBLE-SIDED CONNECTION OF GLASS 
SUBSTRATE  

Figure 7 shows our typical printing results to 
connect both electrodes on the opposite surface. 
The printed line width is about 40 μm and 
obtained pad spacing is 400 μm, which satisfies 
the industry requirement. To increase the 
reliability of conductive lines, we printed 
multiple wiring (three times) over the same 
location and the printing accuracy is limited to 
about 120 μm. After printing, to obtain the 
desired conductivity we used two steps of thermal 
sintering process. Firstly, printed lines were pre-
sintered in convection oven at 150 °C/30 min. 
Then, in hot plate at 350 °C/ 5 min. After 
completing the two steps of sintering process, we 
obtained the average line resistance is 0.94 Ω/mm 
which meet most industry requirement. 

 
Figure 7. Typical two-sided printing results.  

CONCLUSION 
We discuss the two industrial applications of 

NFES printing to print very fine patterns for 
bridge electrodes and double-sided connection. 
The high viscous ink with high molecular weight 
polymer was shown to effective on connecting 
electrodes on non-flat surfaces as well as on 
flexible substrate.  
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ABSTRACT 

 
Fast detection of bacteria in samples presumed to be un-contaminated, such as blood, is of great 
importance. Indeed, rapid diagnosis allows the set-up of appropriate antibiotic treatment. Besides 
clinical issues, there are many other domains, such as food processing or drug manufacturing, where 
the strict absence of any bacteria has to be assessed. Because the bacterial load found in most 
contaminated samples is often below the limit of detection for currently validated assays, a 
preliminary enrichment step is required to allow bacterial multiplication before proceeding to the 
analysis step, whatever it might be – cultural, immunological or molecular methods. In this 
presentation, I will describe the use of a biosensor, consisting in a peptide microarray, for single-step 
bacteria detection. 
The whole analysis is performed in less than 20 hours, during the growth phase of the micro-
organisms, using an array of antimicrobial peptides (AMPs) coupled with a surface plasmon resonance 
imager (SPRI). A wide range of bacterial strains are assayed, showing differentiated affinity patterns 
with the immobilized peptides, which are confirmed by multivariate analysis. This approach has been 
first validated in model culture media, and then extended and validated in 'real' samples like human 
plasma and human blood. 
This work establishes the evidence that antimicrobial peptides, mostly used so far in the antibiotic 
drug industry, are suited for the wide-spectrum detection of unknown bacteria in samples, even at very 
low initial loads. Moreover, the small set of AMPs that were assayed provided a specific affinity 
profile for each pathogen, as confirmed by multivariate analyses. Furthermore, this work opens up the 
possibility of applying this method in more complex and relevant samples such as foodstuff, urine or 
blood. 
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ABSTRACT 
 

Two kinds of optically active nanomaterials, that might be very useful for medicine due to their biological 
properties, are presented. One of them are spherical nanoparticles of bioactive glass based on the silica–
calcia system doped with lanthanide ions (Er3+) and obtained by the sol–gel route. The second group is 
graphite-oxide-based composite with zirconium phthalocyanine complex activated by light to generate 
reactive oxygen species. For both systems, the photoluminescent characteristics were examined. In the 
case of glass particles, the introduction of erbium ions allowed to obtain optically active materials that 
could be used in regenerative medicine for monitoring structural changes of the glass during 
mineralization or to control a drug release from the particles used as carriers. Photoactivation of the 
phthalocyanine complex loaded on GO caused singlet oxygen generation. These properties allow the 
samples to be used as photosensitizers in photodynamic therapy.  
Keywords: silica-calcia, graphite oxide, photoluminescence, photoactivation, ROS generation 

INTRODUCTION 

Various types of nanomaterials play 
currently more and more important role in 
different fields of medicine. For example, silica–
calcia amorphous systems are well-known basic 
composition of bioactive glass that are used in 
regenerative medicine showing higher activity 
than similar microsized particles [1]. On the 
other hand, carbon nanostructures are 
intensively studied for their potential as 
biocompatible materials. So far they have been 
recognized as worthy of attention for, among 
others, biocompatible coatings, bioimaging, 
antimicrobial or theranostic agents [2]. 
Application of both materials forming nanocom-
posites is even broader. 

Optically passive SiO2–CaO glass may be 
doped with active lanthanide ions leading to 
photoluminescent materials. Nanoforms of such 
system can be obtained by the sol–gel method as 
it is presented in this paper.  

Graphen-based structures already possess 
some luminescent properties but they can be 

much more useful when they are additionally 
activated, for example, with organic or metal-
organic compounds. For this purpose, zirconium 
(IV) phthalocyanine was here proposed to be 
bonded to graphite oxide (GO) particles. 

EXPERIMENTAL  

The syntheses procedures were previously 
developed to fabricate the materials studied 
here. Two step sol–gel procedure (acid–base 
catalyzed reactions) [3] was used to prepare 
80SiO2–20CaO (in wt.%) particles doped with 
erbium ions. The glass was annealed at different 
temperatures (600–1100 °C). 

Graphite oxide flakes were intercalated with 
a derivative of zirconium(IV) phthalocyanine, 
viz. bis(11-aminoundecannato)ZrPc, according to 
the procedure described in [4]. 

RESULTS AND DISCUSSION 

Silica–calcia system can be successfully 
prepared as nano- or submicro-sized particles 
when the sol–gel method is applied for the 
synthesis. During glass preparation, lanthanide 
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ions can be introduced in the solution and then, 
in the matrix, resulting in luminescent properties 
of the material.  

Here, the particles of average diameter of 
about 100 nm were obtained (Fig. 1). Silicon, 
calcium and erbium content were confirmed by 
the EDS analysis. The presence of Er3+ is also 
verified by the luminescence spectra measure-
ments. Emission in the visible range was registe-
red when samples were excited at 514 nm (Fig. 
2) showing two bands in the visible range at 
around 550 nm and 655 nm. Moreover, what can 
be seen looking at the shape of the spectra, are 
the structural changes in the glass during 
annealing. Higher intensity and better resolved 
Stark components in the spectral lines for 
samples heat-treated above 900 °C demonstrate 
partial crystallization of the amorphous matrix. 
 

 
Figure 1. SEM images of SiO2─CaO glass and 
graphene oxide particles. 
 

 
Figure 2. Luminescence spectra of Er3+-doped 
SiO2─CaO glass nanoparticles annealed at 
different temperatures (600–1100 °C). 

The luminescent properties of this highly 
biocompatible and bioactive material can be 
used for monitoring structural changes of the 
glass in biological fluids (dissolution and 
remineralization of the system). Other possible 

utility is in bioimaging or monitoring drugs 
delivery when particles are used as drug carriers. 

Graphite oxide flakes with few nanometer 
thickness and few microns width (Fig. 1) 
possess weak luminescence characterized by 
band shift depending on the excitation 
wavelength. Much better emission can be seen 
when GO is activated with organic luminescent 
dyes such as complexes of phthalocyanines with 
metals. Phthalocyanines have very high molar 
extinction coefficient and absorption cross 
section that makes them also good phosphors. 
But what is particularly interesting, is the ability 
to generate singlet oxygen molecules (highly 
reactive species) during irradiation that is used 
in photodynamic therapy to kill selected cells or 
microorganisms [5]. 

Emission spectrum of bis(11-aminoundeca-
nnato) ZrPc show characteristic emission band in 
the range of 650–820 nm (Fig. 3). Broad 
absorption bands in the UV and red-near-infrared 
range (data not shown here) allow to excite the 
molecules in both these regions as is shown in 
Figure 3. All excitation wavelengths chosen in 
the experiment (350, 400, and 620 nm) emission 
was observed although, with different intensity. 
The red light is particularly interesting and is 
usually applied to activate the molecules for 
singlet oxygen generation. 

 

 
Figure. 3 Luminescence spectra of 
phthalocyanine (bis(11-aminoundecannato)-
ZrPc) under different excitation wavelengths 
and GO intercalated with phthalocyanine and 
excited in red. Measured in DMSO. 

Luminescence of GO particles with ZrPc 
was also observed (Fig. 3). Its intensity was 
lower than for ZrPc but the concentration of the 
dye was much lower in the composite in 
comparison to the measured solution. What is 
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important, is the activity of the GO-based 
system that was maintained after immobilization 
– singlet oxygen was still generated under red-
near-infrared light exposition as was lately 
reported [6]. 

CONCLUSION 

Biocompatible materials such as glasses or 
graphene oxide structures can be activated by 
luminescent ions or molecules. In this way, the 
modified properties of the systems allow them to 
find broader application in biology and 
medicine. Especially, when they are optically 
active in the range of the first, second or third 
biological windows.  
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ABSTRACT 

In addition to the need to store electricity to compensate for the intermittency of renewable energies, two 
other strong societal requirements are driving development of more and more efficient electrical storage 
devices. This is about the growth of fully or plug-in hybrid electrically powered vehicles market, and the 
increasing role of mobile electronics and wireless tools including the strong emergence of the Internet of 
Things. Presently, batteries (mainly Li-ion) and capacitors, dominate opposite ends of the energy 
spectrum, the former exhibit high energy and restricted power, while the latter possess constrained energy 
and high power. Electrochemical double layer capacitors or supercapacitors, SCaps, bridge the gap 
by exhibiting moderate energy density and high power density and are categorized based on their energy 
storage mechanism. 
Recently, we have developed µ-SCaps electrodes based on silicon nanowires (SiNWs), compatible with 

Si-based microelectronics integration process, which exhibit 
very interesting capacitive properties in terms of pulse power 
capabilities and long cycle life [1].
In order to improve their electrical performances in terms of 
specific capacitance, power and energy density, conformal 
electrodepositions of different conducting polymers, CPs, 
nano-films were success-fully performed on silicon 
nanostructures (Fig. 1).  
In this lecture, I will describe the various steps which has 
enabled us to reach several hundred thousand charge/discharge 
cycles. In particular, I will focus on: the use of stable CPs such 
as PEDOT; the transition from aqueous or organic electrolytes 
to ionic liquids [2]. The synthesis of hybrid and nanostructured 
materials [2] and recently, the decisive role of interactions at 
the molecular level at the interface between the CP and the 
electrode substrate [3, 4] 

These latest results show that at least 90% of the capacitance is retained after 500,000 [4] cycles, and, this 
in a somewhat surprising way, even in aqueous electrolytic medium. These remarkable advances thus 
pave the way for genuine industrial use, targeting micro-supercapacitors. 

Keywords: Supercapacitors, silicon nanowires, conducting polymers, Electrochemical energy storage 
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ABSTRACT 

 
Rare Earth Nanostructured Phosphor (RENP) have become main trend not only in basic research and also 
for deployment in different branch of industry, agriculture, environment, biology and medicine. RENPs 
exhibit unique emission properties, including a large stokes shift, a sharp band width of luminescence, 
high resistance to optical blinking, and photo bleaching. Indeed RENP show also very weak inherent 
fluoresce intensity due to the low absorption cross section and quenching radiation relaxation. In the last 
decade it has been many efforts in investigation for improving or so gar enhancing the out put emission 
intensity of RENP. Among  them, it can be summarized some approaches such as the energy transfer, 
defect passivation, surface engineering, interaction of emission center and Plasmon and wave guide 
resonance between in- or out- light beam and a photonic crystal structure on surface. In this review it 
presented the last results of our research group in using the Tb to Eu energy transfer, the decreasing defect 
content by annealing, coating Eu complex to surface of Au nanoparticles (Plasmon), core/shell 
structuration of NaYF4:Er,Yb by an inert layer and wave guide resonance of a Bragg-grating with up 
conversion luminescent nanoparticles NaYF4:Tm,Yb; all for enhancing the out put intensity of RENP 
emission. In this talk I will discuss recent advances’ in the broad utility of RENP for multifunctional bio 
imaging, bio detection and also security technology, digital display and photonics. 
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ABSTRACT 
 

Since 2017, the annual installed capacity of the Solar Energy has surpassed all other energy sources and 
doubled that of Wind power. In 2018 in the world, the annual installed capacity of the PV Solar Energy 
solar energy is about 115 GW in comparison with 53.9 GW for wind power. In Vietnam, until now more 
than 26 GW of projects are registered, and more than 12 GW are approved. The total average capacity 
and daily output of these plants at the end of June 2019 reached 4.463 MW and 16.4 million KWh/day, 
accounting for 8.3% and 2.3% of the national electricity system. The solar energy could be the world’s 
largest source of electricity by 2050, ahead of fossil fuels, wind, hydro and nuclear, according to a pair of 
reports issued today by the International Energy Agency (IEA).  
Increasing integration of renewables, in particular solar PV integration along with the electrification and 
decarbonisation challenges the existing grid infrastructures due to their intermittent characteristics with 
high levels of uncertainty and complexity. Several impacts on the grid operation include voltage 
variations, frequency variation, voltage unbalance, stability, protection and challenges for managing… 
Theses impacts are even more complicated for islanded or weak grid areas. In Vietnam solar power 
projects have been heavily invested, especially in localities such as Ninh Thuan, Binh Thuan, Khanh Hoa 
... causing overload on transmission lines. 
A better knowledge, analysis and evaluation methods of the induced constraints become necessary in 
order to determine the hosting capacity, to assess impacts of renewable generation on distribution network 
and to assess technical and economic opportunities provided by renewable generation.  
This presentation presents experiences of CEA-INES (French National Institute for Solar Energy) for 
energy solar from materials to applications, in particular for analysing impacts provided by PV integration 
into grid, solutions by intelligent control and energy management in order to reduce these impacts, to 
maximize the ancillary services contributed by PV installations and to maintain the grid stability are 
discussed, solutions associated with energy storage and development of micro-grid technologies will be 
presented to address mentioned grid challenges.  
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ABSTRACT 
 

The laser induced white emission (LIWE) generated from different materials under strict conditions is 
reported. The studied broad emission band fully covers the entire visible range, which is an extremely 
desirable feature of new generation light sources. The compounds were synthesized by various wet 
chemistry routs. Investigations of such phenomenon show that in both power and pressure dependencies 
the threshold behavior are clearly observed regardless of the investigated sample or infrared laser diode 
excitation. Moreover the LIWE generation is assisted by efficient photocurrent. 
Keywords: Nanocrystals, white luminescence, threshold behavior, avalanche effect, photocurrent 

INTRODUCTION 

Nowadays, the quality of white light emitted 
by commercially available optical devices plays 
an extremely important role. Currently, white 
light sources such as light-emitting diodes based 
on organic or inorganic composites with reduced 
demand for electricity are very popular. The 
principle of their operation is to combine several 
colors to obtain white luminescence. Most often, 
these diodes use few phosphors to emit three 
different colors - RGB (i.e., red, green, blue) or 
a mixture of yellow and blue light provided from 
yttrium-aluminum garnet doped with cerium(III) 
ions excited with a blue electroluminescent 
diode based on gallium nitride. Unfortunately, in 
the sources of white light commercially 
available, the balance between the colors is not 
maintained. it has been found that this affects 
the human body in a negative way. In response 
to the growing demand for broadband white 
light emitters, work has begun to find a healthy 
light source. The first research in this field was 
published in 2010 [1]. Wang and Tanner 
received broadband white luminescence from 
lanthanide oxides excited with a concentrated 
infrared CW laser beam under reduced pressure 
conditions. Since then, intensive research has 
begun to develop this technology. As a result, a 
generation of laser induced white emission 
(LIWE) from many different materials was 
obtained [2–8] as well as several models 
explaining the studied phenomenon were 
proposed [1,9–13]. 
 

EXPERIMENTAL  

The nanocrystals presented in this paper 
were prepared using wet chemistry methods 
such as solvothermal [14], Pechini [15], sol-gel 
[16,17], co-precipitation [18]. All details related 
with synthesis procedures can be found in 
appropriate references. 

Structure of the investigated samples was 
evaluated by X-ray powder diffraction. X-ray 
powder diffraction patterns were collected by a 
X'PERT PRO PANalytical diffractometer. The 
anti-Stokes emission spectra were measured 
using focused continuous work (CW) laser 
diodes (808, 975 or 1064 nm) as the excitation 
sources and AVS-USB2000 Spectrometer 
(Avantes) as a detector. The rise and decay 
times of the emission intensity were recorded 
using a LeCroy WaveSurfer 400 oscilloscope 
with a mechanical chopper under excitation of a 
focused beam of a CW laser diodes mentioned 
before. All measurements were performed in 
low pressure conditions using a vacuum cell 
supplied with a Turbomolecular Drag Pump 
TMH071 P and an electronic drive unit TC 600 
(Pfeiffer). 

RESULTS AND DISCUSSION 

In order to perform the measurements of 
anti-Stokes white emission of all investigated 
samples correctly, their powders were 
transformed to pellets on the hand press. The 
first stage of the spectroscopic characteristic of 
studied compounds assumed to record the power 
dependence of emitted luminescence as a 
function of increasing excitation power density 
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(Fig. 1). All of the samples presented similar 
behavior related with the excitation threshold 
typical for photon avalanche effect [19]. It can 
be observed that the intensity of the 
luminescence is stable until it reaches the 
appropriate threshold. After that it increased 
rapidly regardless of the both analyzed sample 
and infrared diode. Such behavior can be easily 
explained by following equation I∝PN where I is 
an emission intensity, P is the infrared excitation 
power and N usually means photons included in 
the absorption, but recent research exhibit that it 
must be treated more carefully [13]. It was 
turned out that commonly the N factor is smaller 
when the sample is excited by a laser diode with 
a lower wavelength. However, converting the 
obtained values into energy leads to similar 
results [13,15,20]. Our last research shown that 
N parameter can be affected by average grain 
size of investigated material [21]. This behavior 
is related with the fact that samples 
characterized by lower sizes exhibit lower 
thermal conductivity, and consequently higher 
values of N factor. Additionally, it was found 
that the position of the threshold depends on the 
excitation wavelength. It is related with the 
different absorption cross section of infrared 
laser diodes used. Usually an excitation source 
characterized by a shorter wavelength needs 
more energy to generate white luminescence.  

The second stage of the spectroscopic 
characteristic included measurements of 
pressure dependence of emitted luminescence as 
a function of increasing pressure in 
measurement system (Fig. 2). It was found that 
similar to the power dependence results, all 
samples presented the threshold behavior 
[5,15,17,18,21,22]. The emission intensity was 
stable until it reaches the appropriate threshold. 
Subsequently, it decreased significantly 
regardless of the both analyzed sample and 
infrared laser diode. Such phenomenon is 
associated to the fact that under low pressure 
conditions the amount of gas molecules are very 
limited, and consequently energy from 
excitation source is transferred directly to the 
sample.  
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Figure 1. Representative power dependence of 
emission (a.b) and the power dependence of 
photocurrent (c) recorded for Sr2CeO4 
nanocrystals,  

In result its temperature increases as well as 
their emission intensity. In case of atmospheric 
pressure conditions there is opposite situation. 
The energy from laser diode is distracted by air 
molecules before it reaches the sample. This 
behavior is well explained by the thermal 
dissipation model represents by the following 
equation  where I0 is 
the emission intensity and p0 is the critical 
magnitude of pressure [23]. It is worth to note, 
that other factors can affect the values of p0 
parameters such as rare earth dopant content 
[21], gas atmosphere [1], density of excitation 
beam or average gran size [14]. 
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Figure 2. Representative pressure dependence 
recorded for Sr2CeO4 nanocrystals. 

The characteristic of the LIWE generated 
from different compounds involved also the 
measurements of the luminescence kinetics 
depending on different excitation power density 
of infrared laser diode. In most cases of the rise 
times measurements, the samples under low 
power excitation show relatively long rise times 
which is shortening with increasing excitation 
power density. These measurements determine 
the time needed to transfer an electron from the 
valence band to the conduction band. It was 
found that pumping more energy to the sample 
results in shortening this time. Similar tendency 
was observed by us in different host lattices 
[18,20,21]. 

It is also interesting to note, that above 
excitation power threshold of the white 
luminescence generation, the investigated 
phenomenon is accompanied by 
photoconductivity which below the threshold is 
not observed. It was found that the conductivity 
increases with excitation power density by up to 
several orders of magnitude [13,20,21]. Unlike 
other spectroscopic measurements, no effect of 
average grain size on photoconductivity results 
was noted [14]. Conductance effect is probably 
related with the mechanism of hopping electron 
conductivity [24]. 

The mechanism responsible for generation 
of LIWE in RE doped nanocrystallite 
compounds were proposed. The first one 
predicts that broadband white luminescence is 
related with black body radiation. However the 
sample temperature during generation of LIWE 
was too low to confirm such hypothesis [1,13]. 
The authors of the second hypothesis assume 
ionization of the material caused by its 
irradiation by focused infrared laser diodes. 
Consequently, free electrons are created and 
recombined with RE3+ to form RE2+, responsible 

for generating LIWE [9,16]. The third one 
considering illumination of the compounds with 
a concentrated infrared laser beam which leads 
to thermal effects resulting in the formation of 
oxygen vacancies. As a result of the tunneling 
process electrons are trapped in oxygen gaps and 
then relaxed to the valence band [10,11]. Last 
hypothesis concerns creation of REn+-REm+ ionic 
pairs (where n and m present various degrees of 
oxidation states) as a consequence of irradiation 
of the host with a focused infrared laser. In 
result white luminescence is obtained via IVCT 
(intervalance charge transfer) transitions [13]. 

CONCLUSION 

 The RE nanocrystals prepared with different 
wet chemistry methods were synthesized. The 
X-ray diffraction patterns confirmed phase 
purity of obtained samples. The laser induced 
white emission observed from all studied 
compounds was assisted by efficient 
photocurrent. It was found that both the white 
emission intensity and photoconductivity 
demonstrated similar dependence on excitation 
laser power case of power and pressure 
dependencies all Furthermore, the rise time 
measurements show that high excitation power 
density reduces the time needed to transfer an 
electron from the valence band to the conduction 
band regardless of the tested material. In order 
to explain the mechanism of LIWE phenomenon 
in RE nanocrystals the further studies are in 
progress.  
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ABSTRACT 

In this study, we proposed and developed a method of patterning electret using thermal imprinting 
method. Electric charge was uniformly injected to the unpatterned electret film made of a fluoropolymer. 
Then, a glass mold, on which linear protrusions are arranged at regular intervals, was pressed against the 
electret film after being heated. As a result, electric charge was disappeared from parts of the electret 
where the heated protrusions were pressed. The surface potential of the electret was decreased by the 
thermal imprinting from approximately -1000V to -400 V when temperature of the glass mold is 130°C. 
A rotary energy harvester was developed using the thermal imprinted electret pattern. The number of 
electrode poles is 25. The gap between upper and lower electrodes is about 0.5 mm. The electric power of 
6.0 µW was output when the energy harvester was rotated at 10 Hz. 
Keywords: Energy harvester, Electret, Micro patterning (less than 5 keywords) 

INTRODUCTION 

Recently, as an energy source suitable for 
wireless sensor systems, an energy harvester that 
converts low-density energy existing in the 
environment into electric energy attracts 
attention [1]-[2]. The studies about a Rotary 
Energy Harvester (REH) have been reported, 
which is a kind of energy harvester that 
generates electric energy using the rotary 
motion. Three advantages of REH are as 
follows. 1) The REH can be connected directly 
to the rotor to generate electric energy with high 
efficiency. 2) The REH can generate electricity 
from vibration energy when it was used together 
with a rotating weight. The RHE can generate 
electrical energy both from rotation and 
vibration with wide frequency. 

Many small REHs have been reported which 
generate electricity using electrostatic force. 
Figure 1 is a schematic diagram showing the 
energy generation principle of the electrostatic 
type small REH. It consists of two circular 
substrate facing each other. Radial electrodes are 
formed on each substrate. A capacitance C is 
formed between the two facing electrodes. A 
film-shaped electret is formed on one electrode 
on one side of the substrate. The electrons 
(negative charge) are semi-permanently trapped 
in the electret. The trapped charge keeps the 
potential V of electret constant. This potential V 

induces a charge on the electrode without the 
electret. Here, Q is expressed by the equation 
Q=CV. When one substrate is rotated and the 
other electrode is fixed, C changes and Q also 
changes accordingly. This change in Q generates 
electrical energy.  

The energy generation efficiency of REH is 
improved by increasing the surface potential of 
the electret V or the division number of electrode 
N. Ideally, the electrical energy generated by 
REH is proportional to N and V2, respectively 
[3]. However, when charges are injected into an 
electret using the corona discharge method, 
which is the most common method of injecting 
charges, V decreases with increasing N [4]. 
Namely, N and V are in the trade-off relation, 
and both cannot be made large at the same time 
as long as the traditional corona discharge 
method is used for injecting charges. Charge 
injection using soft X-rays and removal of 
unnecessary charges using an excimer laser 
solve this trade-off problem [5]-[6]. However, 
these solutions have the disadvantage that the 
necessary equipment is very expensive. 
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Figure 1.   Principle of electrostatic induction. 

 
Figure 2.  Principle of pattering method of 
electret using thermal imprinting.  

In this study, fine patterned electret was 
formed by the thermal imprinting method, and 
the surface potential of the patterned electret 
was measured to verify the effectiveness of the 
proposed method. The REH was fabricated 
using the electret patterned by a thermal 
imprinting method, and the amount of power 
generated using the REH was measured. 

METHOD FOR MANUFACTURING REH 
DEVICE AND METHOD FOR 

PATTERNING ELECTRET BY THERMAL 
IMPRINTING METHOD 

First, radial-shaped electrodes were fabri-
cated by depositing an Al film (t0.5 μm) using a 
sputtering method, patterning the electrodes 
using a photolithography method, and etching 
the Al film using a special etching agent. The 
substrate is made of a glass plates (Made by 
Corning, model name: Eagle XG, size: t0.7 mm 
× 50 mm × 50 mm). After the forming of 
electrode, an electret film (t5.4 µm) was formed 
on it. The electret is made of CYTOP® (made by 
Asahi Glass Co., Ltd., Model name: CTL -809 
M). The outer diameter and inner diameter of 
the radial-shaped electrodes are 40 mm and 20 
mm, respectively. The division number of the 
electret is 25. Al electrodes having the same 
radial shape were formed on a circular glass 
substrate. The diameter of the circular substrate 
is 50 mm. There is no electret film of the electret 
on the circular substrate. The fabricated two 
electrodes device is shown in Fig. 3. 

Next, a pressing mold for thermal imprinting 
was prepared. A Cr film (t0.5 μm) was formed 
on a glass plate by a sputtering method, 
followed by a patterning of Cr to radial shaped 
pattern. Shape of the Cr pattern is the same as 
the above-mentioned electrodes on the REH 

device. The glass plate was etched by a 
hydrofluoric acid solution. In this case, the glass 
just under the Cr pattern is not etched because 
the Cr pattern acts as an etching mask. The 
photograph of the fabricated mold is shown in 
Fig. 4.  

 
Figure  3.  Photographs of fabricated REH 
device. 

 
Figure 4.  Photograph of mold for thermal 
imprinting. 

Next, an electric charge was injected into the 
electret, followed by the thermal imprinting to 
remove the charge trapped in an unnecessary 
region. Figure 5 (a) and (b) show schematic 
diagrams of the charge injection system using 
corona discharge method, and the thermal 
imprint experimental system, respectively.  

The procedure for charge removal by 
thermal imprinting is as follows. First, the 
pressing mold was separated from the substrate 
until a gap of about 1 mm was formed between 
them. Next, the mold was heated to the target 
temperature, followed by pressing the mold to 
the electret film for about one second. In this 
process, the mold was pressed only to areas 
where no charge was required, that is, to the 
outside of the electrode. 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

172



  

 
Figure 5.  Schematic of experimental systems for 
charge implantation and thermal imprinting for 
pattering of electret. 

RESULTS AND DISCUSSION 

Result of pattering of electret by thermal 
imprinting  

The patterning characteristics of an electret 
by thermal imprinting were evaluated. First, the 
decrease of the electret surface potential was 
measured by heating an unpatterned glass plate. 
This is because the measurement range of the 
surface electrometer (Monroe, ISOPROBE 279) 
used in this study is approximately 2 mm, and it 
is impossible to accurately measure the fine 
contrast of surface potential. The surface 
potential of the electret decreased from -1000 V 
to -400 V when the mold was pressed at 130°C 
for 1 second, t. 

Next, after pressing the patterned mold 
shown in Fig. 4 under the same conditions, the 
surface potential was measured after adjusting 
the measurement range so that the contact 
portion with the mold and the non-contact 
portion were in the same area. As a result, the 

surface potential decreased from -1000 V to -
650 V. 

 
Figure 6.  Visualization of surface potential 
contrast of electret using special toner. 

On the surface of the heat-imprinted electret, 
a special toner was applied to visualize the 
charged state of the sample. The toner is a 
mixture of red and blue toner. Only red toner 
adsorbs on strongly negatively charged areas. In 
the region where the surface potential is close to 
0 V, both red toner and blue toner adsorb and 
appear relatively blue. The results are shown in 
Fig. 6. This figure suggests that there is a 
contrast of the surface potential between the 
region in contact with the mold and the region in 
no contact. 

 
Figure 7.  Setup for power generation test for 

fabricated REH. 
Result of power generation test of REH 

The fabricated two electrode devices (see 
Figure 3) were attached to the power generation 
test system shown in Fig. 7, and the test were 
carried out. The distance between the fixed and 
rotated substrate was set to 0.5 mm, and the 
rotational speed of the upper electrode device 
was 10 Hz. In this test, four types of REH 
devices were prepared, in which the mold 
temperatures at the pattering of the electret uisng 
thermal imprinting method were 110°C, 130°C, 
and 160°C, and the electric charge was injected 
after patterning the electret beforehand by 
etching (The electret surface potential is about -
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500 V). The results of the power generation test 
are shown in Table 1. As a result, a maximum 
power generation of about 6.0 μW was obtained 
when the electret was patterned using the mold 
at 130°C. 
Table 1.  Result of power generation test using 
fabricated REHs. 

Temperature 
of mold [°C] 110 130 170 Control* 

Generated 
power [µW] 1.5 6.0 1.1 1.0 

*Electret was formed by conventional etching process. 
In the future, the optimization of the mold 

size and imprinting condition will be carried out 
to improve the efficiency of the RHE. 

CONCLUSION 

 In this study, we proposed and developed a 
method of patterning electret using thermal 
imprinting method. Electric charge was 
uniformly injected to the unpatterned electret 
film made of a fluoropolymer. Then, a glass 
mold, on which linear protrusions are arranged 
at regular intervals, was pressed against the 
electret film after being heated. As a result, 
electric charge was disappeared from parts of 
the electret where the heated protrusions were 
pressed. The surface potential of the electret was 
decreased by the thermal imprinting from 
approximately -1000V to -400 V when 
temperature of the glass mold is 130°C. The 

RHE developed using the thermal imprinted 
electret pattern. The number of electrode poles is 
25. The electric power of 6.0 µW was output 
when the energy harvester was rotated at 10 Hz. 
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ABSTRACT 
 

High-performance MEMS sensors have been attracting great interests for a wide range of applications in 
daily life, laboratory and industrial processes. At Griffith University, we have successfully developed 
mechanical, thermal and optical MEMS sensors with high sensitivity, wide working range, and low cost. 
For example, optoelectronic coupling in a SiC/Si heterojunction exhibited an ultra-high gauge factor of up 
to 58,000 which is the highest gauge factor reported for semiconductor-based mechanical sensors to date. 
Moreover, SiC temperature sensors can work at a high temperature of up to 800 K with a high 
temperature coefficient of conductivity of 50,000 ppm/K. Interestingly, 3C/Si has been proven as a 
potential platform for highly sensitive position photodetectors. Our successful demonstration of 
mechanical, thermal and optical sensing concepts and devices could open a new door for the development 
of high-performance MEMS sensors from research point of view to a wide range of potential 
applications. 
Keywords: Silicon carbide, mechanical sensors, thermal sensors, optical sensors, Optoelectronic, MEMS 

INTRODUCTION 

Silicon carbide (SiC) is a promising material 
for physical sensors thanks to its large energy 
bandgap, chemical inertness, and high Young’s 
modulus. These properties make 3C-SiC suitable 
for high performance MEMS/NEMS sensors [1]. 
Recently, cubic SiC has been successfully 
grown on large silicon (Si) substrates for low 
cost MEMS sensors [2]. Other SiC polytypes 
have been also available on the market. 
Consequently, tremendous progress has been 
made to understand SiC sensing properties and 
the development of high performance SiC-based 
MEMS sensors for applications in oil/gas 
exploration and high-tech industries. For 
example, the sensing effects of 3C-SiC 
including piezoresistance [3] and 
thermoresistance [4] have been intensively 
investigated for mechanical, thermal and optical 
sensors [5, 6]. 

In this paper, we summarize our recent work 
on research and applications of SiC MEMS 
sensors, including high performance strain, 
thermal, and optical sensors. We highlight the 
applications of these SiC MEMS sensors toward 
harsh environment applications, including high 
temperatures. 
 

RESULTS AND DISCUSSION 

Strain sensor 

 
Figure 1. Ultra-sensitive strain sensors by 
optoelectronic coupling in a SiC/Si 
heterojunction [7]. (a) Concept of 
optoelectronic coupling, (b,c) Enhancement of 
the mechanical sensing effect with a GF of 
58,000. 
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We have found that the piezoresistive effect 
in a semiconductor heterojunction could be 
significantly enhanced using optoelectronic 
coupling [7]. A lateral photovoltage, generated 
in the top material layer of a heterojunction 
under non-uniform illumination, can be coupled 
with an optimally tuned electric current to 
modulate the magnitude of the piezoresistive 
effect, Figure 1a. We demonstrated a tuneable 
giant piezoresistive effect in a cubic silicon 
carbide/silicon heterojunction, resulting in an 
extraordinarily high gauge factor of 
approximately 58,000 (Figures 1b,c), which is 
the highest gauge factor reported for 
semiconductor-based mechanical sensors to 
date. This gauge factor is approximately 30,000 
times greater than that of commercial metal 
strain gauges and more than 2,000 times greater 
than that of cubic silicon carbide.  

 
Figure 2. SiC strain sensors working at high 
temperatures of up to 600oC [8]. (a) Resistance 
change vs applied strain. (b) The stability of 
gauge factor at elevated temperatures. 

In addition, we successfully demonstrated 
the use of p-type 4H-SiC for strain sensing at 
high temperatures of up to 600°C [8]. Firstly, a 
good ohmic contact was formed by the 
metallisation process using titanium and 
aluminium annealed at 1000 °C. The resistance 
change of SiC was found to be linear with 
applied strain (Figure 2a). Owing to the superior 
physical properties of the bulk 4H-SiC material, 
a high gauge factor of 23 was obtained at 600 
°C, Figure 2b. The piezoresistive effect also 
exhibits good linearity and high stability at high 
temperatures. The results demonstrated the 
capability of p-type 4H-SiC for the development 
of highly sensitive sensors for hostile 
environments. 

 
 
 
 
 
 

Temperature sensor 

 
Figure 3. Sensitive SiC temperature sensors 
working at high temperatures of up to 800 K [4]. 
(a) Linearity of the current-voltage 
characteristics at high temperatures. (b) 
Temperature coefficient of conductivity (up t0 
50,000 ppm/K). 

There is a growing interest and demand to 
develop temperature sensors that operate at high 
temperatures and a wide temperature range. We 
successfully demonstrated the temperature 
sensing properties of unintentionally doped n-
type single crystalline cubic silicon carbide (3C-
SiC) for high temperatures up to 800 K [4]. A 
highly sensitive temperature sensor was 
demonstrated with the linear current-voltage (I-
V) characteristics at elevated temperatures, 
Figure 3a. The temperature sensor exhibited a 
large temperature coefficient of conductivity 
(TCC) ranging from 20,000 to 50,000 ppm/K, 
Figure 3b. The application of this material was 
successfully demonstrated as a hot film flow 
sensor with its high signal-to-noise response to 
air flow at elevated temperatures [4]. The high 
TCC of the single crystalline SiC film at, and 
above 800 K strongly revealed its potential for 
highly sensitive thermal sensors working at high 
temperatures. 

Optical sensor 
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Figure 4. Position photodetector using the 
lateral photovoltage in 3C/Si [10]. (a) The 
generation of lateral photovoltage in 3C/Si. (b) 
The change of the lateral photovoltage VAB 
when the laser spot moves from electrode A to B 
along the X-axis (Y=0) under 405 nm, 521 nm, 
and 635 nm illuminations (23 mW/cm2). 

We report another promising application of 
the heterostructure as a laser spot position 
sensitive detector based on the lateral 
photovoltaic effect (LPE) under nonuniform 
optical illuminations at zero-bias conditions, 
Figure 4a [10]. The LPE shows a linear 
dependency on spot positions and the sensitivity 
is found to be as high as 33 mV/mm under an 
illumination of 2.8 W/cm2 (635 nm), Figure 4b 
[10]. The structure also exhibits a linear 
dependency of LPE over a large distance (7 mm) 
between two electrodes, which is crucial for 
PSDs as the region with a linear dependence of 
LPE is only usable for PSDs. The LPE at 
different spot positions and under different 
illumination conditions have been investigated 
and explained based on the energy-band 
analysis. The temperature dependency of the 
LPE and position sensitivity are also 
investigated. Furthermore, the 2D-mapping of 
the lateral photovoltages reveals the potential for 
utilizing the 3C-SiC/Si heterostructure to detect 
the laser spot position precisely on a plane [10]. 

CONCLUSION 

 We successfully demonstrated a number of 
MEMS sensors based on mechanical, thermal 
and optical sensing concepts. These sensors 
showed exceptional high sensitivity and ability to 
work in at high temperatures. Our work indicates 
the potential development of high-performance 
MEMS sensors in research and wide range of 
applications in laboratory and high-tech 
industries. 
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ABSTRACT 

 
Vacuum-sealed microelectromechanical resonant sensors have been developed for the noninvasive 
detection of human body condition and the detection of biological substances. Micromechanical 
resonators based on microfabrication can be applied to ultra-sensitive sensors for magnetic field and 
acoustic wave detection. However, the resonators are unstable in ambient atmosphere due to molecule 
adsorption and contaminant adsorbed on it. In addition, in atmosphere air damping induces the acoustic 
energy loss, which reduce the sensitivity of the resonant sensors. Hermetic packaging of the resonators 
can improve the sensitivity and stability of the sensors. Three kinds of developed sensors based on Si 
microfabrication are presented in this talk.  
First one is micromechanical resonant magnetic sensors for healthcare monitoring using biomagnetic 
sensing. The sensor consists of Si resonator with a small magnet and micro magnetic field concentrator. 
An external magnetic field creates magnetic field gradient using the micro magnetic field concentrator, 
which induces the resonant frequency change due to magnetic fields. It is shown that the optimized design 
of the sensor can achieve the detectable magnetic field smaller than pT. 
The high-sensitive magnetic sensors can be applied to radical detection using magnetic resonance 
principle. Similarly, a silicon resonator with a magnet is hermetically sealed.  Magnetic force caused by 
spin flip of the radical molecules induces the vibration of the resonance the Si resonator, and from the 
vibration amplitude, the density of the radical can be detected. 
Final one is the photo-acoustic sensors. The high quality-factor of mechanical resonance can respond to 
external sound wave. Thus, the sensors can detect photoacoustic waves generated by adsorption of pulse 
laser to human body. The fundamental experiments for glucose detection are conducted, which shows a 
high potential ability for noninvasive detection of glucose. 
Keywords: Resonant sensors, Biomagnetics, Magnetic sensors, Radical sensors, Photoacoustic sensors 

 

 

 

 

 

 

 

 

 

 

 

 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

179



  

BIOGRAPHY 
  

He received the D.E. degree in mechatronics and precision engineering from Tohoku 
University in 1996. During 1996–1999, he has been a Research Associate in the 
Department of Mechatronics and Precision Engineering, Tohoku University. During 
1999-2009, he has been an Associate Professor.  
He is currently a Professor at Department of Mechanical Systems Engineering in 
Tohoku University. Also he was a professor of Department of Mechanical 
Engineering, Graduate School of Engineering at The University of Tokyo during 
2013-2016. He was director of Micro/Nanomachining education center, Tohoku 

University during 2012-2014. He is the vice-director of The Micro System Integration Center, Tohoku 
University. Since 2017, He is the director of The Micro System Integration Center, Tohoku University. 
His expertise is in the area of microelectromechnical systems (MEMSs), nanoelectromechanical systems 
(NEMSs), ultra-sensitive sensing based on resonating device. Recent interests cover nanomaterials and 
their integration into the microsystems for applications of IoT sensors, environment monitoring, 
biomedical sensors, nano-energy, and scientific instrumentation. 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

180



  

AMN-013-I 

PHOTONICS AND MEMS SENSORS FOR THE DIGITAL OLFACTION 
 

Thierry Livache and Cyril Herrier 

Aryballe Technologies 

7 rue des Arts et Metiers, 

38000 Grenoble, France 

Email: thierry.livache@ aryballe.com 

 

 

ABSTRACT 

 

 

Beyond the classical lock/key-recognition-based approach in used in the bio-analytical field, an electronic 

tongue or nose device (eT/eN) is an assembly of non-specific sensors.  Following a long story around the 

imaging of biological interactions of biomolecules by Surface Plasmon Resonance Imaging, we extended 

this approach to the non-specific interactions studies in gas phase giving rise to a new optical-nose 

generation. The signals resulting from the binding of VOCs on an array of bioinspired receptors can be seen 

as 3D continuous dynamic images or movies. Finally, complex data obtained from odors are analyzed as 

simple images via a specific database. This flexible and straightforward approach allowed a down-scalling 

of the device and a new miniaturized portable and generic opto-nose Neose was recently launched. A new 

generation of instruments based on a MEMS approach are currently designed. The translation of a smell 

into an image could be seen as a first step to open up the merging of the olfactory and visual senses. 

Keywords: olfaction sensor, plasmonics,  

 

INTRODUCTION 

 

During the last decades, microtechnologies have 

prompted the development of miniaturized and 

highly parallel devices allowing a high biological 

analysis throughput. The possibility to graft 

biomolecules on metals, opened the development 

of SPRimaging (Surface Plasmon Resonance) 

allowing the real time and label free measurement 

of biological interactions on a microarray format 

[1]. The development of this analytical 

instruments has opened a large panel of 

biological applications. Applications of SPRi 

cover different fields from fundamental 

biological researches [2] to more applied fields.   

Beyond the classical process of specific bio-

recognition via a lock-key approach using 

receptors, antibodies, aptamers etc. the use of 

non-specific interactions remains the base of e-

nose/tongue development [3].  

In this way, a new approach of SPRi-based 

optical e-tongue using an assembly of non-

specific combinatorial sensors was developed [5]. 

In this case, the information given by each sensor 

is complementary and the combination of all 

sensors results generates a unique fingerprint. We 

have indeed developed a new paradigm based on 

a combinatorial approach to simplify greatly the 

preparation of sensing materials for constructing 

e-noses/tongues. 

Instead of designing and synthesizing a large 

number of differential receptors, that often 

represents a laborious and time-consuming task, 

we prepared an array of combinatorial assemblies 

behaving as cross-reactive receptors by self-

assembly of a handful of building blocks mixed 

in varying and controlled proportions. By 

combining such an array with a real-time optical 

detection system such as SPR imaging, the 

obtained eTongue is capable of generating 3D 

continuous evolution patterns just like vivid 

landscapes for each sample [4]. The extension of 

this approach for a SPRi-based gas sensing was 

not obvious. It is indeed well known that small 

compounds are very difficult to detect by SPR. 

The optical signal generated by an SPR imaging 

can be seen as a 2D optical balance and, in a first 

approach, the localized signal is roughly 

proportional to the mass of the compounds 

adsorbed on the SPR gold layer. Based on a 

saturated 2D assembly model, the typical mass 
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density of a small volatile compound to detect 

would be in the range of 1 to 500pg/mm2. 

However, using a specific SPRi setup, the optical 

contrast generated between an adsorbed 

molecular layer and air is sufficient to generate an 

SPR signal
 
[5]. The second point is related to the 

chemical sensors arrayed of the gold surface of 

the prism. The binding of volatile compounds 

must generate a reversible SPR signal. It is why 

the sensors are chosen among small organic 

molecules or biological molecules as small 

oligosaccharides or peptides. These molecules 

were arrayed on the gold prism using a x-y spotter 

as reported by Hou et al [4]. Starting from this 

point, the development was focused on the 

instrument miniaturization and optimization. 

Aryballe first-generation instruments included an 

SPRimaging setup, a glass prism covered with a 

50nm gold layer and the arrayed molecular 

sensors, a fluidic chamber and a pumping system. 

The analyses were carried out in few seconds, at 

room temperature by pumping few mL of the 

sample. The binding of VOCs on the sensors 

generates dynamic images (movie) 

corresponding to the association/dissociation 

phases of the recognition process. Following a 

training step, the images generated by a sample 

are compared to the image database and the 

sample can be identified and, if necessary 

quantified (Fig.1). A simplified result can also be 

given as a normalized radar chart allowing for a 

straightforward recognition process.

 

 
Figure 1. Optical-nose in a scheme. Left to right, binding of VOCs on the ligands arrayed on prism 

covered by a gold layer, interrogating the surface by SPRi, image analysis and data transfer. 

This flexible and simple approach allowed a 

down-scaling of the device and a new 

miniaturized portable and generic opto-nose 

Neose-pro containing optimized optical setup and 

fluidic systems was recently launched (Fig.2). In 

this case the camera collecting the SPR images 

was connected by Wifi or Bluetooth to a 

smartphone integrated in the casing. The SPRi-

based device enables to detect a wide panel of 

chemicals with ppmv detection thresholds for the 

vast majority of them. Since this approach relies 

on an imaging process, the number of sensors 

used in parallel can be easily extended from one 

hundred, currently used, to few hundreds if 

necessary using the same optical setup paving the 

way of the design of new generations of generic 

and flexible sensors. It is also worth mentioning 

that this dynamic and biomimetic approach does 

not modify the sample and operates at room 

temperature, without complex 

concentration/desorption processes. It is why it 

remains fully compatible with the analysis of 

unstable volatile molecules. Moreover, this 

means that it can be easily hyphenated with 

orthogonal analytical systems as mass 

spectrometry or olfactometry generating 

complementary data. 

 

 

Figure 2. Two generations of Neose instruments. The more recent (2017) includes a smartphone as 

interface. Top right, typical image generated by the sensors. 
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Finally, this approach is a way to translate an 

odor, a complex chemical signal assembly, into 

an image that can be analyzed by a classical 

image recognition process. The complex 

multidimensional correlated images generated by 

the use of mixtures of biomolecular sensors could 

be a way to represent the complexity of an odor. 

The next generation of sensors will involve a 

specific development a new microsystems… 
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ABSTRACT 

 
Wettability is a feature of a surface that characterized his ability of being wetted or not by different kinds 
of liquids. This feature is synergistically dependent of both the surface chemistry and morphology. 
Tuning the wettability of a surface requires a fine control of these two parameters, which is still a 
challenging research topic, especially if one want to be able to spatially tuned the wettability of whatever 
kind of surface. Such kind of surface may be found in the nature. For instance, the Namib beetle’s back 
has hydrophilic bumps surrounded by hydrophobic valleys. Water micro-droplets from fog adhere to the 
bumps and coalesce. When the drops become big enough, they touch the surrounding hydrophobic zone, 
detach and roll into the valleys for collection.  
Herein, we present a simple strategy to create hydrophilic patches on superhydrophobic surfaces. The 
superhydrophobic feature arise from the sol-gel based fabrication of a micro/nano dual-roughness coating 
composed of zinc oxide nanowires (ZnO NWs). The rough ZnO NWs coating was then functionalized 
with a monolayer of hexadecyl trimethoxysilane (C16) to yield a superhydrophobic surface without 
fluorine. We confirmed that the micro/nano-roughness ZnO NW coating maintained its superhydrophobic 
feature of above 170o over more than a month even in the case of an underwater storage. In addition, the 
micro/nano-porous ZnO NW film with superhydrophobic property was also studied on anti-icing and 
anti-fouling abilities. The hydrophilic areas are simply made by hydrophilic microparticles spread onto 
the superhydrophilic coating by depositing hydrophilic microparticles using spincoating technique on a 
(super-) hydrophobic coating. 
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ABSTRACT 
 

Lens free imaging is a minimalist microscopy technique based on in-line holography as invented by 
Gabor in 1948. Albeit the existence of the method since decades, the recent development of digital 
sensors, helped the realization of its full potential. Over the recent years, innovations and improvements 
in CMOS imaging technology design and fabrication have allowed to decrease the pixel pitch down to 
~1µm and the number of pixels has dramatically increased up to 250 million of pixels. As a result, the 
performance of lens-free microscopy, which features a bare CMOS imager without any magnification 
optics, have tremendously increased while keeping the design simple, robust, and at a reasonable cost. 
The detection ability have improved from 10 µm (cell) to 1 µm (bacteria) down to 100 nm beads paving 
the way to the detection of viruses. 
Keywords: CMOS imaging technology; lens-free microscopy; bio-imaging

INTRODUCTION 

Biology is the study of living organisms, 
their structure, evolution and origin. Research is 
continuously developing imaging methods to 
better understand the structure and function of 
biological systems. Efforts during the last 
century to develop the methods of microscopy 
have pushed the boundaries in terms of 
resolution, sensitivity, and specificity. The 
introduction of the electron microscope (1930) 
allowed for the first time probing sub-micron 
objects. Photographic sensors (1970) allowed 
the acquisition of digital images and effective 
implementation of image processing. More 
recently the use of a fluorescent protein, GFP 
(1992), has introduced a new paradigm in 
cellular imaging. But despite our ability to peer 
through increasingly powerful and complex 
microscope, many questions are yet to be 
answered, e.g. in oncology and morphogenesis. 
Today, thanks to the new CMOS imaging 
technology (up to 250 million of pixels, down to 
0.8µm pixel pitch) it is possible to build a new 
microscope, without eyepieces. In this paper we 
propose a new framework for bio-imaging based 
on lensfree microscopy which features only a 
bare CMOS imager without any magnification 
optics, and a LED illumination. By its simple 
design, the system is low cost, robust and 

incubator-proof. Moreover, biological samples 
can be imaged without staining. Our proposal 
can be summarized in a set of four guidelines 
and criteria:  

1-Multiscale: Life handles different orders of 
dimensions, ranging from basics units, i.e. DNA 
(<10nm), viruses (20-500 nm), bacteria (1-3 
µm) and cells (5-30µm) to more complex system 
like tissues and small organisms. Observing one 
dimension only is thus restrictive as it prevents 
us from accounting the interactions at different 
scales. The new imaging modality must allow 
the simultaneous observation of at least two 
scales (e.g. tissue and cells, bacteria and 
viruses). 

2-Large field of view: It cannot, of course, 
be argued that the observation of biology with a 
limited field of view and therefore low statistics 
is attractive. We do consider that the field of 
view must be larger than 20 mm2. This criterion 
is defined by the dimension of an image 
featuring e.g. 10,000 cells. Further the imaging 
modality must allow 3D capture to embrace 
biology complexity. At first the ability to grab a 
volume of 100 mm3 will be disruptive in 
comparison with any other techniques. 

3-Live capture: Life is about movement and 
action, and so the acquisition must be in real-
time. Many phenomena occur in the order of 
minutes (e.g. cell motility, bacteria growth, etc.), 
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but there are many others that last much longer, 
in the order of hours up to weeks. As a 
compromise: we require the frame-rate to be 
smaller than 10 minutes and the movie duration 
to extend more than 24 hours. 

4-Simple, small and low cost: We want to 
spread the new microscopy at a large scale. This 
guideline is thus a prerequisite that cannot suffer 
from any compromise.  

Not any microscopy technique satisfactory 
tucks the four mentioned guidelines. Even taken 
separately, the guidelines strongly redefine bio 
imaging as we know it today. For instance, 
compound (lens-based) microscope is meant to 
observe a tiny portion of view (<1mm2) 
featuring at most hundreds of cells within a focal 
plane. At large magnification, very few cells are 
imaged. So in order to gain additional 
information, microscopy makes use of multiple 
refinements (raster scan, fluorescence, time-
lapse, super-resolution, etc.). But clearly this is 
at the price of higher cost and complexity and so 
the fourth guidelines ‘simple, small and low 
cost’ cannot be achieved. In this paper we 
demonstrate the capabilities of lens-free 
microscopy to fulfill most if not all of the 
guidelines. 

DETECTION OF BACTERIA AND 
VIRUSES 

Lensfree imaging has attracted a lot of 
attention for cell monitoring due to its very large 
field of view with microscopic resolution, 
compact setup (Fig. 1), easy implementation and 
image quality when reconstructing holographic 
data [1–5]. However, imaging small objects, like 
bacteria (~1 µm) and further viruses (~100 nm), 
has proven to be difficult, as these objects 
usually do not diffract enough light to be 
detected when immersed into aqueous buffers. 
We discovered in 2009 that the use of thin 
wetting film after the sample dry-up results into 
the self-assembling of microlenses that strongly 
amplifies the signal of micro and nano 
biological objects [6][7][8]. Hence creating a 
thin wetting film has shifted the challenge from 
detecting the object itself to detecting the effect 
of the microlenses that formed onto the objects. 
This allowed us to increase the signal to noise 
ratio of bacteria detection up to 100 and 
dramatically enhanced the detection efficiency 
up to 70% [9] (Figs. 1 and 2). Next, in 
collaboration with the Ozcan Group (UCLA), 
we achieved the detection of single viruses as 

small as 100 nm, again without compromising 
the large field of view of 25mm2 and overall 
simplicity [10]. These breakthrough paved the 
way for simple bacterial and viral load assays. 

 
 

Figure 1. (a) Schematic of the thin wetting film 
lensfree imaging setup for the detection of 
bacteria. (b) Image of a sample containing 
E.Coli bacteria recorded in the presence of a 
thin wetting film of DI water. An 11μl droplet 
has been evaporated to form a ~7mm in 
diameter thin wetting film. The FOV of the 
CMOS sensor is 24 mm2. 1700 bacteria are 
detected using a pattern matching algorithm.  

 
 

Figure 2. Detection of Granulovirus (300 
nm), beads (500 nm) and bacteria (1µm) by 
means of thin wetting film lensfree microscopy 

VIDEO LENSFREE MICROSCOPY OF 
CELL CULTURE 

Majority of modern-day microscopic 
techniques focuses on increasing resolution 
which is achieved at the expense of cost, loss of 
compactness and simplicity, and reduction of 
field of view. The substantial decrease in the 
field of observation limits the visibility to a few 
single cells at best. Therefore, despite our ability 
to peer through the cells using increasingly 
powerful optical instruments, fundamental 
biology questions remain unanswered at 
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mesoscopic scales. A global view of cell 
population with significant statistics both in 
terms of cell numbers, space and time is 
necessary to understand the dynamics of cell 
biology, taking in to account the heterogeneity 
of the population and the cell-cell variability. By 
focusing on simplicity, cost, feasibility, field of 
view, and time-lapse in-incubator imaging, we 
have developed a lensfree video microscope 
based on digital in-line holography[11–13] 

 

 
Figure 3. Experimental setup of the 
Lensfree video microscope. A CMOS image 
sensor is used for image acquisition and an LED 
and a 150 µm pinhole for illumination (5 cm 
above the image sensor). The CMOS image 
sensor is put in contact with the Petri dish and 
records the holographic patterns resulting from 
the interference between the partially coherent 
incident light and the light scattered by the cells. 

In a typical experiment, the lensfree video 
microscope is placed inside the cell incubator 
and the culture dish containing the cells is 
placed on top of the lensfree video microscope 
(Fig. 3a). This lensfree imaging setup does not 
acquire an image of the cell but a holographic 
interference pattern formed by the interference 
of the semi-coherent light scattered by the cell 
and the light passing directly from the source to 
the image sensor. A reconstruction algorithm is 
then used to recover the overall shape of every 
cell and their precise location from the 
interference holographic patterns (Fig. 3b and 
Fig. 4). 

 
 

Figure 4. (a) Raw acquisition of a culture of 
A549 cells. The field of view is 29.4 mm2 and the 
pixel pitch 1.67µm. (b) Holographic 
reconstruction of the recorded image. (c) and 
(d) are cropped image taken respectivley in (a) 
and (b). In (d), utlimately one can distinguish all 
single cell, their size and their density. After cell 
segmentation, we have determined that the 
number of cells recorded was approximately 
21.000. 
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CONCLUSION 

In summary, we have discussed a disruptive 
bio-physics imaging framework which favor 
statistics (10.000 cells at a glance), dynamics 
(video recording from days to weeks) and 
multiscale analysis (from cell population to 
single cell, observations lasting minutes to 
hours). Lensfree microscopy takes advantage of 
the ongoing innovations in the field of the 
CMOS imaging technology, so its performance 
will continue to improve drastically in a near 
future. And we argue that lensfree microscopy 
has the potential to be the new tool that will 
fulfill most requirements of diagnostics, drug 
screening and fundamental Biology applications, 
e.g. sound statistics, label-free measurement, 
cost and ease of use. 
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ABSTRACT 

 

Ferroelectric perovskites, with a general formula of AMX3, where A = inorganic or organic cation, M = 

metal cation, and X = Oxygen or halogen anion, have been widely used for fundamental research and 

industrial applications in microelectronic technologies. In this talk, firstly we will mention the study on 

some inorganic-based ferroelectric materials, such as micro-nanostructured Pb(Zr,Ti)O3, BaTiO3, and 

their composites with metals and metallic oxides. The interesting observations, such as enhancements in 

dielectric constant and polarization, doping induced and electrical field induced magnetization will be 

presented. And recently, hybrid halide perovskites have been a hot research subject due to their 

remarkable electronic and optical properties. Next, we will report the synthesis method of two-

dimensional layered organic-based ferroelectric perovskites, containing Pb and Cu. The obtained results 

on their ferroelectric, piezoelectric and optical properties demonstrated that it opens a facile way to grow 

hybrid halide perovskite crystals for practical applications in optoelectronics. 

Keywords: Ferroelectrics, perovskites, composites, hybrids 
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ABSTRACT 

 

In this paper, antiferroelectric PbZrO3 (PZO) thin films were fabricated on (111)Pt/Ti/SiO2/Si substrates 

by sol-gel spin-coating method. The (111)-oriented PZO thin films have a slanted double polarization 

hysteresis loop with a diffused antiferroelectric-ferroelectric phase transition. It is shown that the high 

recoverable energy storage (Ureco) of 19.4 J/cm3, and energy efficiency (η) of 70.8% at 1750 kV/cm. More 

importantly, this film shows excellent charge-discharge cycling endurance of both Ureco and η values after 

1010 cycles. These results indicate that the sol-gel method is considered to be a promising approach 

towards producing low-cost antiferroelectric PZO thin films, for pulse-power energy-storage systems, 

operating in long-term working stability. 

Keywords: Antiferroelectric, PZO thin film, energy storage, charge-discharge stability, thermal stability. 

INTRODUCTION 

Antiferroelectric (AFE) thin films have 

recently attracted considerable attention in terms 

of both fundamental research studies and 

practical applications [1-6]. Metal perovskite 

lead zirconate (PbZrO3, PZO) is a simple 

prototype of antiferroelectric materials and is 

one of the most studied antiferroelectric 

materials due to its unique, electric field-

induced, antiferroelectric-to-ferroelectric (AFE-

FE) phase transition [7, 8]. This characteristic 

enables AFE PZO thin films to be used in 

capacitors for high power energy storage 

applications and digital displacement 

transducers [1, 6, 9, 10]. Fig. 1 shows a typical 

AFE double hysteresis (P-E) loop.  

In general, the volumetric energy-storage 

density (Ustore), recoverable energy-storage 

density (Ureco), energy-loss density (Uloss), and 

energy-storage efficiency (), of a dielectric 

capacitor can be calculated from the polarization 

hysteresis loop as indicated in Fig. 1: 

𝑈𝑠𝑡𝑜𝑟𝑒 = ∫ 𝐸𝑑𝑃
𝑃𝑚𝑎𝑥

0
   (1) 

𝑈𝑟𝑒𝑐𝑜 = ∫ 𝐸𝑑𝑃
𝑃𝑚𝑎𝑥

𝑃𝑟
   (2) 

𝑈𝑙𝑜𝑠𝑠 = 𝑈𝑠𝑡𝑜𝑟𝑒 −𝑈𝑟𝑒𝑐𝑜    (3) 

𝜂(%) = 100 × 𝑈𝑟𝑒𝑐𝑜 𝑈𝑠𝑡𝑜𝑟𝑒⁄   (4) 

where Pr and Pmax are the remanent 

polarization and maximum polarization 

(polarization at the maximum applied electrical 

field Emax), respectively. As indicated in Fig. 1, 

the Ureco is presented by integrating the area 

between the polarization axis and the discharge 

curve, while the Uloss, caused by the domain 

reorientation, is calculated by integrating the 

area between the charge and discharge curves.  

The shape of the P-E loop can benefit to the 

energy storage density in two aspects: (i) AFE 

films can sustain a high dielectric constant in 

relatively high electric field due to the presence 

of AFE-FE phase transition; (ii) P-E loop can 

turn back to AFE phase at low electric field and 

release nearly all the energy. 
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Figure 1. Schematic of electric-field-induced 

polarization hysteresis (P-E) loop of an 

antiferroelectric material. 

In this work, antiferroelectric PbZrO3 (PZO) 

thin films, grown on (111)Pt/Ti/SiO2/Si (Pt/Si) 

substrates using the sol-gel spin-coating method 

is presented. Compared to the other methods, 

such as pulsed laser deposition (PLD), 

sputtering, or chemical vapor deposition, the sol-

gel method is simple, cost-effective, scalable for 

industrial production, and moreover, it is easy to 

control the material composition in multi-

component systems. In the present case, the 

polarization measurements indicate that the the 

slanted P-E loops, with a lower AFE-FE 

coercive field, are obtained in the sol-gel PZO 

thin films (whereas, the square-double P-E 

loops, with a sharp AFE-FE phase transition, are 

observed in the PLD-PZO thin films). Due to the 

slanted P-E loops, the high Ureco and large  

values are received in the sol-gel PZO thin 

films. Furthermore, the effect of charge-

discharge cycling on the energy storage 

performance of PZO thin films have been also 

investigated. These findings could be important 

for the further integration of PZO thin-film 

capacitors onto commercial Pt/Si substrates in 

order to open the way to a simple route, and a 

cost-effective product, for pulse-power energy 

storage devices directly connected to electronic 

circuits.   

EXPERIMENTAL  

Sol-gel spin-coating method. PbZrO3 (PZO) 

thin films were prepared using a sol-gel spin-

coating process. Lead acetate trihydrate 

(Pb[CH3COO]2.3H2O), and zirconium n-

propoxide (Zr[n-OPr]4) were used as the starting 

materials. In this process, 2-methoxyethanol 

(MOE) was used as a solvent, while acetic acid 

was used in the function of a catalyzer. In order 

to compensate the lead loss during 

annealing/sintering, 15 mol% excess lead was 

added into the starting solution. Lead acetate 

was dissolved in MOE on heating at 90°C with 

an acetic acid catalyst, and then refluxed at 

124°C for 10 hours. Zirconium n-propoxide and 

MOE were refluxed at 124°C for 4 hours. After 

that, the complex solution was well stirred at 

124°C for 3 hours to obtain a homogeneous 

solution. The 0.4 M PZO precursor solutions 

were then deposited onto Pt/Si substrates by 

spin-coating at 2000 rpm for 30 s, followed by 

pyrolysis at 400°C for 10 min. This process was 

repeated seven times. Finally, the films were 

then annealed at 650°C for 1 hour in air. The 

final thickness of the films was about 500 nm 

(the thickness of each coating layer was about 

70-72 nm). 

Analysis and characterization.. 

Crystallographic properties of the thin films 

were analyzed by X-ray -2 scans (XRD) using 

a PANalytical X-ray diffractometer 

(MalvernPANalytical) with Cu-Kα radiation 

(wavelength: 1.5405 Å). Normal operating 

power was 1.8 kW (45 kV and 40 mA). Atomic 

force microscopy (AFM, Bruker Dimension 

Icon) and cross-sectional high-resolution 

scanning electron microscopy (HRSEM, Zeiss-

1550, Carl Zeiss Microscopy GmbH), were 

performed to investigate the morphology, 

microstructure and thickness of the as-grown 

thin films. For the electrical measurements, Pt 

top-electrodes (200×200 m2) were deposited at 

room temperature by DC magnetron sputtering 

and patterned using a lift-off technique. The 

polarization-electric field (P-E) hysteresis loops 

and switching current-electric field (IS-E) 

curves, were measured with the dynamic 

hysteresis measurement option of the 

ferroelectric module of the aixACCT TF-2000 

Analyzer (aixACCT Systems GmbH). The 

ferroelectric charge-discharge cycling fatigue 

measurements were performed with a bipolar 

switching pulse of the aixACCT TF-2000 

Analyzer (aixACCT Systems GmbH).  

RESULTS AND DISCUSSION 

Fig. 2(a) presents the -2 XRD pattern of 

the PZO thin films. It exhibits a pure 

polycrystalline perovskite phase with strongly 

(111)-preferred orientation and no formation of 

a pyrochlore phase is observed. The cross-

sectional SEM image shown in Fig. 2(b) 

indicates that the dense and crack-free film is 

obtained. The thickness of the sol-gel PZO thin 

films is about 496 nm. 
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Figure 2. (a) XRD pattern and (b) cross-

sectional SEM image of sol-gel PZO thin films.  

The electric field-induced AFE-FE phase 

switching in the PZO thin films, under various 

applied electric fields (Eappl), is illustrated by the P-

E loops in Fig. 3(a). At low electric field (up to 

350 kV/cm), the external field is not enough to 

switch the AFE dipoles, and therefore the P-E 

loops of the PZO thin films show a near-linear 

dependence, reminiscent of normal dielectric 

behavior. According to Park et al. [11], the 

alignment of randomly arranged AFE polarization 

occurs at low applied electric fields. At and above 

450 kV/cm, the slanted double P-E hysteresis 

loops start to appear (Fig. 3(a)), revealing the AFE 

nature. In order to verify the significance of AFE 

behavior in the PZO thin films, the electric field 

dependence of the switching current curves was 

also investigated. Fig. 3(b) also indicates that the 

four switching peaks, in the switching current-

electric field measurements, are detected. The first 

two switching current peaks of the ISW-E switching 

curves correspond to the polarized forward phase 

switching field (EA-F: electric field at which the 

AFE phase to FE phase transition occurs), and the 

polarized backward phase switching field (EF-A: 

electric field which forces the FE phase to the AFE 

phase transition). The aligned AFE domains start 

to transform into the FE state at EA-F ≈ 430 kV/cm 

(called the critical phase transition field, under 

E=450 kV/cm) and the AFE-FE phase transition 

becomes more significant with additional 

increments of the electric field (Figs. 3(c)-3(d)). 

The EA-F of the sol-gel PZO thin films slightly 

increases with increasing Eappl, while the EF-A value 

is almost constant and so the E (=EA-F – EF-A) 

value increases slightly.  

 
Figure 3. (a,c) P-E loops and (b,d) switching 

curves (ISW-E) of sol-gel PZO thin films as a 

function of electric field. 

As compared to sol-gel PZO thin films with 

the diffused phase transition, PLD PZO thin 

films have a sharp phase transition (Fig. 4). On 

the other hand, the change from diffused phase 

transition to sharp phase transition, between 

AFE and FE phases, can be tuned by changing 

the deposition method. Moreover, the diffused 

phase transition also leads to lower EA-F and EF-A 

values in the sol-gel PZO thin films, than that in 

the PLD thin films, when measured under the 

same conditions. Under an applied electric field 

of 1000 kV/cm, the obtained Ureco (14.1 J/cm3) 

value for the PLD PZO thin films is higher than 

that in sol-gel PZO thin films (Ureco=13.3 J/cm3). 

However, the energy efficiency () value, 

related to the charge/discharge speed, of sol-gel 

PZO thin films (73.5%) is much higher than that 

of PLD PZO thin films (62.4%), which can be 

explained from the lower E value. According 

to a previous report on AFE materials, the 

slanted P-E loop is more efficient in energy 

storage devices than the square loop [12]. 

 
Figure 4. Compared P-E loops of PLD and sol-

gel PZO thin films. The measurements were 

performed at 1000 kV/cm, 1 kHz and room 

temperature. 
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Figure 5. Electric field dependence of (a) energy 

storage (Ustore & Ureco) and (b) energy efficiency 

(), of sol-gel PZO thin films. The data were 

calculated from the corresponding P-E loops 

given in Figure 3.  

The energy density and energy efficiency of 

the sol-gel PZO thin films, calculated from the 

P-E loops, measured from low electric field to

the maximum electric-field, where the capacitor

breaks down (called as electric breakdown

strength, EBD), are presented in Fig. 5. By

increasing the applied electric field, both Ustore

and Ureco values increase slowly, at first, and

then show an abrupt jump when the critical

phase transition occurs (around 400-450

kV/cm), as shown in Fig. 5(a). Above the

critical phase transition field, Ustore and Ureco

values gradually increase with further increases

in the applied electric field. However, the

increased rate of Ureco is lower than that of Ustore,

therefore the  value gradually decreases with

increasing applied electric field as shown in Fig.

5(b). Below the critical phase transition field,

the value of Ureco is close to that of Ustore and

leads to a high  value (96-98%) due to the

absence of field-induced AFE–FE

transformation. At the maximum applied electric

field of 1750 kV/cm, the obtained Ureco and  

values are about 19.4 J/cm3 and 70.8%,

respectively.

From a practical application point of view, 

the superior charge-discharge endurance for 

long-term stability is also very important for 

energy-storage devices. Here, bipolar electric 

field charge-discharge cycling was used, which 

generally causes the most severe degradation in 

the polarization properties. The fatigue testing 

was performed by applying a bipolar electric 

field of 200 kV/cm (pulse-height) at a frequency 

of 100 kHz (or 5-µs pulse-width). Fig. 6(a) 

shows the plots of Pmax and Pr values against the 

number of charge-discharge cycles obtained 

from the P-E loops of sol-gel PZO thin films, 

measured at 1000 kV/cm, 1 kHz and room 

temperature. Both Pmax and Pr values remain 

unchanged up to the maximum number of 1010 

applied cycles. The charge-discharge cycling 

does not affect the P-E loops before and after 

1010 fatigue cycles, as shown in Fig. 6(a) inset. 

Thus, it would be expected that both Ustore and 

Ureco, as well as  values, also remain unchanged 

under these fatigue conditions (Figs. 6(b)-6(c)). 

Figure 6. Dependence of charge-discharge 

cycling of (a) polarization (Pmax & Pr), (b) 

energy storage (Ustore & Ureco) and (c) energy 

efficiency (), of sol-gel PZO thin films, 

respectively. The (a)-inset is the P-E loops at the 

initial stage and after 1010 cycles. The 

measurements were performed at 1000 kV/cm, 1 

kHz and room temperature. 

CONCLUSION 

 In this work, the antiferroelectric PZO thin 

films were fabricated on Pt/Si substrates by sol-

gel spin-coating method and also compared with 

the thin films fabricated using PLD. High Ureco 

(19.4 J/cm3) and large  (70.8%) values were 

achieved in sol-gel PZO thin films, due to the 

slanted P-E loops with low E value. 
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Meanwhile, the PLD PZO thin films had the 

lower efficiency due to a large difference 

between the EA-F and EF-A phase transitions 

obtained from the almost perfect square-double 

P-E loops. More importantly, all the presented 

results indicate that sol-gel could be an effective 

method for developing  PZO thin films with 

high energy storage performance and excellent 

charge-discharge cycling, for energy storage 

applications towards a low cost, scalable, and 

simple fabrication technique. 
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ABSTRACT 

We present a design of PDMS microfluidic cantilever integrated metal piezo-resistor for biosensing based on change 
in surface stress inducted by adsorption of biomolecules on the cantilever surface. The advantages of the design are 
low cost, high sensitivity, low analytics consumption and reducing size. The parameters of microfluidic cantilever 
are invested by analytical calculation and simulation. The results show that the PDMS microfluidic cantilever can 
be alternative to silicon-based cantilever. 

Keywords: microfluidic cantilever, piezo-resistive sensing, biosensor 
 

INTRODUCTION 
Micro cantilever-based biosensors have been 

developed as a powerful technique for detecting 
biomolecules. Micro cantilever sensor operates in two 
modes: static mode and dynamic mode. In static 
mode, deflection of micro cantilever is caused by 
surface stress change in micro cantilever when target 
molecules bonding with receptor molecules on micro 
cantilever surface [1]. In the dynamic mode, the 
resonant frequency of the micro cantilever changes 
when target molecules absorbing on micro cantilever 
[2]. Micro cantilever biosensor often operates in 
liquid medium, the sensitivity of the sensor is 
significantly affected by the noise from liquid 
medium. To solve the problem, a micro channel is 
integrated into micro cantilever [3]. Advantages of the 
solution are high sensitivity, reducing sensor size and 
volume of sample.  

To detect the deflection and resonant frequency 
shift of the micro cantilever, optical readout method 
and piezoresistive readout method can be used. The 
optical readout method has high resolution, but it 
requires the transparent medium, large system sizes. 
Comparing to optical readout method, the 
piezoresistive readout method has more advantages, 
high sensitivity, simple fabrication process, small 
system size. 

Solid-state semiconductors are conventional 
materials for fabrication of micro cantilever. 
However, the fabrication process for the solid-state 
semiconductors-based micro cantilever integrated 
micro channel is complicated and expensive [3]. In 
recently, polymeric micro cantilever has been studied 

due to low cost, simple fabrication process and high 
sensitivity [4-5]. 

We propose a PDMS micro cantilever with 
integrated microfluidics for biomolecules detection. 
The PDMS micro cantilever sensor operates in static 
mode and it is integrated a gold thin film-based 
piezoresistive sensor. The characteristics of micro 
cantilever were studied by theoretical analysis and 
simulation.  

THEORY 
When a molecular bind to a cantilever surface, the 

molecular interaction induces the change in surface 
stress of the cantilever, as shown in figure 1a. The 
displacement of the cantilever under change in surface 
stress can be represented by Stoney equation [6]: 

( )2

2

3 1l
z

Et
υ−

∆ =                      (1) 

The surface stress can be presented by a point load 
at the end of cantilever. The displacement of the 
cantilever under point load at the end of the cantilever 
is: 

3

3

4Flz
Ebt

∆ =                            (2) 

From two equations, we have: 

( )3 1
4

bt
F

l
σ υ−

=                     (3) 

To detect the change in surface stress, the 
piezoresistive sensor is used and connected in a 
Wheatstone bridge circuit, as shown in figure 1b. The 
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relative between change in resistance and surface 
stress is [7]: 

 

 Figure 1. A schematic of simplified cantilever based 
bio sensor with integrated readout. Cantilever with 
immobilized receptor molecules (a), bending of 
cantilever caused target-receptor interaction (b), 
Wheatstone bridge circuit for detecting change in 
resistance. 

4/ s
R K

R Et
σ∆

= −                         (4) 

Where K is gauge factor defined as the ratio of 
percent change in the resistance of the sensor to 
applied strain, h is the thickness of the micro 
cantilever, E is the Young modulus of the micro 
cantilever. For the PDMS micro cantilever integrated 
gold thin film based piezoresistive sensor, the gauge 
factor of gold is 4, which increases due to the 
distinguishing characteristic of gold thin film [4] and 
the Young modulus of PDMS is 0.75 MPa, the K/E is 
about 5.6 MPa-1. In comparing with silicon-based 
cantilever, the gauge factor is 30, the Young modulus 
of single crystal silicon is 170 GPa, the K/E is about 
0.18 GPa-1, which is smaller 3x102 times than in 
PDMS cantilever. However, the thickness of PDMS 
cantilever is two orders of magnitude larger than the 
thickness of silicon cantilever. Therefore, the 
sensitivity of PDMS cantilever and silicon cantilever 
have the same order of magnitude. 

DESIGN 
The design of the micro cantilever-based 

biosensor is shown in figure 2. It consists of two micro 
cantilevers integrated microfluidics. One of the micro 
cantilevers is used as a reference cantilever, the other 
is used for detection of biomolecules. Two cantilevers 
are placed in the same physical conditions, so the 
noises from the environment can be reduced 100 times 
and the signal to noise is increased 25 times [8]. For 
electrical readout system, the Wheatstone bridge is 

used to convert the change in resistance to the 
electrical signal. 

Table 1. The parameters of the micro cantilever and 
the micro channel. 

 Micro cantilever 
(µm) 

Micro channel 
(µm) 

Length 4000 3500 

Width 1200 200 

Thickness 75, 100, 125 25 

 

Figure 2. A schematic of micro cantilever integrated 
micro channel.  

 
A thin gold film patterned on the PDMS surface is 

used as resistors for piezoresistive sensor. The resistors 
are designed as a meander structure to increase the 
resistance thereof. The parameters of the micro 
cantilever and micro channel are shown in table 1. We 
invest the characteristics sensor with the different 
thicknesses of the micro cantilever. The resistance of 
gold meander structure is 218 Ω that is obtained from 
the gold resistor, the width of 50 µm, the total length 
of 21000 µm, the thickness of 50 nm, the electrical 
resistivity of 2.6*10-8 Ω/m.  

RESULTS AND DISCUSSION 
From equation 4, the relative change in resistance 

depending on the deflection of the micro cantilever is 
invested and shown in figure 3. The deflection 
sensitivities equaling the slope of straight lines are 
0.28×10-3/µm, 0.21×10-3/µm, 0.17×10-3/µm, which 
yield different thickness, 75 µm, 100 µm, and 125 µm, 
respectively. 
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Figure 3. The relative change in resistance of gold 
thin film based piezoresistive sensor depends on the 
thickness of PDMS cantilever. 

The mechanical deformation of the micro 
cantilever was also simulated by the finite element 
method. From equation 3, the surface stress change on 
the micro cantilever can be represented by a point load 
and we can simulate the deflection of the micro 
cantilever induced by the surface stress. Figure 4 
shows the deflection of the micro cantilever under 
influence of surface stress of 0.9 N/m. The deflection 
of cantilever is normalized, the blue and red colors 
correspond to zero and maximum displacement, 
respectively.  Normally, the surface stress on the 
cantilever is in the orders of 10-3-1 N/m [6]. We invest 
the displacement of the micro cantilever with the 
change in surface stress, as shown in figure 4. With 
thinner cantilever has larger displacement at the same 
surface stress and the displacement can reach about 
230 µm at surface stress of 0.1 N/m with 75 µm thick 
cantilever. 

 

Figure 4. The deflection of the microcantilever under 
influence of surface stress at the microchannel. 

 

Figure 5. The displacement of the micro cantilever 
versus surface stress 

From the simulation results, the stiffness values of 
75 µm, 100 µm, and 125 µm thick cantilevers are 
1.8×10-3 N/m, 4.2×10-3 N/m, 8.3×10-3 N/m 
respectively. The stiffness values are of the same 
order of stiffness values of commercially available 
micro cantilevers [9]. The sensitivity depending on 
the stiffness can be increased by reducing the 
thickness of cantilever. However, with too low 
stiffness, the micro cantilever can be bent due to the 
weight of itself.   

I. CONCLUSION 
A PDMS microfluidic cantilever-based biosensor 

with integrated piezo-resistor has been introduced and 
simulated in the study. The design can enhance the 
sensitivity and reduce the size of micro cantilever 
biosensor. The simulation and calculation results 
show that the design is suitable for biological 
measurements.  
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ABSTRACT 

The model of this work represents electrophysiological occurrences with combination some 
phospholipids such as POPC and galactocerebroside lipid bilayers as variable capacitors. The quantum   
effects of different thicknesses in the mixed membranes of GalC/POPC, Galc/ POPE and Galc/DPPC 
have also been specifically investigated. It is shown that quantum effects can appear in a small region of 
free spaces within the membrane thickness due to the number and type of lipid’s layers. In presence of the 
external factors such as protein transmembrane and myelin proteins as a resistance, the forces can 
influence the state of the membrane   which results in a variable capacitance behavior. This allows 
introducing a capacitive susceptibility which can be resonating with self-induction of helical coils in 
myelin proteins, the resonance of which is the main reason for various biological pulses. 
Keywords: lipid bilayers, cell membrane capacitors, GaLC, POPC, DPPC, POPE, myelin-sheath. 

INTRODUCTION 
Myelin consists of fatty molecules (lipids) 

which are located in the CNC (central nervous 
system) and as an insulator around nerve cell 
axons increase the velocities information to 
transit from one nerve cell to another tissue [1,2] 
like an electrical wire (the axon) with insulating 
material (myelin) around it [1]. In other words, 
reducing axonal membrane capacitance through 
insulating the axon  increases the action 
potential due to large  distances between  the 
cations on the outside of the axon and Na⁺  that 
move through the axonal cytoplasm (axoplasm) 
[3]. Since the length neither of NOR (around 
one micron) compare to adjacent long 
myelinated internodes (around one millimeter) is 
too much shorter (1000 times), suddenly an 
electrical signal in a critical point between 
insulated myelinated towards uninsulated of 
unmyelinated stimulates the release of a 
chemical message or neurotransmitter that binds 
to receptors on the adjacent post-synaptic cell at 
specified area called synapses [4,5]. The 
insulating structure for myelin is important for 
hearing, seeing, feeling, sensation of pain and as 
well as perception, knowledge and memory. 
Therefore, multiple sclerosis which specifically 
affects the central nervous system is related to 

disordering of myelin [6,7]. The major operation 
of myelin is providing acceleration to electrical 
impulses propagate along the myelinated fiber 
[8]. Although in unmyelinated fibers, electrical 
impulses move as continuous waves, in 
myelinated fibers they are propagated 
via saltatory conduction which is faster than 
continues wave. Myelin reduces the capacitor 
capacitance consequently enhances the electrical 
resistance across the axonal membrane (Scheme 
1) [9-12].

Scheme 1. A part of Neuron including myelin-
sheath, Node of ranvier and Neurofibrils. 

Neurons transmit information by an 
electrical impulse which works as action 
potential and has a velocity between 1 and 100 
m/s. Neurons receive the pulses from dendrites 
and propagate the pulses with axon and connect 
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to other cells via synapses electrically or 
sometimes chemically, therefore there are 
various neurons in viewpoint of shapes, sizes, 
and electrochemical properties which generally 
contain a nucleus and organelles surrounded by 
membranes.  The membranes are a combination 
of a lipid bilayer whose proteins are embedded 
inside glycolipids. 

Electromechanical pulses 

In an ionic exchange, the net current could 
be separated into 1- fast inward current carried 
by Na+ ions, and 2- slow  activated outward 
current carried by K+ ions [13] which are results 
from independent permeation mechanisms for 
sodium  and potassium ions in the membrane. 
This approach is known as ionic hypothesis 
(Scheme 2) [14]. Various ion currents contribute 
to the voltage signal of a neuron which 3 of 
them are major including sodium current, 
potassium current, leak current that consists 
(mostly chloride ions) that their flow is 
controlled via their respective voltage’s channels 
in a membrane. The semipermeable membrane 
segregates the interior section from the exterior 
cell.  

Scheme 2. A circuit of membranes including 
capacitor and ligands, sodium and potassium 
channels as resistance. 

 is given by: 

 where   are the Nernst 
potentials of different ions. It also is given by 
equation   where  and 

are the concentrations of ions on the inner and 
outer side of the cell. This equation indicates 
that current flows due to diffusion along the 

gradients (even in the absence of other external 
voltages). Consequently, if the external voltage 
is equal to the Nernst potential, no current flows. 
Using Kirchhoff’s laws, “cable”. 

Membrane contains POPC, GalC, POPE and 
DPPC 

The cable equation of currents for potential 
propagation along GalC of myelinated axons 
yields a dynamics behavior. By this works, a 
small piece of cell membrane including pure 
GalC, POPC, DPPC,POPE and also a mixing of 
GalC/DPPC, GalC/POPC and GalC/POPE with 
50% mol ratio of each have been simulated for 
our model of membrane capacitors (Fig.1). 

Figure 1. Monte Carlo calculation of various 
membranes including DPPC and POPC 

Membrane capacitor model 

Capacitance can be calculated from the rate and 
amplitude changes in the voltage responses 
based on voltage clamp. These ways are applied 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

206



widely to determine the total capacitance of 
several neurons membrane. By this work, we 
simulated our systems based on several 
membrane thicknesses in viewpoint of 
capacitors. In details, Glial cell wraps around 
axons a few times (30-150 times) this like 
adding 330 membranes in the series. Therefore, 
through myelination the diameter of axon 
increases and speed of conduction increased by 
diameter of axon. In addition, potential action is 
related to    (scheme 3). 

Scheme 3. Voltages changing of Myelin along 
axon. 

Generally, only two or three terms 
adequately describe (Fig.2). Through 
dividing “Iext” to a series of the resistive terms 
as   steady state can be evaluated as the 

sum of these resistive terms . The 

time constant of the slowest exponential (e-t/τ =0) 
corresponds to the membrane time constant 

 [15]. 

Figure 2. Schematic diagrams representing the 
membrane potential change, voltage-clamp step 
and the charge deposited on the membrane for a 
given . 

It is also exhibited that the quantum effects 
are able for changing the membrane’s 
capacitances due to the external effects. In 
addition, it is also concluded that the electrical 
properties of the membranes are affected via the 
application of electron densities in the above 
mentioned membranes. In our previous works, it 
has been declared [36- 65] that the quantum 
components are a manifestation of the density of 
states (Dos) of the phosphate or galactose 
groups and their Thomas-Fermi screening 
lengths. Hence, the hybrid capacitance of any 
Nano-capacitor architecture is as follows: 

where 
and ) are the quantum 
capacitances due to the finite Dos of the 
phosphate group’s electrodes, respectively, as 
illustrated in Fig. 3.  

Figure 3. Free space between two layers in a 
dynamic situation due to tunneling 
coulomb blockade effect. 

A change in voltage leads to a capacitive 
current due to the changes in the charge on the 
capacitor which is given by: 

 and       . 

Heimburg exhibited that the changing 
voltages during the nerves pulses are completely 
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dependent to the capacitances changing. In 
addition, transition voltages are able to exchange 
the ions. They have also exhibited how the 
electrical properties of the membranes are 
affected through the application of lateral 
pressure or tension in a membrane. 
Consequently, It can be considered that any 
changing in the dimension of the membrane 
through electrical phenomenon depends on 

 (and independent to  ) which means 
tunneling effect changing  due to the dynamic 
system in fluid mosaic model of membrane. 

COMPUTATIONAL DETAILS  

The final parameterization of GalC/DPPC, 
GalC/POPC and GalC/POPE were computed 
using self-consistent field calculations in order 
for finding the optimal pre-geometries, as well 
as the total and partial charges of each side of 
membranes. DFT or density functional theories 
with the van der Waals interaction were applied 
to model the exchange-correlation energies of 
DPPC monomers. All optimization of monomer 
molecules of each membrane were performed 
through Gaussian 09. The main focus in this 
study is to obtain the results from DFT methods 
such as m062x, m06-L, and m06 for the 
(Myelin’s lipids molecules) n {n=1-10}. The 
m062x, m06-L and m06-HF are advanced and 
novel functional with a suitable correspondence 
in non-bonded calculations between 
GalC/DPPC, GalC/POPC and GalC/POPE 
monomers and are useful for determining the 
voltages in viewpoint of distance differences 
distance between two lateral in two sides of 
Myelin’s lipids. For non-covalent interactions 
between two layers of membranes, the B3LYP 
method is not suitable for describing van der 
Waals forces via medium-range interaction. 

RESULTS AND DISCUSSION 
We used model descriptive structures of 

several membranes including GalC/DPPC, 
GalC/POPC and GalC/POPE with the simplest 
consisting of two spheres attached to the related 
ends of a cable, which denote a neuritis 
( . We modeled variations 
in neuronal component size through 
changing  .  

The fatty acid’s chains layers give negative 
amplitude which decreases rapidly if the layers 

are uniform and less rapidly if the terminal 
methyl groups are localized near the center, in 
order to give a narrow area of lower electron 
densities. In this work, GalC/DPPC, GalC/POPC 
and GalC/POPE were chosen as the mixed 
membranes capacitors since the alkyls groups 
are an excellent space filling, similar to that of 
biological system. Since the alkyl chains in  
those membranes have an ideal electrical 
insulator that might be polarized through 
applying the external electrical fields, the 
expected thickness of alkyl’s layers between 
those membranes plates have been estimated, 
optimized and applied as an excellent model of 
dielectric constant for those capacitances 
calculations (Table 1). 

Table 1. Dielectric constant, capacitance and the stability 
energies of various modeled membrane capacitors in 
various thicknesses for GalC/DPPC capacitor. 
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(N=50) 0.0  - - - - - 

(N=100) +0.30 3.5 1.12 39.33 2.1 7.23 

(N=200) +1.25 3.2 1.42 38.23 4.7 7.15 

(N=400) 0.95 4.9 1.63 40.31 1.2 6.13 

(N=500) +0.65 5.4 1.65 39.01 1.4 5.82 

(N=600) 0.45 5.6 1.85 39.44 1.3 5.39 

(N=3000) 1.45 5.75 1.90 40.25 1.3 6.29 

Same as other capacitors, the an-isotropic 
attachment of alkyl groups allow the formation 
of several layered structures. Long-ranges 
interlayers interactions play a prevailing role in 
characterizing the electrical and mechanical 
properties of those systems and hence their 
efficiency in these model of capacitors. The ESP 
curve is drawn versus the number of lipids in 
where the minimum values of the ESP 
correspond to the odd numbers of lipids. 
However, as for the even numbers, the ESP 
values are constant, indicating that the variable 
capacitances in those membranes are 
independent of number of lipids. Which means, 
what make the cell membranes for acting as a 
model of variable capacitors do not related to the 
internal structures, though; they depend on the 
external cellular effects same as electrical 
situations and any other pulses. The interaction 
energy between two sides of membrane (P+30, P-
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30) of the electrodes) is also calculated based on.
The dielectric permittivity as a function of
capacitor sizes were calculated using QM/MM
methods (Table 2).
Table 2. The dielectric and capacitance CQ= 
quantum capacitance, Cg= geometry capacitance, 
and Cnet= net capacitance, of modeled of 
GalC/DPPC capacitor in various thicknesses. 

Figure 4. (A) Charcot-Marie-Tooth neuropathy 
linked to mutations in human myelin protein P2. 
(B) Structure of a human myelin protein P2,
indicate opening of the beta barrel in fatty acid
binding proteins

The nano-capacitances of ,  and 
for GalC/DPPC, GalC/POPC and GalC/POPE in 
different thickness of dielectrics are listed in 

table 2.  Although the dielectric strength can be 
deduced from the band gap of alkyl space filler, 
the dielectric constant is directly calculated 
which is much more accurate than the other 
ways. For large dielectric thicknesses, the 
classical capacitances of the “ ” is 
conformable. This conformability is not valid 
for short distances due to the quantum effect, 
therefore the dielectric permittivity as a function 
of dielectric size has been defined through, 

It has been shown in this study that quantum 
effect has appeared in a small region of the 
membrane thickness due to number of lipid bi-
layers. In the presence of external fields via 
protein trance membrane or channel ions, 
charges employ those forces that can influence 
the state of the membrane in Myelin; thereby 
influencing the variable fields makes a variable 
capacitance. This effect allows one to introduce 
a capacitive susceptibility that resonates with 
self-induction effect of helical coils (Fig.4). 
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ABSTRACT 

Cu-modified ZnO photocatalysts were prepared by thermal shock method with different copper-
containing precursors (Cu(NO3)2, Cu(CH3COO)2, CuSO4) in order to study the impacts of thermal shock 
method on the photocatalytic activity of ZnO under both UVA light and visible light irradiation. The 
influences of copper-containing precursors on the crystal structure, morphology, surface structure and 
surface composition were investigated by X-ray diffraction, transmission electron microscopy and X-ray 
photoelectron spectroscopy. The UVA-light and visible-light-induced photocatalytic activities were 
evaluated through the degradation of methylene blue. According to the experimental results, ZnO 
catalysts modified with Cu(NO3)2 and Cu(CH3COO)2 exhibited higher performance than unmodified 
ZnO, which may be explained by the formation of oxygen vacancies and Cu(I) species on the surface of 
modified oxides. However, when ZnO was modified by CuSO4, the absence of oxygen vacancies and the 
remaining of large sulfate ions on ZnO surface were supposed to be the factors decreasing its 
photocatalytic activity. 
Keywords: ZnO; photocatalysis; surface modification; thermal shock; copper-containing precursors. 

INTRODUCTION 

During the past decade, doping with 
transition metals has been considered as one of 
potential methods to improve the photocatalytic 
activity of ZnO under UV and visible light 
illumination. Among different metals, various 
efforts were carried out to dope Cu into ZnO 
lattice since the radius of Cu2+ and Cu+ ions are 
close to that of Zn2+ ions. It was reported that the 
insertion of Cu2+ ions and the substitution of 
Zn2+ by Cu2+ ions in ZnO lattice can decrease 
the recombination rate of electron-hole pairs 
[1,2], which enhances the photocatalytic 
performance of ZnO under UV light. However, 
the improvement in visible-light-induced 
activity by Cu-doping is still under debate. 
According to our best knowledge, there are very 
few works reporting the photocatalytic response 
of Cu-doped ZnO under visible light. 

Recently, we have developed a new and 
simple method, called thermal shock method, 
which allows us to modify specifically the 
surface of ZnO photocatalyst [3]. In fact, the 
Ag-modifed ZnO nanoparticles were 
successfully prepared by thermal shock method, 

which created several silver species, such as Ag0 
and Ag+, on the surface of ZnO [3]. 
Nevertheless, silver and silver compounds are 
quite expensive, limiting the application of Ag-
modified ZnO catalysts in practical waste-water 
treatment. Therefore, in this work, we proposed 
to use our thermal shock method to modify the 
surface of ZnO nanoparticles with copper 
compounds in order to improve their 
photocatalytic activity under UVA light and 
visible light. Moreover, since thermal shock is 
based on the short-time heat treatment, using 
copper-containing precursors (Cu(NO3)2, 
Cu(CH3COO)2 or CuSO4) with different 
thermal stability is expected to induce different 
impacts on ZnO nanoparticles.  

EXPERIMENTAL  

In our work, the photocatalysts were 
synthesized via a 2-step procedure: firstly, ZnO 
nanoparticles were prepared by a simple 
precipitation process with H2C2O4.2H2O as a 
precipitation agent, followed by a calcination at 
500 oC during 2 h, then the products were 
surface-modified by thermal shock method with 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

211



  

different copper-containing precursors. Briefly, 
0.5 g of ZnO nanoparticles were mixed with 10 
mL of solution containing copper precursors 
(Cu(NO3)2, Cu(CH3COO)2 or CuSO4). The 
molar ratio of Zn to Cu of was held at 100:1. 
The as-obtained white suspension was dried at 
150ºC during 3. Next, the thermal shock was 
carried out by quickly deposing the samples into 
an electric furnace which was previously set up 
at 500ºC and rapidly withdrawing the samples 
from the furnace after 5 min. Finally, the 
products were washed with distilled water, dried 
at 150ºC for 1 h to obtain Cu-modified ZnO 
catalysts. The Cu-modified ZnO catalysts with 
Cu(NO3)2, Cu(CH3COO)2 or CuSO4 precursor 
were denoted as Cu-ZnO-ni, Cu-ZnO-ac and 
Cu-ZnO-su, respectively. 

The catalysts were characterized by XRD, 
TEM, XPS techniques. Their photocatalytic 
activities of were studied via time-dependent 
degradation of methylene blue (MB) in aqueous 
solution under UVA/visible light irradiation. 
The details of chacracterization studies and 
photocatalytic tests can be found elsewhere [3]. 

RESULTS AND DISCUSSION 

From Figure 1, all samples exhibit the 
diffraction peaks at 31.82o, 34.41o, 36.22o, 
47.60o which are respectively assigned to the 
(100), (002), (101), (102) lines of ZnO zincite 
phase (space group P63mc, JCPDS file no. 36-
1451).  
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Figure 1: XRD patterns of catalysts. 

These catalysts are composed of multi-
dispersed particles in polyhedral shape with the 
particle size distribution of 20 – 80 nm (Figure 
2). For Cu-ZnO-su, beside ZnO polyhedral 
particles, some tiny particles of 2 – 5 nm in size 

appeared. Since these tiny particles were not 
observed in other modified ZnO samples, even 
in unmodified ZnO sample, their presence in 
Cu-ZnO-su might be attributed to the remaining 
of CuSO4 nanocrystals on ZnO surface after the 
thermal shock process. 

A B

C D

 
Figure 2: TEM images of (a) ZnO, Cu-ZnO-ni, 
(c) Cu-ZnO-ac and (d) Cu-ZnO-su. 

As mentioned above, the surface 
composition and the chemical environment of all 
elements on the surface of our catalysts were 
characterized by X-ray photoelectron 
spectroscopy. Figure 3 presents the high 
resolution XPS spectra of Zn 2p region, taken on 
the surface of our catalysts. 
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Figure 3: XPS Zn 2p spectra of catalysts. 

Because of spin-orbit coupling, the Zn 2p 
core peaks of unmodified ZnO are composed of 
two components situated at 1021.4 (Zn 2p3/2) 
and 1044.5 eV (Zn 2p1/2), which are 
characteristic for the binding energies of Zn2+ in 
ZnO lattice. When ZnO was modified by 
Cu(NO3)2 or Cu(CH3COO)2 by thermal shock 
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method, the main components of Zn 2p core 
peaks are not altered. However, beside each 
main component, two minor peaks are detected 
at lower binding energies (about 1019.3, 1017.6 
eV for Zn 2p3/2 and 1040.4, 1042.2 eV for Zn 
2p1/2), which could be attributed to zinc ions in 
lower oxidation state or in oxygen deficient 
regions. However, both Zn 2p3/2 and Zn2p1/2 
peaks of Cu-ZnO-su sample are found to contain 
two components: (i) the main spin-orbit 
coupling peaks at 1021.7 and 1044.7 eV are still 
indicative of Zn2+ ions in ZnO lattice, (ii) the 
weak spin-orbit coupling peaks at 1023.4 and 
1046.3 eV are assigned to Zn2+ ions in ZnSO4 
environment.  

Figure 4a exhibits the high resolution Cu 2p 
spectra of our catalysts. For Cu-ZnO-ni, Cu-
ZnO-ac samples, two main spin-orbit coupling 
peaks are observed at 932.4 (Cu 2p3/2) and 953.0 
eV (Cu 2p1/2), followed by their satellite peaks 
at 7.5 eV above the 2p3/2 and 2p1/2 peak 
positions. The binding energies of these peaks 
are representative of Cu+ ions [4], which 
indicates that the thermal shock degradation of 
Cu(NO3)2 and Cu(CH3COO)2 can create Cu(I) 
species on the surface of ZnO. In contrast, the 
Cu 2p spectrum of Cu-ZnO-su sample shows the 
main Cu 2p core peaks at 933.3 (Cu 2p3/2) and 
953.5 eV (Cu 2p1/2), with their satellite peaks at 
942.7 and 962.2 eV, respectively. From the 
literature, these peaks can be assigned to the 
Cu2+ ions [5]. 
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Figure 4: XPS Cu 2p (a), O 1s (b) spectra of 
catalysts. 

The O 1s spectrum (Figure 4b) of 
unmodified ZnO sample shows an asymmetric 
peak which can be deconvoluted into two peaks: 
the major peak (OI) at 530.2 eV corresponding 

to O2- ions in ZnO lattice and the minor peak 
(OII) at 531.8 eV assigned to surface hydroxyl 
groups. For Cu-ZnO-ni and Cu-ZnO-ac, an 
additional peak (OIII) was detected at 528.6 eV, 
which may be attributed to the oxygen ions 
situated in the zinc-excessive regions. However, 
for Cu-ZnO-su sample, the O 1s spectrum 
depicts an addition peak (OIV) with higher 
binding energy (533.3 eV) which could be 
assigned to water molecules adsorbed on oxide 
surface.  

Table 1 shows the OI+III/Zn and OII/Zn 
atomic ratios calculated from corresponding 
XPS peak area. The unmodified ZnO presents 
the OI+III/Zn atomic ratio of 1.00, fitting with the 
stoichiometric O/Zn atomic ratio in the ZnO 
formula. For Cu-ZnO-ni, Cu-ZnO-ac samples, 
both OI+III/Zn and OII/Zn atomic ratios 
decreased, which suggests the decrease of 
surface hydroxyl groups and the formation of 
oxygen vacancies on the surface of ZnO. 
Nevertheless, when ZnO was modified with 
CuSO4, the OI+III/Zn atomic ratio of this sample 
is identical to that of unmodified ZnO, 
indicating the absence of oxygen vacancies on 
its surface. 
Table 1: Atomic ratios from XPS of catalysts 

Sample ZnO 
Cu-

ZnO-ni 

Cu-

ZnO-ac 

Cu-

ZnO-su 

OI+III/Zn 1.00 0.94 0.97 0.99 

OII/Zn 0.41 0.32 0.38 0.52 

In this work, all our catalysts depict the MB 
degradation in UVA and visible light region 
with different pseudo-first-order rate constants 
(Table 3). Under UVA light and visible light 
illumination, the rate constants of unmodified 
ZnO catalyst were found to be 3.19 h–1 and 0.16 
h–1, respectively. The photocatalytic 
performance was improved for Cu-ZnO-ni, Cu-
ZnO-ac samples. Among them, Cu-ZnO-ni 
sample showed the highest rate constants for 
MB degradation, which are about 2.0 times (k = 
6.45 h–1) and 1.4 times (k = 0.22 h–1) higher than 
those of unmodified ZnO under UVA light and 
visible light, respectively. However, when ZnO 
was modified with CuSO4, both UVA-light-
induced and visible-light-induced activities 
dramatically decreased. 
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Table 2: Rate constants of MB degradation 

Sample ZnO Cu-
ZnO-ni 

Cu-
ZnO-ac 

Cu-
ZnO-su 

kapp under 
UVA (h–1) 3.19 6.45 5.36 1.50 
kapp under 
Vis (h–1) 0.16 0.22 0.18 0.06 

Since no modification in crystal structure 
and morphology was observed in our Cu-ZnO-
ni, Cu-ZnO-ac and Cu-ZnO-su samples, their 
evolution of photoresponsive activities should 
be explained by surface characterization studies. 
Both Cu(NO3)2 and Cu(CH3COO)2 have low 
decomposition temperatures (< 500oC). Hence, 
the thermal shock at 500oC is able to provoke 
the decomposition of Cu(NO3)2 and 
Cu(CH3COO)2 on the surface of ZnO 
nanoparticles, which may induce the formation 
of oxygen vacancies (proved by XPS) on the 
surface of Cu-ZnO-ni and Cu-ZnO-ac samples. 
In the literature, it has been well reported that 
surface oxygen vacancies act as electron 
acceptors during the photocatalytic process, 
which helps to decrease the recombination rate 
of photo-generated charge carriers [6]. 
Furthermore, the formation of surface oxygen 
vacancies may also create new donor energy 
levels below the conduction band of ZnO [7], 
inducing the visible light absorption of ZnO. 
Besides, it is surprising that our XPS studies 
also revealed the formation of Cu(I) species on 
the surface of Cu-ZnO-ni and Cu-ZnO-ac, 
instead of Cu(II) species. The reason why Cu(I) 
was formed after the thermal shock of ZnO with 
Cu(NO3)2 and Cu(CH3COO)2 is still unclear, 
but its presence should induce some impacts on 
photocatalytic activity. 

In contrast, the modification of ZnO with 
CuSO4 by thermal shock method is not able to 
create the oxygen vacancies or other 
disturbances on the surface of ZnO. This can be 
explained by the high decomposition 
temperature of CuSO4 (> 700oC, which is 
superior to the thermal shock temperature used 
in our work. Thus, CuSO4 is not decomposed 
during the thermal shock process, which was 
proved by the existence of sulfate ions on ZnO 
surface. 

CONCLUSION 

In our work, ZnO photocatalysts were 
modified by thermal shock method with 
different copper-containing precursors. The 

experimental results showed that the surface 
modification with Cu(CH3COO)2 and 
Cu(NO3)2 can improve the UVA-light and 
visible-light induced activity of ZnO. The 
enhanced photocatalytic activity should be 
attributed to the formation of oxygen vacancies 
and Cu(I) species on the surface. In contrast, the 
photocatalytic activity dramatically decreased 
when ZnO was modified with CuSO4 by thermal 
shock method, which may be related to the 
presence of sulfate species on the oxide surface. 
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ABSTRACT 

 
To improve the sensitivity of sensors, a Silicon Piezoresistive MEMS Strain Sensor is simulated and 
studied. A structure of micro-beam is used to amplify uniaxial stress or strain in one single direction only 
when a material object is subjected by a uniaxial tension loading. The studied strain sensor utilizes the 
piezo-resistive properties of a doped n-single crystal silicon sensing element to detect change of stress or 
strain. The 2D structure of the strain sensor is studied and simulated using Finite Element Method (FEM). 
Thus, the longitudinal and transverse stress or strain distributions of MEMS strain gauge are evaluated in 
x and y directions, respectively. Also, the stress disturbance problem is considered and discussed to 
obtain a homogeneous stress sensitivity of MEMS strain gauge. The results of the finite element model of 
this structure indicate that the longitudinal gauge factor along the strain beam will be enhanced 
considerably, while the transverse gauge factor along the strain beam is almost unchanged in the whole 
structure of MEMS strain gauge. 
Keywords: MEMS strain sensor, SHMS, piezoresistive, Stress, Silicon 

INTRODUCTION 

The stress is one of the most important 
parameters to judge the health of a structure. 
High-performance of Micro-Electro-
Mechanical-Systems (MEMS) strain sensors are 
highly desirable for advanced applications in the 
Structural Health Monitoring Systems (SHMS) 
[1].  

Typically, the strain sensor is made by a 
very thin layer of metal or semiconductor 
materials [2]. The conventional strain sensor is 
made by a very thin layer of metals (such as Au 
[3] and Cu [4]). These conventional metal strain 
sensors still suffer from limited sensitivity, large 
temperature dependence, and high power 
consumption. In order to improve the sensitivity 
of these sensors, MEMS based piezo-resistive 
strain gauges with higher sensitivity can be 
designed and fabricated by using semiconductor 
materials such as silicon [5, 6]. Thus, MEMS 
strain sensors become more attractive due to 
higher sensitivity, low noise, better scaling 
characteristics, low cost, and less complicated 
conditioning circuit [7].  

A key requirement of MEMS strain sensors 
is to design for high sensitivity to measure the 
stress or strain of materials in uniaxial direction 
to ensure higher accuracy and sensitivity of 
MEMS strain sensors. Hautamaki et al. [8] 
proposed some structures for MEMS strain 
gauge such as thin monofilament, cantilever 
beam and curved beam. Also, Cao L et al. 2000 
[9] introduced a geometry of thin membrane is 
used to amplify the strain in thin membrane to 
be higher than the strain in the surrounding 
silicon. Mohammed et al. 2011 [10, 11] 
proposed trench structures etched in vicinity of 
sensing elements to create stress concentration 
regions. All sensors used a piezoresistive 
element to respond for uniaxial tension loading 
and detect for directions of strain when the 
device is deformed.  

In this study, a new structure of micro-strain 
beam type of MEMS strain gauge is proposed to 
amplify the stress and strain on the wafer in only 
one direction. The sensor is proposed and 
verified using Finite Element Methods (FEM) in 
the commercial software of COMSOL 
Multiphysics [12]. Thus, the longitudinal and 
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transverse stress distributions of MEMS strain 
gauge are evaluated in x and y directions, 
respectively. Finally, the longitudinal and 
transverse gauge factors (GF) of MEMS strain 
gauge can be obtained in wide range of 
dimensions of strain beam. The obtained results 
of this work can be used to design higher 
sensitivity of MEMS strain gauges to detect the 
stress on the object materials in only one single 
direction.   

MATERIALS AND METHODS  

In this simulation, we proposed a 2D 
structure of MEMS strain gauge with a strain 
beam with the BOX (SiO2) and device (Si) 
layers is completely glued on a material object 
with the applied tension load to measure the 
stress and strain distributions of a material 
object. A piezoresistive resistor (PZR) layer of 
sensing element along the <100>-direction for n-
type of silicon of MEMS strain gauge can be 
implemented at the strain beam of strain gauge 
to measure the stress and strain distributions of a 
material object. For the boundary setting, one 
side of material object is applied by a distributed 
tension load (Tinput) and an opposite side of 
material object is applied with a fixed boundary 
condition as showed in figure 1(a). The 
operating condition of a MEMS strain gauge is 
showed in table 1. For the mesh setting, a 
triangular mesh configuration with 48141 of the 
number of elements is used to refine the mesh 
density along the whole structure of MEMS 
strain gauge and the material object as showed 
in figure 1(b). The stress and strain distributions 
of MEMS strain gauge can be obtained by 
solving the 2D structure of MEMS strain gauge 
with the Stationary Solver of the Structure 
Mechanics model in the MEMS Modulus of the 
COMSOL Multiphysics [12]. The so-called 
gauge factor (GF) of strain gauge can be 
calculated as below 

R
RGF ∆

=
ε
1              (1) 

Where ε is the strain (με), ΔR is the resistance 
(Ω), and ΔR is the change in resistance (Ω). 

The change in resistance (ΔR) obtain the 
famous form of piezoresistance effect [13]: 

ttllR
R σπσπ +=

∆                       (2) 

Where lσ and tσ are the longitudinal and 
transverse stress component, respectively. lπ  
and tπ  are the longitudinal and transverse 
piezoresistive coefficients, respectively.  

A numerical evaluation for the longitudinal 
and transverse coefficients of piezoresistance 
along the <100>-direction for n-type silicon [14] 
gives: 
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Table 1. The basic geometric conditions of 
MEMS strain gauge used in COMSOL 
Multiphysics [12]. 

Description Name Value 
Beam length Lbeam 500 μm 
Beam width Wbeam 60 μm 

Beam thickness Tbeam 300 μm 
Device layer thickness Tdevice 20 μm 
Applied tension load Tinput 50 MPa 

Young’s modulus of Si ESi 130 GPa 
Poisson’s ratio of Si νSi 0.28 

Density of material of Si ρSi 2330 kg/m3 
 

 

 
Figure 1. (a) A 2D structure of the MEMS strain 
gauge glued on a material; (b) Mesh setting in 
COMSOL Multiphysics [12]. 
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RESULTS AND DISCUSSION 

 

 

 

 
Figure 2. (a) The longitudinal stress (σxx), (b) 
longitudinal strain (εxx), and (c) transverse 
stress (σyy) of MEMS strain gauge plotted by 2D 
FEM. 

In figure 2(a), the longitudinal stress (σxx) of 
MEMS strain gauge in x direction is plotted in 
the 2D FEM. The results showed that σxx of 
strain beam enhances significantly. In figure 
2(b), the longitudinal strain (εxx) also enhances 
significantly along the strain beam of MEMS 
strain gauge. While, the transverse stress (σyy) in 
y direction is almost unchanged along the whole 
structure of MEMS strain gauge in figure 2(c). 
The inhomogeneous stress and strain 
sensitivities of MEMS strain gauge can be 
explained by the stress disturbance problem 
from the corners and device layer. Thus, to 
avoid the stress disturbance problem on MEMS 
strain gauge, the length (Lbeam) must be much 
greater than width (Wbeam) and thickness (Tbeam) 

of strain beam (Lbeam>>Wbeam & Tbeam) to reduce 
the stress disturbance problem from the corners 
and device layer. 
 

 

 
Figure 3. (a) Longitudinal and transverse 
Gauge factor (GFxx and GFyy) is plotted with 
different (a) length (Lbeam), (b) width (Wbeam) of 
the strain beam of MEMS strain gauge. 

In figure 3, the longitudinal and transverse 
gauge factors (GFxx and GFyy) of the strain 
beam are plotted with the different length 
(Lbeam), and width (Wbeam) of the strain beam of 
MEMS strain gauge. The results showed that 
GFxx increases significantly as Lbeam decreases 
as showed in figure 3(a). GFxx increases as 
Wbeam decreases as showed in figure 3(b). While, 
GFyy is almost zero in wide range of dimensions 
of beam (Lbeam, and Wbeam). Thus, the beam type 
structure of MEMS strain gauge can be applied 
to design a MEMS strain sensor to detect 
uniaxial stress and strain. 

CONCLUSION 
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 In this study, a new structure of micro-strain 
beam type of MEMS strain gauge is proposed 
and simulated by the 2D FEM in the COMSOL 
Multiphysics to detect uniaxial stress and strain 
on the material object. Some remarkable results 
are found as below: 

1) The longitudinal stress and strain are 
significantly amplified along the strain beam. 
While, the transverse stress is almost unchanged 
along the whole structure of MEMS strain 
gauge.  

2) The longitudinal gauge factor 
significantly increases in x direction, while the 
transverse gauge factor is almost zero in wide 
range of dimensions (length, width) of strain 
beam conditions.  

Thus, the obtained results can be applied to 
design a higher sensitivity of MEMS strain 
gauge to detect to detect uniaxial stress and 
strain. 
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ABSTRACT 

Among nanoparticle materials, selenium nanoparticles (SeNPs) have attracted wide spread attention due 
to their excellent bioavailability, high bioactivity and low toxicity compared to other ionic selenium 
compounds. SeNPs with size ~ 41.75 nm were synthesized by γ-irradiation method using oligochitosan 
(OC) as stabilizer. The prepared SeNPs/OC were characterized by UV-Vis spectroscopy and transmission 
electron microscope (TEM) images. The SeNPs/OC powder was also prepared by spray drying technique 
and the purity was verified by energy dispersive X-ray (EDX) analysis. The results of EDX showed that 
SeNPs/OC solution was of high purity. The stability of SeNPs/OC solution was investigated. The results 
indicated that SeNPs/OC solution had good stability after 60 days of storage at 4ºC. At ambient 
temperature, the SeNPs/OC solution was unstable and agglomerated after about 15 days. The SeNPs/OC 
synthesized by γ-irradiation with the advantages of environmental friendly and mass production process 
may be potentially promising for applications in medicines, functional food and in other fields as well. 
Keywords: Selenium nanoparticles, γ-irradiation, oligochitosan 
 

INTRODUCTION 

Cancer is now the leading cause of death 
worldwide. According to estimation by the 
World Cancer Research Agency (IARC), there 
were 14.1 million new cancer cases and 8.2 
million deaths in 2012. Radiotherapy and 
chemotherapy are still considered to be the most 
optimal measures, but they also cause many 
unwanted side effects such as the severely 
reduced number of blood cells, which can cause 
anemia and infection with opportunistic 
microorganisms caused by the weakened 
immune system [1]. Selenium is an important 
trace element, which has broad effects on 
biological systems, including antioxidant effect, 
cancer prevention and antiviral activitiy [8]. The 
necessary selenium content in the diet of adults 
is 50 - 200 μg/day [2]. Compared to selenium in 
ionic form, SeNPs have higher bioavailability 
and lower toxicity [3]. Result of the previous 
studies showed that SeNPs have a much lower 
acute toxicity in mice with LD50 ~ 91.2 mg 
Se/kg body weight compared to 
methylselenocysteine with LD50 ~ 14.6 mg 
Se/kg body weight [4]. Recently, Zhai et al. [5] 
also reported that the LD50 for SeNPs for 

Kunming mice was 258.2 mg/kg while the LD50 
for H2SeO3 was 22 mg/kg. In addition, studies 
have shown that SeNPs were effective in 
treating cancer. Sonkusre et al. [6] have 
demonstrated that SeNPs were highly effective 
and specific against prostate cancer. Ali et al. 
found that mice supplemented SeNPs (50 - 80 
nm) at a dose of 0.2 mg/kg body weight were 
able to fight lung cancer [7]. Faghfuri et al. [8] 
reported that breast tumor in mice supplemented 
with 200 μg SeNPs/day for 60 days was smaller 
than the control group that did not use SeNPs. 
Recently, Zhai et al. [6] also reported that the 
LD50 of SeNPs for Kunming mice was 258.2 
mg/kg while the LD50 for H2SeO3 was 22 
mg/kg.  

Several methods have been applied to 
synthesize SeNPs from Se ions such as chemical 
reduction methods using ascorbic acid, 
glutathione, hydrazine hydrate, etc. as reducing 
agents [3, 4], biological methods. using bacterial 
biomass as a reducing agent [7, 8], the gamma 
Co-60 irradiation method used sodium dodecyl 
sulfate as a stabilizer and ethanol as a free 
radical capture agent [9, 10]. In particular, 
irradiation method is considered as an effective 
method to synthesize SeNPs with advantages 
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such as: (1) the reaction is performed at room 
temperature, (2) the efficiency of creating high 
SeNPs, (3) SeNPs are of high purity due to the 
absence of reductant residues, (4) easily adjust 
SeNPs particle size by changing the dose and 
dose rate, (5) capable of producing in large 
quantities [9, 10].  

In this study, SeNPs were synthesized by 
gamma Co-60 irradiation method using OC as a 
stabilizer. The stability of SeNPs/OC solution 
during storage was investigated. 

EXPERIMENTAL 

Chemicals 

Selenium dioxide (SeO2) was of pure 
product of Merck, Germany. OC solution is a 
product of the Research and Development Center 
for Radiation Technology (VINAGAMMA) with 
the concentration of 3%, deacetyl ~ 85% and 
Mw~ 5000 g/mol. Other chemicals were of pure 
grade. Distilled water was used throughout the 
experiments. 

Preparation of SeNPs/OC by γ-irradiation 

A required amount of SeO2 was dissolved in 
1% (w/v) OC solution to prepare selenous acid 
(H2SeO3) solution (eq. (1)) with concentration of 
2.5 mM.  

SeO2(s) + H2O(l) → H2SeO3(aq)               (1) 

Irradiation of SeO3
2-/OC solutions to synthesize 

SeNPs was carried out on a Gamma Co-60 SVST 
at VINAGAMMA  at dose of 20 kGy, with the 
dose rate of 1.3 kGy/h measured by a dichromate 
dosimetry system [10]. 

Characterization and stability of SeNPs/OC 

The absorption spectra of OC and the 
resulted SeNPs/OC solutions were taken on an 
UV-Vis spectrophotometer model UV-2401PC 

(Shimadzu, Japan). The size and size distribution 
of the SeNPs were characterized by TEM images 
on transmission electron microscope (TEM), 
model JEM1010 (JEOL, Japan) and statistically 
calculated from about 300 particles [10]. The 
SeNPs/OC powder was prepared by spray drying 
of 2.5 mM SeNPs/1% OC solution with spray 
dryer model ADL311 (Yamato, Japan). The 
content of selenium in SeNPs/OC powder was 
assessed by energy dispersive X-ray (EDX) 
spectroscopy on a JEOL 6610 LA. The stability 
of SeNPs/OC solution determined by changes in 
particle size with storage time. 

RESULTS AND DISCUSSION 

Characteristics of SeNPs /OC solution  

Nano selenium was prepared by the gamma-
Co-60 irradiation method with a dose of 20 kGy, 
using 2% OC as a stabilizer according to Hien et 
al. [10]. The UV-Vis spectra of OC, ion selenium 
and SeNPs/OC solutions, the color of the 
solution and the TEM image are shown in Figure 
1. After irradiating, the color of H2SeO3/OC 
solution turned from yellow orange to orange-red 
color that indicated the formation of SeNPs [10]. 
The formation of SeNPs is due to water 
radiolysis products (e-, H●) to reduce Se4+ to Se0. 
However, the UV-Vis spectrum of SeNPs did not 
have typical adsorption peaks like other metallic 
nano such as silver (λmax ~ 400-500 nm) nad gold 
(λmax ~ 520-570 nm). According to Lin and 
Wang [11], the SeNPs with diameter less than 
100 nm do not have characteristic absorption 
peak (λmax) in the UV-Vis region (200-800 nm). 
TEM images and the size distribution of SeNPs 
in Fig. 1 (A, a) showed that SeNPs are spherical 
morphology with average diameter calculated to 
be of 41.75 nm. 

Figure 1. UV-Vis spectra of OC, ion selenium and SeNPs/OC solutions and TEM image, size 
distribution of SeNPs/OC solution 
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Stability of SeNPs/OC solution with storage 
time 

The SeNPs after being formed will be 
stabilized by OC. Like other polysaccharides as 
alginate, dextran, gelatin, etc.  OC has electron-
rich functional groups such as –NH2, -OH 
groups that will stabilize SeNPs through 
coordinate bond and electrostatic repulsion. 
There are several factors that affect the stability 
of SeNPs solution such as H2SeO3 
concentration, pH, stabilizer concentration, etc. 
[10, 11]. In particular, the temperature greatly 
affects the stability as well as the properties of 
SeNPs/OC solution. The change of color of 
SeNPs/OC solution during storage presented in 
Fig. 2. Results showed that at low temperatures 
(4 °C) the color of SeNPs/OC solution remained 
almost unchanged over a 60-day period. 
Meanwhile, at 27oC, the color of the solution 

changes markedly from light yellow to dark 
orange and coagulation happen after 25 days of 
storage.  

TEM images and the size distribution of 
SeNPs/OC solution in Fig. 3 showed that 
SeNPs are spherical morphology with average 
diameter calculated to be of 41.75, 50.91, and 
51.92 nm for different storage time (0, 30, and 
45 days)  at 4 °C, respectively. At 27 °C, SeNPs 
particle size increased faster than that stored at 
4 °C. SeNPs particle size increased from 41.75 
nm (0 days) to 115.09 and 125.75 nm, 
respectively, storage time of 30 days and 45 day 
(Fig 4). On the 45th day, the sample was 
coagulated and could not determine the particle 
size. 

 

Figure 2. Color change of SeNPs / OC solution stored at 4ºC (A) and 27oC (B) for 0 to 60 days 

 
Figure 3. TEM image and size distribution of SeNPs / OC stored at 4ºC at different time: 0 days (A, a); 

30 days (B, b) and 45 days (C, c) 

 
Figure 4. TEM image and size distribution of SeNPs / OC stored at 27ºC at different time: 0 days (A, a); 

15 days (B, b); 30 days (C, c) and 45 days (D)
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The increasing size of SeNPs during storage 
time was also reported by Lin and Wang et al.  
[11]. From the above results, it can be seen that 
the appropriate temperature to store SeNPs/OC 
solution was 4oC. However, SeNPs/OC solution 
are not always convenient to transport. To 
overcome the limitation above as well as expand 
the scope of application, SeNPs in powder have 
been formed. 

SeNPs/OC in powder was formed by spray 
drying method 

 
Figure 5. (A) SeNPs/OC solution, (B) SeNPs/OC 
powder and EDX spectrum of SeNPs/OC 

The photograph and the EDX spectrum of 
SeNPs/OC powder prepared by spray drying 
technique were presented in Fig. 5. The EDX 
spectrum in Fig. 4 indicated that the SeNPs/OC 
powder contained only three elements namely 
selenium (2.51%), carbon (78.67%) and oxygen 
(18.82%). Thus, it can be deduced that SeNPs/OC 
powder prepared by spray drying technique from 
SeNPs/OC solution synthesized by gamma Co-60 
ray irradiation was of high purity with 
composition only of SeNPs and OC.  

CONCLUSION 

SeNPs with concentration of 2.5 mM and 
diameter of ~42 nm stabilized in 2% OC solution 
were successfully synthesized by gamma Co-60 
ray irradiation method. The appropriate 
temperature to store SeNPs/OC solution was 4 oC. 
SeNPs/OC powder with high purity was also 
prepared from SeNPs/dextran solution by spray 
drying technique. SeNPs/OC powder is potentially 
promising for use in injection or in oral 
administration for cancer therapy and for other 
purposes of application as well.  
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ABSTRACT 
 

In this paper, we reported a one-step synthesis procedure using chitosan and acid ascorbic for the 
preparation of gold nano-star. The size and shape of gold nano-star have been controlled based on 
changing the pH condition and the addition of chitosan. The multifunctional role of chitosan in the 
preparation route was also investigated to obtain the high yield (about 90 %) of gold nanostar. The 
particles size was ranging from 40 to 50 nm, and narrow size distribution. Gold nanostars were identified 
by UV-Vis spectroscopy, transmission electron microscopy (TEM), X-Ray Diffraction, dynamic light 
scattering (DLS) and zeta-potential. Fourier transform infrared spectroscopy (FT-IR) was used to 
characterize the interaction of chitosan functional group with the gold nanostars.  
Keywords: gold nanostars, chitosan, one-step synthesis 
 

INTRODUCTION 

In recent years, gold nanostars have attracted 
great interest because of their unique optical, 
electronic, and catalytic properties. Star-liked 
gold nanostructure becomes a promising 
candidate in various applications [1], for 
example, in catalysis, biosensor and cosmetic. 
For applying in the biological field, there are 
several important factors of synthesis gold 
nanostars should be considered: the green 
solvents used in the synthesis as well as the 
ecofriendly reducing agent and stabilizer. 
Although there were many reports on the 
controlled synthesis of gold nanostars, but to the 
best of our knowledge, very few studies in the 
one-step synthesis of star-shape gold 
nanostructure with natural polymer were 
examined. Thus, based on the understanding of 
the roles of composition for using in biological 
field purpose, we propose a new and facile 
preparation route of gold nanostars with a 
natural polymer instead of the conventional 
surfactants (CTAB, CTAC…) [2]. 

In particular, protecting agent is one of the 
crucial factors in controlling synthesis of gold 
nanostars, related to their stability in the reaction 
environment and the well-defined crystal 

orientation properties. The specific properties of 
chitosan such as water solubility and nontoxicity 
make them feasible in a number of applications 
such as biomedicine and drug delivery. 
Furthermore, when interacted to the nanocrystal 
through the functional groups, chitosan exhibits 
its ability in preventing self-aggregation of the 
particles. As a natural polysaccharide, units of 
chitosan is composed of β-(1-4)-linked D-
glucosamine (deacetylated unit) and N-acetyl-D-
glucosamine (acetylated unit). Chitosan was 
widely known as a natural cationic biopolymer 
because of its excellent biocompatibility, 
biodegradability, and nontoxicity [3]. In this 
work, we have experimentally reported the 
synthesis of gold nanostars with the chemical 
reduction method by using ascorbic acid as 
reducing agent. In addition, the binding of 
natural polymer to the gold nanostars was also 
investigated, and the size of the AuNPs were 
about 55-60 nm.  

EXPERIMENTAL 

Materials 

All reagents were of analytical grade and 
were used as received without purification. 
Tetrachloroauric (III) acid trihydrate 
(HAuCl4.3H2O, 99.9%), acetic acid (CH3COOH, 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

223



   

99.5%), and ascorbic acid (C6H8O6, 99.7%) 
were obtained from Merck (Darmstadt, 
Germany). Chitosan ((C12H24N2O9)n, DD 75%) 
was purchased from Sigma-Aldrich (St. Louis, 
MO, USA). 

Preparation of gold nanostars 

Before synthesis, a certain amount of chitosan 
was dissolved in acetic acid solution 1.0 % (v/v) 
and stirred vigorously for 60 min at 70oC.  In a 
typical experiment, 100 μL of 25 mM HAuCl4 
solution was added into the mixture of chitosan 
acetic acid at 50oC and stirred at 700 rpm for 60 
min. 0.5 mL aqueous solution of ascorbic acid 
0.1 M was then added into the above mixture 
following by magnetically stirring at 500 rpm for 
60 min. The total volume was adjusted to 10 mL 
by using DI water. Finally, the color of the 
colloidal solution changed from yellow 
transparent to purple pink, red, and dark-blue, 
predicted the formation of gold nanostars. 

Characterization 

The gold nanostar colloids were examined by 
UV-Vis absorbance spectroscopy on the UV-
Vis-NIR-V670 spectrophotometer (JASCO, 
Japan), scanned wavelength between 300 and 
800 nm with the rate of 200 nm per minute by 
using the 1-cm path length quartz cuvette. FTIR 
spectroscopy was investigated on a Tensor 27-
Bruker spectrometer, the typical sample was 
prepared by mixing 3.00 ml colloids with KBr at 
ratio about 2-5%, The XRD technique was 
carried out by using D8 Advance-Bruker, 
Germany with Cu-Kα radiation in the 2ϴ 
between the 20o to 80o at 40 kV. The as-
prepared gold nanostars colloids were 
centrifuged at the rate of 10000 rpm before dried 
under vacuum condition at room temperature. 
TEM images were obtained on a JEM-1400 
(Japan) microscope operating at 200 kV. Small 
amount of AuNPs colloids were dropped onto 
the copper grids (300-mesh, Ted Pella, INc, 
Redding, CA, USA) and air-dried at room 
temperature. The TEM microphotograph was 
further examined statistically with the value of 
200 particles to obtain the average diameter and 
size distribution of gold nanostars. 

RESULTS AND DISCUSSION 

The influence of pH condition   

 
Figure 1. UV-Vis absorbance spectrum of gold 
nanostars synthesized by chitosan at different pH 
value (from 3.0 to 5.0) 

Table 1. UV-Vis data of gold nanostars 
synthesized at different pH value from 3.0-5.0 

Sample pH 
value 

wavelength 
(nm) Intensity 

B1 3.0 575 0.718 
B2 3.5 576 0.851 
B3 4.0 581 1.038 
B4 4.5 578 0.656 
B5 5.0 580 0.526 

From the UV-Vis data (Fig. 1), it is revealed 
that the intensity of absorbance peaks at 580 nm 
remarkably increased when changed pH value 
from 3.0 to 4.0. This change indicated the 
growth of many star-shape particles, featured by 
the characteristic peaks at 581 nm. A change of 
absorbance wavelength from 575 to 581 nm also 
observed in the spectrum of gold nanoparticles, 
this red-shifted could be related to the formation 
of larger size particles [4]. Theoretically, the 
growth process of gold nanostars could be based 
on the generation and diffusion rate of growth 
species Au atom and the ascorbic acid form. At 
appropriate pH value, ascorbic acid stays at its 
protonate form, resulted the decrease of redox 
reaction rate, leading to the formation of gold 
nanostar.   
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Figure 2. TEM image of gold nanostars prepared in the presence of chitosan (a) at pH 4.0 and (b) pH 5.0

In consistent with UV-Vis results, TEM 
images from Figure 2 showed that the formation 
of gold nanostars with the average size of 47.5 
nm. Seemingly, the obtained star-shape particles 
tent to accumulate to a cluster along the 
polymeric chains of chitosan molecules. It was 
also implied that the interaction between the 
gold nanoparticles and the functional groups of 
chitosan.    

X-Ray diffraction of gold nanostars 

 
Figure 3. XRD pattern of gold nanostars 
stabilized at chitosan concentration of 0.045 % 
(w/v).  

The XRD pattern of gold nanostars showed 
that the peaks obtained in 2-ϴ values of 39o, 44o, 
65o, 78o (Fig. 3), featured respectively for {111}, 
{200}, {220}, and {311} facets of gold 
crystalline structure [5]. These results thus 
proved that the gold nanostars were made of 
pure gold and the broad peaks attributed to the 
small nanosize.  

FTIR analysis of gold nanostar in the presence 
of chitosan 

The absorbance peaks, located at the 
wavenumber of 3447 and 2991 cm-1, assigned to 
the vibration of –NH2, -OH functional group of 
chitosan [6]. These peaks intensity decreased 
dramatically when synthesizing gold nanostars 

(Fig 4.). The characteristic peaks of amine 
groups located at 1600 cm-1, and –CONH2 
groups at 1657 cm-1 also dropped significantly in 
case of interaction with gold nanoparticles [6]. 
From the FIIR results, it is clearly demonstrated 
that the binding of the chitosan functional 
groups to the gold nanoscrystal.      

 
Figure 4. FTIR spectrum of (a) pure chitosan and 
(b) prepared gold nanostars in the presence of 
chitosan 0.045 % 

CONCLUSION 

In this work, gold nanostars were successfully 
synthesized by using one-pot reduction method 
with chitosan in adequate pH condition. The 
average diameter of nanostars was observed to 
be 55-60 nm with the SPR absorbance peaks 
ranging from 565-585 nm. Furthermore, the 
interaction of as-prepared gold nanostars with 
chitosan molecules has been also demonstrated. 
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ABSTRACT 

 
Enhanced oil recovery (EOR) processes aim to recover trapped oil left in reservoirs after primary and 
secondary production stages. Dispersion of nanoparticles (NPs) with polymer chains grafted onto the 
surface (PNPs) could be an emerging injected agent due to their outstanding advantages compared with 
hard NPs and conventional chemical systems. The polymerization with monomers of methyl acrylate, 
methyl methacrylate and 2-acrylamido-2-methylpropan sulfonic acid on the ferromagnetic nanoparticles 
surface occurred via the free radical mechanism in microemulsion environment. The input data were 
optimized to give the optimized conditions. The appropriate temperature for polymerization was about 
71oC and reaction time was 8 hours through calculation of orthogonal planning level 2 when with the 
mass percentage of co-polymer coated on MNPs surface about 12%. Characterization techniques, such as 
FTIR, XRD, DLS, TEM, TGA and VSM were conducted for the obtained PMNPs to confirm their 
surface identity, functionality, stability and morphology.  
Keywords: Polymer coated magnetic nano particles, core shell structure, nanofluids, enhanced oil 
recovery. 

 
INTRODUCTION 

Energy is one of the determinants of the 
economic development and life of human 
society. Global energy demand was expected to 
increase by 2–3% annually in the coming 
decades and predicted to rise 50% after 20 years 
[1]. Fulfilling this demand for the economic 
development was one of most concerned 
problems. 

So far, although many forms of renewable 
energy and alternative energy have been 
strongly invested, the majority of the energy 
used today and in the coming decades is fossil 
energy: petroleum and coal. Besides, oil and gas 
are an extremely important energy source for the 
chemical industry. Therefore, efficient and 
sustainable oil exploitation is always a 
prerequisite task of the oil and gas industry. 

However, the discovery period of big and 
cheap oil fields is over and most of the big oil 

fields in the world, especially in Vietnam, have 
gone through the peak period of exploitation and 
production has declined. With the current oil and 
gas exploitation techniques, after primary and 
secondary stages of exploitation, approximately 
70% to 75% of the oil and gas deposits are left 
trapped in the reservoir [2,3]. 

 Thus, the enhanced oil recovery (EOR) is an 
important and urgent field in the petroleum 
industry. There are more sophisticated 
approaches were needed for recovering the 
trapped oil from the pores and worms in 
reservoir solids. Therefore, the improved 
reservoir mapping and advanced production 
methods were necessary.  

  Nanotechnology has recently received high 
attention from the petroleum industry, and a 
decade’s worth of nanotechnology development 
was poised to become a reality in the oil field. 
Specially, in EOR, it would help asymptotic to 
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exploit 10% more oil in place as mentioned 
above [4,5,6]. 

Magnetic nanoparticles (MNPs) surface-
modified by different agents have been actively 
studied for biomedical applications, and 
investigation of their potential use in oil 
exploration, especially EOR has recently started. 
Besides the common advantages of nanoscale 
materials, MNPs could also be easily recovered 
and reused because of their magnetic 
responsivity. The surface of MNPs required 
modification to function as an EOR agent. The 
surrounding polymer layer enabled the particles 
to disperse in injected brine, to become 
compatible with oil and be stable at high 
temperatures, and resisted adsorption on the 
surface of the reservoir rock [7].  

EXPERIMENTAL  

Materials 
Methyl methacrylate (MMA), sodium 2-

acry-lamido-2-methyl-propanesulfonate 
(AMPS), ferrous chloride tetrahydrate 
(FeCl2.4H2O), Iron(III) chloride hexahydrate 
oleic acid (98%), ammonium hydroxide 
(NH4OH) (30%), ammonium persulfate 
((NH4)2S2O8), Sodium dodecyl sulfate (SDS) 
and ethanol (C2H5OH) from Sigma Aldrich. 

Synthesis of Fe3O4 Magnetic Nanoparticles 
(MNPs) and OMNPs. 

MNPs were synthesized using the combined 
method of co-precipitation and microemulsion 
in the presence of SDS as surfactant. 4.75g 
FeCl3.6H2O and 1.75g FeCl2.4H2O (molar ratio 
2:1) was dissolved in 80ml distilled water 
bubbled with nitrogen flow. Solution was 
carried in three-necked round-bottom flask and 
stirred in five minutes, the mixture was then 
heated gradually to 80oC in stirring condition 
(300 rpm). Subsequently, 7.5 ml of NH4OH 
(30%) was added drastically into the solution. 
Black nanoparticles were precipitated. The 
reaction took place in 2h. N2 gas is continuously 
bubbled during synthesis. The relevant chemical 
reaction can be expressed as follows (Eq. 1): 

Fe2+ + Fe3+ + 8OH- = Fe3O4 + 4H2O 
 Add 1.5 ml oleic acid into the mixture and 

heated for 2h. The nanoparticles were isolated 
by centrifugation and washed with 20 ml of 
distilled water by magnetic decantation until the 
pH was neutral. Magnetic stirring speed, 

temperature was maintained throughout the 
whole process. 
Synthesis of OMNPs coated by copolymer of 
MMA and AMPS (PMNPs). 

OMNPs (5.0950 g) were added to a three-
necked round-bottom flask containing 40 ml of 
distilled H2O. 0.0035 mol of 2-acrylamido-2-
methylpropane sulfonic acid (AMPS) and 
0.0035 mol methyl metharylate (MMA) were 
fulfilled with water in 50 ml volumetric flask. 
Both of two flasks was stirred mildly for 30 
minutes. After that, pouring the solution of 50ml 
volumetric flask into 250 ml three-necked round 
bottom flask. The mixture was sonicated and 
stirred with the speed of 100 rpm for 1.5 h at 
room temperature. Meanwhile, dissolving 1 g of 
ammonium persulfate (NH4)2S2O8 was put into 
the 50 ml beaker containing 10 ml of distilled 
H2O, then 0.5g SDS was added into this solution 
with the assistance of ultrasound for 1 h with 
vigorous stirring. Said solution was added 
dropwise with the adding speed of 0.5ml/min to 
three-necked round-bottom flask. The mixture 
was stirred, heated gradually to T °C with the 
assistance of ultrasound for t hours. Finally, the 
obtained mixture was decanted by using super 
magnet and washed 3 times with 50 ml of 
ethanol. The washing process stops if the color 
of decantation solution is transparent. The 
process will be repeated on the contrary to 
assure that the redundant polymer is eliminated 
fully the obtained materials.  The final product 
was dried in an oven at 50oC overnight to yield 
OMNPs-MMA-co-AMPS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Synthesized procedure for OMNPs-
MMA-co-AMPS [8]. 

Optimization of polymer coated MNPs 
synthesis. 
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There are many parameters affecting on the 
reaction such as the stirring speed, ultrasound 
time, temperature and time for polymerization 
but the significant parameter are temperature T 
and reaction time t. The polymerization is 

optimized base on the percentage of copolymer 
coated on OMNPs via experimental planning. 
And the model using in this thesis is Orthogonal 
planning level 2 [9]. 

%m copolymer coated on OMNPs =%m co-po = (mPMNPs - mOMNPs)  /mOMNPs  x 100%. 
 

Temperature was surveyed from 60 to 80 oC, 
and the time for polymerization varied from 6 to 
8 hours. The different conditions according to 

temperature and reaction time were summarized 
as following table: 

 
Table 1. The different conditions for polymerization 

No. The number of experiments Temperature of reaction (oC) Reaction time (hours) 
1 

9 experiments with varied 
conditions including temperature 

and time for reaction. 

80 8 
2 60 8 
3 80 6 
4 60 6 
5 80 7 
6 60 7 
7 70 8 
8 70 6 
9 70 7 

10 3 experiments at the center to 
calculate reappear variance sth: 

(n) 

70 7 
11 70 7 
12 70 7 

 
Table 2. The parameters of orthogonal planning level 2 

The number of parameters (k) 2 
The number experiment at the center (n0) 1 
Find α according to k and n0 1 
The number of experiments (2k + 2k + n0) 9 
The number of additional experiments at the center to calculate reappear 
variance sth: (n) 

3 

 
Table 3. Value and variable range of affecting parameters  

Value Z1 (oC) Z2 (hours) 
Variable range 60≤T≤ 80 6≤ t≤ 8 
Average value 0

jZ  70 7 

Z∆  10 1 
To facilitate for calculating experimental 

coefficients of mathematic model and 
conducting data processing, we transfer to 

dimensionless coding value, with upper value 
and lower value of +1 and -1; average value  x j

0 
= 0 (at the corner of coordinate). 

Therefore, we have:  
0

j j
j

j

Z Z
x

Z
−

=
∆

 with j = 1, 2 
The regression equation of experimental 

planning orthogonal level 2 has the general form 
as follows:   

^
' '

0 1 1 2 2 12 1 2 11 1 22 2y b b x b x b x x b x b x= + + + + +  

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

229



  

Where:  
2

' 2 2
1 1 1

4 2 2x x x
9 3

+ α
= − = −  

2
' 2 2
2 2 2

4 2 2x x x
9 3

+ α
= − = −  

Table 4. Matrix for orthogonal planning level 2 for polymerization 

No. 
Real variable Encoding variable Objective function, 

%mco-po Z1 
(T) Z2   (t) x0 x1 x2 x1x2 '

1x  '
2x  

1 80 8 1 1 1 1 0.33 0.33 

Obtained value after 
calculating the 
percentage of 

copolymer coated 
on OMNPs for 
every reaction. 

2 60 8 1 -1 1 -1 0.33 0.33 
3 80 6 1 1 -1 -1 0.33 0.33 
4 60 6 1 -1 -1 1 0.33 0.33 
5 80 7 1 1 0 0 0.33 -0.67 
6 60 7 1 -1 0 0 0.33 -0.67 
7 70 8 1 0 1 0 -0.67 0.33 
8 70 6 1 0 -1 0 -0.67 0.33 
9 70 7 1 0 0 0 -0.67 -0.67 

 
After finding the optimum condition for 

polymerization, the reaction was carried out with 
this condition and compared with the calculated 
results. 

RESULTS AND DISCUSSION 

The chemical structure of MNPs, OMNPs 
and PMNPs were characterized by using Fourier 
transform infrared spectroscopy (FT– IR) with a 
Brucker Equinox 55 spectrometer in the range of 
4000–500 cm-1. The crystal structure was 
characterized by using x-ray diffraction (XRD). 
The morphology and size of the obtained 
materials was examined by transmission 
electron microscopy (TEM). The Hydrodynamic 
size of the nanocomposite PMNPs was 
estimated by Dynamic light scattering (DLS). 
The saturation magnetization was examined by 
vibrating sample magnetometer (VSM). 
Thermo-gravimetric analysis (TGA) was 
conducted on both unfilled polymer and 
polymeric nanocomposite from 30ºC to 800ºC 
with a heating rate of 10ºC/min. 
FT–IR spectra 

Figure 2 shows the presence of the MMA-
co-AMPS copolymer on the OMNP surface 
which was confirmed through FT-IR. The bands 
at 1250 cm-1, 659 cm-1, 1099 cm-1, and 3200–
3500 cm-1 from the FT-IR spectrum were 
assigned to S=O, S–O, C–S, and –NH– 
stretching vibrations, respectively, indicating 
that the AMPS structure compared with the – 
CH3, –CH2, and –COONa vibrations in MMA 
was clearly observed at 1389–2900 cm-1, 1502 
cm-1, and 1567–1385 cm-1, respectively. In 
addition, the absorption bands at 1747 cm-1 and 
1196 cm-1 corresponded to carbonyl (C=O) and 
asymmetric C–O–C stretching vibrations, 

respectively, indicating that oleic acid had been 
coated onto the MNPs’ surface. 

Furthermore, the band at 582 cm-1 which 
belongs to the Fe–O bond in the Fe3O4 structure 
was still observed. Thus, the FT-IR spectrum 
exhibited all the component signals in the core–
shell structure of the MMA-co-AMPS 
copolymer. 

 
Figure 2. FT–IR spectra comparison of (a) 
PMNPs, (b) MMA-co-AMPS, (c)OMNPs. 

X – ray diffraction 

The XRD spectra analysis results of MNPs 
and PMNPs are shown in Figure 3. Both of them 
are shown that they have 6 characteristic peaks 
of Fe3O4 at 2θ = 30.1º; 35.5º; 43.3º; 53.4º; 57.2º; 
62.5º correspond to crystal lattices surface that 
have Miller indices are (220); (311); (400); 
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(422); (511) and (440). It proves that after the 
synthesis process, PMNPs didn’t change the 
structure of Fe3O4. 

 
Figure 3. XRD pattern of MNPs and PMNPs 

Dynamic light scattering 

The average size and the polydispersity 
index (PI) of the PMNPs DLS results were 
acquired by cumulant analysis of the measured 
auto-correlation function and are shown in 
Figure 4. This result shows that the average 
hydrodynamic size of them is approximately 
102.1 nm present the size of these particles is 
around nano scale and PI is about 0.13 
confirming that the size distributions were 
monodisperse. 

 
Figure 4.  VSM result of MNPs and PMNPs 

Transmission electron microscopy 

According to the TEM images in Figure 5, 
the average size of MNPs was 7 nm, while the 
average size of PMNPs was 14 nm. This result 
together with FT-IR spectra showed that the 
copolymer MMA-AMPS coated successfully on 
MNPs surface. The dispersibility of PMNPs was 

better than MNPs, there was no agglomeration 
between nanoparticles. This could be 
contributed by polymer AMPS that links to 
MNPs and change their property from inert to 
hydrophilic. Besides, co-polymer played roles as 
steric inhibition agents and created electrostatic 
repulsion between among PMNPs 

 
Figure 5. TEM image of MNPs and PMNPs 

Vibrating sample magnetometer 

 
Figure 6. VSM result of MNPs and PMNPs 

The saturation magnetization of MNPs and 
PMNPs were 69 emu/g and 45 emu/g in 
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respectively. This result reflected the successful 
of synthesizing the magnetic materials. The 
saturation magnetization of PMNPs was 
significant. Therefore, PMNPs was still keeping 
the good properties of magnetic materials to 
apply in enhanced oil recovery. 

Thermo-gravimetric analysis 

The thermo diagram of PMNPs in Figure 7 
shown four steps. The first weight-loss process 
at a temperature range of 30–150°C was 
associated with the loss of adsorbed water that 
constitutes 10–15% of the weight of PMNPs. 
The second weight-loss process lied at the 
temperature range of 150–350°C that can be 
attributed to the loss of loosely bonded polymer 
matrix. This weight-loss process was influenced 
by the magnetite concentration used for 
nanocomposite preparation. The third (350–
500°C) step shown the advanced thermal 
stability of this nanocomposite to unfilled 

polymer. The fourth (600–800°C) step was 
related to iron oxide nanoparticles. 

 

 
Figure 7. TGA pattern of PMNPs 

 Result of optimization the reaction of copolymer 
coated on MNPs 

Table 4.1. Matrix for orthogonal planning level 2 for polymerization 

No. 
Real variable Encoding variable Objective 

function, %mcopo Z1 Z2 x0 x1 x2 x1x2 '
1x  '

2x  
1 80 8 1 1 1 1 0.33 0.33 9.93 
2 60 8 1 -1 1 -1 0.33 0.33 10.14 
3 80 6 1 1 -1 -1 0.33 0.33 8.42 
4 60 6 1 -1 -1 1 0.33 0.33 5.08 
5 80 7 1 1 0 0 0.33 -0.67 7.12 
6 60 7 1 -1 0 0 0.33 -0.67 6.09 
7 70 8 1 0 1 0 -0.67 0.33 10.82 
8 70 6 1 0 -1 0 -0.67 0.33 10.03 
9 70 7 1 0 0 0 -0.67 -0.67 10.24 

 
Reappeared variance was determined 

according to 3 additional experiment at the 
center: 

01 02 03y 10.24%; y 10.32%; y 9.60%= = =  

We have: 

3

0
1

0 10.05
3

u
u

y
y == =

∑
      

( )
3 2

0 0
2 1 0,16

3 1
=

−
= =

−

∑ u
u

th

y y
s  

The coefficients of regression equation and 
their error were calculated as follows: 

b0 = 8.65; b1 = 0.69; b2 = 1.23; b12 = -
0.89; b11 = -2.57; b22 = 1.25 

sb0 = 0.13; sb1 = 0.16; sb2 = 0.16; sb12 = 
0.20; sb11 = 0.28; sb22 = 0.28 

      The meaning of coefficients in regression 
equation were verified according to Student 
Standard 

=
j

j
j

b

b
t

s
   

t0 = 65.77; t1 = 4,3034; t2 = 

7.61; t12 = 4.50; t11 = 9.20; t22 = 4.49 
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Look up tp(f2) in Microsoft Office Excel, 
where f2 = n – 1 = 3 – 1, p =0.05 was chosen. 
We fought t0,05(2) = 4,302 

All regression coefficient was bigger than 
t0,05(2) so no coefficient was eliminated. We 
gained the regression equation as follows: 

2 29^ ^

2 1 1 1,10
9 5

= =

   − −   
   = = =

− −

∑ ∑
N

i ii i
i i

du

y y y y
s

N l
     

2

2

1,10 7,09
0,16

= = =du

th

s
F

s
 

The value of Fisher Standard looked up with level of significance p = 0,05 and degrees of freedom:  
f1 = N – l = 9 – 6 = 3; f2 = n – 1 = 3 – 1 = 2 was F1-p(f1, f2) = F1-0,05(3, 2) = F0,95(3, 2) = 19,15 (Look 
up F0,95(3, 2) from Microsoft Office Excel) 

F < F1-p(f1, f2) therefore the regression equation is compatible with experimental. 

The encoding variable was shifted to real variable, where: 1 2
T 70 t 7x ; x t 7

10 1
− −

= = = −
 Therefore, regression equation with the real variables as follows: 

^

2
2

70 70% 8.65 0.69 1.23( 7) 0.89 ( 7)
10 10

70 2 22.57 1.25 ( 7)
10 3 3

co po
T Tm y t t

T t

−

− −   = = + + − − −   
   

 −   − − + − −         

 

From this equation, we plotted the response 
surface of % copolymer coated on MNPs 
according to temperature (T) and reaction time 

(t) as Fig. 8. The graph was plotted by Matlab 
software with the command as follows:

 

X = [6  6.25 6.5 6.75 7   7.25  7.5 7.75 8]; 
Y = [60 62.5 65  67.5   70  72.5  75  77.5 80]; 
Z = [ 

5.4 5.383125 5.5225 5.818125 6.27 6.878125 7.6425 8.563125 9.64 
6.919375 6.846875 6.930625 7.170625 7.566875 8.119375 8.828125 9.693125 10.71438 

8.1175 7.989375 8.0175 8.201875 8.5425 9.039375 9.6925 10.50188 11.4675 
8.994375 8.810625 8.783125 8.911875 9.196875 9.638125 10.23563 10.98938 11.89938 

9.55 9.310625 9.2275 9.300625 9.53 9.915625 10.4575 11.15563 12.01 
9.784375 9.489375 9.350625 9.368125 9.541875 9.871875 10.35813 11.00063 11.79938 

9.6975 9.346875 9.1525 9.114375 9.2325 9.506875 9.9375 10.52438 11.2675 
9.289375 8.883125 8.633125 8.539375 8.601875 8.820625 9.195625 9.726875 10.41438 

8.56 8.098125 7.7925 7.643125 7.65 7.813125 8.1325 8.608125 9.24 
]; 
mesh(X,Y,Z) 
grid on title ('Response surface of copolymer coated on OMNPs reaction')  
xlabel('Time of reaction, h');ylabel('Temperature of reaction, 
oC');zlabel('%copolymer coated on OMNPs'); 

 

Notes: X presents for reaction time (t), Y 
presents for temperature of reaction (T) and Z 

presents for the mass percentage of copolymer 
coated on MNPs (%mcopo). 
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Figure 8. Response surface of mass percentage of copolymer MMA-AMPS coated on MNPs 

To optimize the mass percentage of 
copolymer coated on MNPs, we find the 
maximum value of function %mco-po with  by 

taking partial derivative and solving two 
equations to find T and t at the extremum 
position. 

We have:  
co po

co po

(%m ) T 700,069 0,089(t 7) 2,57 2 0 T 70,22T 10
(%m ) t 6,52

1,23 0,089(T 70) 1,25 2(t 7) 0
t

−

−

∂ −
= − − − × = = ∂ ⇒ ∂ = = − − + × − = ∂

%mco-po(T, t) were calculated at boundary 
position and extremum position as follows: 

%mco-po (70.22; 6.52)            = 9.25 % 
%mco-po (70.22; 6)              = 9.58 % 
%mco-po (70.22; 8)              = 12.00 % 
%mco-po (60; 6.52)              = 5.54 % 
%mco-po (80; 6.52)             = 7.77 % 
%mco-po (60; 6)              = 5.40 % 
%mco-po (60; 8)              = 9.64 % 
%mco-po (80; 6)             = 8.56 % 
%mco-po (80; 8)              = 9.24 % 
From the above calculation, the optimum 

condition for polymerization in the surveying 
range was 70.22ºC and the time for reaction was 
8 hours. The mass percentage of copolymer 
coated on MNPs was 12%.  

The polymerization was carried out at 71ºC 
and 8 hours to compare with the calculated 
result. And the mass percentage of copolymer 

coated on MNPs was 12.17 %. This result was 
conformity with the calculated result. 

CONCLUSION 

 A nanocomposite of MNPs coated by co-
polymer 2-acrylamido-1-propane sulfonic acid 
(AMPS) and methyl methacrylate (MMA) has 
been successfully synthesized by polymerization 
in the presence of sodium dodecyl sulfate (SDS) 
surfactant and was called as PMNPs. The 
appropriate temperature for polymerization was 
about 70ºC and reaction time was 8 hours 
through calculation of orthogonal planning level 
2 when with the mass percentage of co-polymer 
coated on MNPs surface about 12%. The data of 
physical and chemical analysis such as XRD, 
FT-IR, DLS, TEM, SEM, TGA and VSM have 
confirmed the (MNPs) core- (polymer) shell 
structure of obtained PMNPs. The average size 
of MNPs and PMNPs were 7 and 14 nm. 
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ABSTRACT 
 

A fast and sensitive trace analysis of phosmet pesticides was performed using the two-dimensional (2D) 
arrays of gold nanoparticles (AuNPs) and nanorods (AuNRs). The large 2D arrays with homogeneous and 
dense monolayers of AuNPs and AuNRs were prepared on ITO substrates by hybrid method based on the 
mixed n-alkanethiolate self-assembled monolayer. The 2D-arrays showed the surface plasmon resonance 
(SPR) peaking differently in the spectral range of ~530–800 nm to around 532 nm, 633 nm or 785 nm of 
the laser-light excitations that is very promising for surface-enhanced Raman scattering (SERS)-based 
sensor applications. As an example, we have used the fabricated AuNPs SERS substrate to take the 
Raman scattering spectra of phosmet at low concentrations ranging from 0.1 ppm to 100 ppm. 
Keywords: 2D array, Au nanoparticles, hybrid method, SERS, phosmet pesticides 

INTRODUCTION 

Phosmet, an organophosphate pesticide, has 
been used on a wide range of fruit and nut crops 
such as pear, peach, apple, walnuts [1-3]. In 
Vietnam, all of these fruits and nuts are widely 
available everywhere, therefore, the need of 
developing the residual pesticides detection 
method in food and in the environment are a 
vital importance for human. Unprofessionally, 
this pesticide can be detected using test strips or 
test kits that are bought online, however, the 
outcome that this method provides can be 
widely incorrect because it needs a large amount 
of pesticide present in the food in order to give a 
positive result. Professionally, pesticides can 
also be detected using multiresidue methods, 
however, this protocol have lost some favor due 
to its semiquantitative nature [1,4]. Therefore, 
the development of rapid analytical methods to 
monitor the levels of phosmet in fruits and 
vegetables has been one of the major researches 
focuses in the field of food research. 

Surface-enhanced Raman spectroscopy 
(SERS) has been shown great potential for 
detection of organic molecules at trace 
concentrations from various biological, 

chemistry, medicine samples [5-8]. One of the 
hot areas in SERS application is rapid detection 
of pesticides in the skins of fruits or vegetables 
with short time for sample preparation [9]. Fan 
and co-works have shown the feasibility of 
applying SERS for detection of as low as 1 mg/g 
for phosmet in apples [10]. However, the 
commercial substrates are quite costly, and the 
sample preparation methods were complicated 
and time-consuming.  

The purpose of this study was to investigate 
the possibility of phosmet analysis with SERS 
based on AuNPs and AuNRs. We used these 
SERS substrates to take the Raman scattering 
spectra of phosmet pesticide at very low 
concentrations of 0.01 ppm that is lower than the 
level required for food security. 

EXPERIMENTAL 

Chemicals: 1-Octadecanethiol, 1-dodecanethiol, 
3-mercaptopropyl trimethoxysilane (MPTMS), 
1,6-Hexanedithiol, chloroauric acid trihydrate, 
silver nitrate, trisodium citrate, 
hexadecyltrimethylammonium bromide (CTAB), 
ascorbic acid, sodium borohydride, chlohydric 
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acid, were  purchased from Sigma-Aldrich. All 
chemicals were guaranteed reagent grade and 
were used as received. The cleanly level of flask, 
beaker and stirring bars were affected to size 
distribution and shape monodispersity. Therefore, 
all the glassware and magnetic stirring bars were 
soaked in a fresh aqua regia solution for about an 
hour, followed by a rinse ten times with de-
ionised water (DI), and then washed with ethanol 
before drying in oven. Phosmet (≥99%, Standard, 
New Haven, CT, USA) was dissolved in 
acetonitrile (HPLC reagent, Sinopharm chemical 
reagent Co. Ltd., SCRC, Shanghai, China) to 
prepare a series of standard solutions with 
different concentrations (0.1 ppm, 1 ppm, 10 
ppm, 100 ppm). 

Synthesis of AuNPs: AuNPs were synthesized 
by the seed-mediated growth method, in which 
Au seeds was prepared following a standard 
citrate reduction method according to literature 
[11]. Briefly, a colloidal solution of Au seeds was 
fabricated from the reaction of 150 ml trisodium 
citrate solution 2.2 mM and 1 ml HAuCl4 0.025 
M at 100 ℃ under stirring strongly at 1500 rpm 
rounds per minute. The whole system was heated 
under reflux. After refluxing of 30 min, the 
mixture solution of 1 ml trisodium citrate 60 mM 
and 1 ml HAuCl4 0.025 M were added into the 
above Au seeds solution, repeat this process 2 
times. After 30 min, the colloidal AuNPs solution 
with size particle of 50 nm was obtained. 

Synthesis of AuNRs: AuNRs were synthesized 
similarly with AuNPs by the seed-mediated 
growth method, in which Au seeds was prepared 
following a standard sodium borohydride 
reduction method [12]. Particularly, a colloidal 
Au seed solution was formed by injecting quickly 
0.6 ml NaBH4 0.01 M into the mixture solution 
of 10 ml CTAB 0.1 M and 0.25 ml HAuCl4 0.01 
M under stirring strongly for 2 min at room 
temperature. Then, the reaction solution was left 
for 2 h. This Au nano-seeds colloid was kept for 
further obtaining larger Au NRs by the seed-
mediated growth.  

The colloidal AuNRs with size of 60 nm was 
fabricated by adding 2ml HAuCl4 0.01 M to 40 
ml CTAB 0.1 M at room temperature and stirred 
1500 rpm. Next, the mixture solution of 0.4 ml 
AgNO3 0.01M, 0.32 ml ascorbic acid 0.1 M and 
0.6 ml HCl 1M was injected into the above 
solution. Then, 0.096 ml Au nano-seeds colloid 
solution was added. Finally, the colloidal AuNRs 
solution with size of 60 nm was obtained. 

Synthesis of AuNPs and AuNRs 2D-arrays by 
hybrid method: All AuNPs and AuNRs were 
functionalized with a mixture of octandecanethiol 
and dodecanethiol of 1:6 molar ratio according to 
our previously published method [10-15].  The 
ITO substrate was also functionalized with mixed 
alkanethiols of (3-mercaptopropyl) 
trimethoxysilane (MPTMS) and 1,6-
Hexanedithiol [13-16]. Next, the functionalized 
AuNPs (or AuNRs) were arranged on the thiol-
terminated ITO substrate by the electrochemical 
deposition method with an application of 1.0 V as 
bias voltage of the ITO substrate as a cathode and 
the carbon substrate as an anode. The electrolyte 
solution is a 2 ml of alkanethiol-capped Au NPs 
(or AuNRs) solutions in the hexane-acetone 
solvent (9:1 in the vol ratio). After the solvent 
evaporation was completed, the samples were 
annealed at 50 °C for 12 h to immobilize the 
AuNPs (or AuNRs) on the functionalized ITO 
substrates by substitution of thiol. Finally, 
washing is done in order to remove the 
multilayers of Au, leaving behind only the 
desired monolayer of AuNPs (or AuNRs).  

Characterization: The morphology of as-
synthesized samples was carried out by scanning 
electron microscopy (SEM, S-4800, Hitachi, 
Japan). Ultraviolet-visible (UV-vis) absorption 
spectra of the samples were recorded using a 
Jasco V670 UV-vis spectrophotometer. A 
Labram evolution microscopy Raman 
spectrometer (Horiba) equipped with a 532 nm 
diode laser source was utilized to collect Raman 
spectra. 2 µl of phosmet standard solution was 
loaded onto the surface SERS substrates. During 
the measurement, light from a 1 mW laser power 
was directed and focused through a 50X 
objective lens onto the sample deposited on a 
SERS substrate. The Raman scatting signal from 
the sample was detected via a CCD detector. All 
spectra were recorded from 300 to 2000 cm-1. 
Each spectrum was the average of three scans 
with exposure time of 30 s per scan. 

RESULTS AND DISCUSSIONS 

Fabrication 2D AuNPs and AuNRs arrays:  

Fig. 1 shows the absorption spectra and SEM 
images of as-prepared AuNRs and AuNPs 
colloids.  
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Figure 1. UV- Vis spectra SEM images of AuNRs 
(a, b) and AuNPs (c, d), respectively. 

The UV-vis absorption spectra of AuNRs 
(Fig. 1a) shows clearly two absorption peaks at 
520 nm and 770 nm. This phenomenon could be 
explained that the absorption peak at 520 nm 
could be originated from the spherical seeds and 
after growing, the spherical seeds become rods 
with a characteristic absorption peak at ~770 nm. 
In fact, that the efficiency during the transition of 
spherical seeds to AuNRs can never reach 100% 
and thus, both spherical seeds and AuNRs are 
present in the final obtained solution. This result 
agrees with the observation from SEM image as 
shown in Fig 1b. It is clearly seen that some 
remaining spherical NPs are obtained with 
AuNRs in the final as-prepared solution. From 
the SEM, the length and the diameter of the 
prepared AuNRs are ~60 nm and 10 nm, 
respectively (Fig. 1b). The absorption spectra of 
AuNPs show only one narrow peak at ~538 nm 
(Fig. 1c) indicating the homogenous size of 
synthesized AuNPs. This result is confirmed 
through the observation of the SEM image with a 
particle size of 50 ±2.3 nm (Fig. 1d). 

According to the same hybrid method to 
arrange the 2D-arrays of Au and Ag NPs with 
homogeneous and dense monolayers by 
functionalization of both these NPs with mixed 
alkanethiols (dodecanethiol:octadecanethiol = 
6:1) and thiol-terminated ITO substrates [13-15], 
we fabricated the 2D-arrays of Au particles with 
different shapes. Fig. 2 shows the SEM images of 
the nearly close-packed and regularly ordered 2D 
arrays of AuNRs and AuNPs, respectively. The 
absorption spectra of the fabricated 2D arrays of 
AuNRs and AuNPs are presented in Fig.3. It can 
be seen that the LSPR peaks of both AuNRs and 

AuNRs in 2D arrays are linearly red-shifted 
compared with in colloidal forms. 

 
Figure 2. The SEM images of AuNRs arrays (a) 
and AuNPs arrays (b). 

 
Figure 3. The UV-Vis spectra of 2D- arrays of 
AuNRs and AuNPs. 

Detection of Phosmet pesticide by SERS 
substrates  

The Raman spectra of phosmet pesticide with 
different concentrations dropped onto the 
fabricated AuNRs and AuNPs 2D arrays and onto 
the bare ITO substrates for comparison at the 
same experimental conditions (such as the 
volume of probe molecules, the wavelength and 
power of the excitation laser) are shown in Fig. 4. 
The Raman spectra show clearly the major 
characteristic peaks of phosmet pesticide with the 
vibrations of benzene rings at 714 cm−1, the 
asymmetric stretching of P−O−C at 1017 cm−1, 
stretching of C−O at 1772 cm−1 and the in-plane 
deformation vibrations of C=O, P=S, and C-N at 
605, 650, and 1190 cm−1, respectively. These 
peaks are consistent with at the standard SERS 
spectra of phosmet pesticide reported in the 
literature [10, 17, 18]. In case of AuNPs 2D 
array, the Raman intensity and the number of 
peaks are increased with increasing the 
concentration of phosmet pesticide (Fig. 4b); the 
low concentration of 0.1 ppm could be detected 
that is lower than the level required for food 
security. While the SERS substrate with AuNRs 
can also shows some Raman peaks of phosmet 
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pesticide, however, these peaks are not very clear 
(Fig. 4a). This is due to the fact that the LSPR 
peak of AuNPs is closer to the laser excitation of 
532 nm. Therefore, the resonance occurs leading 
to stronger vibration of bonds of phosmet and 
thus, stronger signals are attained. For the ITO 
substrate without any metal NPs, the Raman 
scattering signals from phosmet pesticides were 
not clearly observed even at the high 
concentration of 100 ppm.    

 
Figure 4. Raman spectra of phosmet on SERS 
substrate with 2D AuNRs arrays (a) and 2D 
AuNPs (b). 

CONCLUSION 

The use of seed-mediated growth as an 
effective approach to synthesize the 
monodisperse spherical Au NPs and AuNRs. 
The SERS substrates based on both AuNPs and 
AuNRs 2D-arrays with with homogeneous and 
high coverage have been successfully fabricated 
by hybrid method. Both the fabricated SERS 
substrates showed the significant enhancement 
effects for the Raman scattering signals of 
phosmet pesticide. The AuNPs 2D-array could 
detect the phosmet pesticides at low 
concentration of 0.1 ppm which is lower than 
the level required for food security. The 
proposed method could be extended to other 

pesticides for their identification and 
quantification in agricultural products as a rapid, 
highly sensitive, and reliable analyse. 
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ABSTRACT 
 

In this work, we showed the behavior of gold nanoparticle synthesise by AC glow discharge and the 
effect of pH value of the precursor solution HAuCl4 on the size of synthesized gold nanoparticles. We 
determined that H2O2 and solvated electrons generated by AC glow discharge on liquid are the main 
reducing species for gold nanoparticle synthesis. Our results showed that the size of synthesized gold 
nanoparticles was decreased due to the increase of pH value in the range of 9 to 12.  
Keywords: gold nanoparticle synthesis, AC glow discharge, pH, size of gold nanoparticles 

INTRODUCTION 

Gold nanoparticles (AuNPs) have been 
employed in many fields of the application due 
to their unique properties of surface plasmons, 
high chemical stability, and antibacterial ability 
[1]. The practical applications of AuNPs range 
from sensor technique [2], catalysis [3], optical 
process to biomedicine [4]. Expanding 
applications of AuNPs have promoted 
continuing to improve the size-control and 
performance of the synthesis. 

Plasma-liquid interactions (PLIs) have 
increasingly been attracted in nanotechnology. 
PLIs can directly provide electrons, radicals 
such as H, OH or H2O2 into liquid [5], which 
reduce metal cations into neutral molecules 
before aggregating to a nanoscale. This unique 
property of PLIs can take advantages to improve 
the time-consuming operation and the purity in 
the final product. There also have many studies 
investigating the process of AuNPs synthesis by 
PLIs, in which the process of AuNPs 
synthesized by the reductions of electrons, 
radicals from plasma and auric compounds. In 
these works, a direct-current (DC) power supply 
is used to generate on the liquid to study the 

ability of particular species from plasma in the 
ability of AuNPs synthesis [6]. The AC glow 
discharge on liquid also possibly provide many 
radicals and electrons at same time. However, 
using AC glow discharge on liquid in AuNPs 
synthesis has still not been considered. 

In this study, we have experimentally 
investigated the mechanism in AuNPs synthesis 
by AC glow discharge. We also monitored the 
effect of pH value in the precursor solution on 
the size of synthesized AuNPs.  

EXPERIMENTAL  

Figure 1 shows the experimental setup used 
in this work. The experimental setup was also 
used in the previous study [7-9]. The voltage 
and frequency of AC power supply were fixed at 
18 kHz (peak to peak) and 38 kHz, respectively. 
Helium gas was fed into high electrode with the 
rate at 5 L/min. The distance between high 
electrode and the plasma-liquid interface is 15 
mm. 

The solution of chloroauric acid (1 mg 
Au/mL, HAuCl4 in 1M HCl) was used as the 
precursor without further purification. Each 
sample in a glass beaker includes 1 mL of 
HAuCl4 solution and 98 mL of deionized H2O. 
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The solution of NaOH 1M was supplied to each 
sample to fix the sample at the pH of a designed 
value (9 – 12). 

 
Figure 1. Schematic of experimental setup 

RESULTS AND DISCUSSION 

The color of the liquid below the plasma-
liquid interface changed from colorless to red 
during the discharge as shown in Fig. 1. The 
thickness of this red volume increased according 
to time evolution and reached to the bottom of 
the beaker after eight minutes of the discharge. 

We also analyzed synthesized particles in 
these solutions using a transmission electron 
microscopy (TEM) (HT7700, Hitachi, Tokyo, 
Japan) with 100 kV of accelerating voltage. 
Figure 2 illustrates the TEM image of the 
nanoparticles in the solution with pH value of 10 
after 10 minutes of discharge. The energy-
dispersive X-ray spectroscopy profile as shown 
in Fig. 2 indicates the presence of elemental 
gold in the nanoparticle, of which corresponding 
to the peaks at 2.1 and 9.7 keV. We confirmed 
by using EDS analysis that these particles are 
AuNPs. 

 
Figure 2. TEM image of AuNPs synthesized in 
pH 10 solution after 10 minutes of discharge. 

The size of AuNPs i.e., the longest Feret 
diameter, synthesized in the solutions were also 
determined. The size of AuNPs in the solutions 
of pH 9 to pH 12 correspond to 120.6 ± 35.9, 
100.6 ± 36.6, 48.7 ± 23.8, and 36.4 ± 15.8 nm 
(mean ± standard deviation), respectively. The 
results indicate that the pH of these solutions 
significantly affects the size of AuNPs 
synthesized by the AC glow discharge. The 
AuNPs in higher pH solutions of the range from 
9 to 12 have a smaller size. 

In the previous study [7, 9], we found that 
the AC glow discharge generates both of free 
electrons and positive ions on the liquids. Free 
electrons solve into the bulk liquid and become 
hydrated electrons (eaq) in the penetration depth 
of 10 nm. The interaction of positive ions leads 
to the formation H+ and OH radicals 
transforming to H2O2 in liquid. Therefore, AC 
glow discharge generates species eaq, H2O2, 
which are possible to reduce AuCl4

- into Au 
atoms according to reactions (1) - (2) [8]. 
However, the species eaq and H2O2 also are 
taken by available H+ ions in the reactions (3) - 
(4) [8]. Therefore, in case of solutions at high 
pH level (pH > 9), in which the available OH- 
ions sufficiently neutralize all H+ ions 
generating by positive ions from the plasma. It 
can be considered that all species eaq, H2O2 only 
react with AuCl4

- ions to form Au0. This leads to 
the color in solutions with high pH values 
shifted to red. 

                                       
(1) 

    
(2) 

                                                              
(3) 

                                          

(4) 

In solutions at high pH, OH- ions cover as a 
barrier around AuNPs. This barrier counteracts 
the Van der Waals’s force between small 
particles and prevents these particles from 
aggregating to a further large size [10]. This 
leads to a decrease in the size of AuNPs in 
solutions at high pH. 

CONCLUSION 

 In summary, we investigated the process of 
AuNPs synthesized by AC glow discharge on 
liquid and the effect of pH in HAuCl4 solution 
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on the size of AuNPs. Our results show that AC 
glow discharge has the ability to generate a 
variety of reactive species such as eaq, H2O2 
which reduce AuCl4

- to Au atoms before 
growing into nanoscale. pH values of the 
precursor solutions affect the size of synthesized 
AuNPs, in which pH increases from 9 to 12, 
there has a decrease in the size of AuNPs. 
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ABSTRACT 

 
Cuprous oxide nanoparticles (Cu2O NPs) deposited on diatomite were synthesized by using hydrazine as 
a chemical reducing agent of copper ions (Cu2+) dispersed in diatomite. The obtained Cu2O 
NPs/diatomite product was characterized by X-ray diffraction (XRD), UV-Vis spectroscopy, inductively 
coupled plasma (ICP) and dynamic laser scattering (DLS) diffraction. The UV-Vis spectrum of the Cu2O 
NPs/diatomite showed the characteristic absorption peak at 430 nm. The XRD revealed the crystalline 
structure of Cu2O nanoparticles with a crystallite size of 27.4 nm. The as-synthesized Cu2O 
NPs/diatomite exhibited effective bactericidal activity against E. coli. The antibacterial efficiency could 
reach to 97.6% after contacting 60 min with 300 mg/L Cu2O NPs deposited on diatomite. Thus, Cu2O 
NPs/diatomite can be favorably produced on large scale and potentially used as an antimicrobial agent, 
especially for water treatment in aquaculture. 
Keywords: Cu2O, nanoparticles, diatomite, antibacterial activity 

 
INTRODUCTION 

Metal nanoparticles (Au, Pt, Ag) have 
attracted considerable attention because of their 
unique properties such as catalytic, magnetic, 
optical, biological, and electrical properties [1]. 
Recently, Cu nanoparticles have been expected 
to be a good choice of the next-generation 
nanoparticles (NPs) mainly because of low cost 
[2]. Furthermore, the progress in nanomaterial 
science and technology has also accelerated the 
development of the synthesis of cuprous oxide 
(Cu2O) nano-structures due to its prospective 
application in antimicrobial activity [1,3-5], 
photocatalysts [6-8], carbon monoxide oxidation 
[9], solar-driven water splitting [10], solar 
energy conversion [11], chemical template [12] 
and so on. In addition, hybrid Cu2O-based 
heterogeneous nanostructure possesses novel 
synergistic properties that arise from the 
integrated interaction between the disparate 
components [13]. 

Diatomite is known as diatomaceous earth, a 
kind of porous natural mineral, derived from the 
deposition of single-celled aquatic algae, 
consisting of a great number of diatom units 

with various shapes and sizes [14,15]. Due to the 
high porosity, thermal resistance, chemical 
stability, and low cost and abundance, diatomite 
has been widely used as catalyst supports, filler 
and filter aids, insulating materials, etc. In the 
present study, Cu2O NPs deposited on diatomite 
were synthesized using hydrazine hydrate as a 
reducing agent and the antibacterial activity of 
the obtained Cu2O NPs/diatomite against 
Escherichia coli (E. coli) was also investigated. 

EXPERIMENTAL 

Materials and Chemicals 

Diatomite (~66.3% SiO2) was supplied by a 
diatomite company from Phu Yen province, 
Vietnam. Analytical grade CuSO4.5H2O, 
NH4OH (25%), and hydrazine hydrate (80%) 
were products from China. The strain of E. coli 
ATCC 6538 was provided by the University of 
Medical Pharmacy, Ho Chi Minh City. The 
Luria-Bertani (LB) medium for E. coli incubation 
was purchased from Himedia, India. Distilled 
water was used in all experiments. 

Synthesis of Cu2O NPs/diatomite 
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10 g diatomite was mixed with 30 ml water 
for 30 min. Then, 10 ml Cu2+ solution containing 
2 g CuSO4.5H2O was added to the above 
diatomite- water mixture and stirred for 30 min. 
pH of the mixture was adjusted to ~6 with 
NH4OH 5%. After that, 5 ml hydrazine solution 
8% was slowly added to reduce Cu2+ to Cu+ 
(Cu2O NPs) while stirring for 2 h [1]. A 
yellowish-orange colored Cu2O NPs/diatomite 
was observed. Finally, the synthesized Cu2O 
NPs/diatomite was filtered, washed with water, 
and dried at 60oC in a forced-air oven till to 
constant weight. 

Characterization and antimicrobial activity 

Cu2O NPs/diatomite in fine powder (0.05 g) 
was well dispersed in 20 ml of 5% PVA solution 
for UV-Vis optical spectrum measurement on a 
UV-2401 PC, Shimadzu, Japan. X-ray 
diffraction (XRD) pattern was carried out on a 
D8 Advance, Brucker, Germany. The particle 
size distribution of Cu2O NPs/diatomite was 
measured by dynamic laser scattering (DLS) on 
a particle size analyzer, LB550, HORIBA, 
Japan. The content of copper in Cu2O 
NPs/diatomite was determined by inductively 
coupled plasma-atomic emission spectroscopy 
(ICP-AES). 

Antibacterial activity (in vitro) of diatomite 
and Cu2O NPs/diatomite against E. coli was 
carried out by culture medium toxicity method 
in Luria-Bertani medium following the 
procedure as described by Du et al. [1]. 

RESULTS AND DISCUSSION 

The UV-Vis spectra of diatomite and Cu2O 
NPs/ diatomite are shown Figure 1.  

 
Figure 1. UV-Vis spectra of diatomite (a) and 
Cu2O NPs/diatomite (b) 

It is observed that the maximum optical 
absorption (λmax) of Cu2O NPs deposited on 
diatomite was at about 430 nm. Borgohain et al. 
[16] reported that the λmax values of 448, 470, 

and 584 nm corresponded to Cu2O NPs sizes of 
8, 14 and 45 nm, respectively. The longer the 
wavelength of the λmax value, the larger the size 
of Cu2O NPs. Results of Deki et al. [17] also 
indicated that Cu2O NPs with a size of 6.7 nm 
displaying a λmax at about 350 nm. Thus, Cu2O 
NPs with the λmax at about 430 nm deposited on 
diatomite was successfully synthesized. 

Figure 2. XRD parterns of diatomite and Cu2O 
NPs/diatomite 

 
Figure 3. Dynamic laser scattering images of 
diatomite and Cu2O NPs/diatomite 

The XRD pattern of Cu2O NPs/diatomite in 
Figure 2 showed that diffraction peaks appeared 
at 29.6o, 36.5o, 42.4o, 61.6o corresponding to 
(110), (111), (200), (220) planes of cuprite, 
respectively, indicated the formation of Cu2O 
nanocrystals (JCPDS Card number 05-0667) 
[18]. The average crystalline size of Cu2O NPs 
determined by taking the full width at half 
maximum (FWHM) of the most intense peak at 
42.4o using Debye-Scherrer’s formula [18] was 
of about 27.4 ± 4.4 nm. The crystalline size 
calculated from XRD patterns is usually bigger 
than that from TEM images [1,16]. 
Unfortunately, the particle size of Cu2O 
NPs/diatomite synthesized in this study could 
not be predicted by TEM images due to the 
morphology of the Cu2O NPs was not identified. 
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The content of Cu2O NPs was determined by 
ICP-AES to be ~5.25%. 

Results in Figure 3 showed the particle size 
of diatomite and Cu2O NPs/diatomite measured 
by DLS in the range from 2.5 to 4.5 µm. Thus, 
the deposition of Cu2O NPs on diatomite did 
almost not change the particle size of diatomite. 

 
Figure 4. Photograph of the growth of E. coli on 
LB agar plates: A: control, B: diatomite, and C: 
Cu2O NPs/diatomite (Cu2O NPs: 100 ppm) 

The antimicrobial efficiency (η) was 
calculated based on the survival number of 
bacteria in the control and studied samples 
(Figure 4) [1] to be 20.0% and 77.3% for 
diatomite and Cu2O NPs/diatomite, respectively. 
The effect of Cu2O NPs concentration on the 
antimicrobial efficiency was also investigated 
(see Figure 5).  

 
Figure 5. Photograph of the growth of E. coli on 
LB agar plates: A: control, Cu2O NPs/diatomite 
B:50, C: 100, D: 200,  and E: 300 ppm calculat-
ed for Cu2O NPs only 

It was found that the η values were 67.4, 
75.5, 86.9, and 97.6% for Cu2O NPs 
concentration of 50, 100, 200, and 300 ppm, 
respectively after 1 h of contacted time of Cu2O 
NPs/diatomite samples with E. coli. It is worth 
to note that Cu2O NPs exhibited the same 
antibacterial activity as Cu NPs [3]. In addition, 
the antibacterial activity of Cu2O NPs was still 
size and contacted time-dependent [1,3,5]. 
Recently, Yang et al. [19] reported that Cu2O 
nano-composites presented powerful long-
lasting antibacterial capability against E. coli 
and S. aureus compared to free Cu2O NPs. 

 
 

CONCLUSION 

In this study, Cu2O NPs with a crystalline 
size of ~27.4 nm deposited on diatomite was 
success-fully synthesized using hydrazine 
hydrate as a reducing agent. Results of the 
antibacterial activity showed that Cu2O 
NPs/diatomite exhibited highly antibacterial 
efficiency (η ~97.6%). The obtained Cu2O NPs/ 
diatomite product can be used as a batericide 
especially for water treatment and agricultural 
application. 

Acknowledgments 

This work was financially supported by the 
Ministry of Natural Resources and Environment 
through the Project coded TNMT.2018.04.08. 

References 

[1] B. D. Du et al., Synthesis and 
investigation of antimicrobial activity of 
Cu2O nano-particles/zeolite, J. Nanopart., 
2017 (2017) ID 7056864 

[2] L. Xiong et al., Morphology-dependent 
antimicrobial activity of Cu/CuxO nano-
particles, Ecotoxicology, 24 (2015) 2067-
2072 

[3] M. Hans, Role of copper oxides in contact 
killing of bacteria, Langmuir, 29 (2013) 
16160-16166 

[4] P. Li, W. Lv, S. Ai, Green and gentle 
synthesis of Cu2O nanoparticles using 
lignin as reducing agent and capping 
reagent with antibacterial properties, J. 
Exp. Nanosci., 11 (2016) 18-27 

[5] L. Xiong et al., Size controlled synthesis of 
nanoparticles: size effect on antibacterial 
activity and application as a photocatalyst 
for highly efficient H2O2 evolution, RSC 
Adv., 7 (217) 51822-51830 

[6] X. Zhang et al., Preparation and 
photocatalytic activity of cuprous oxide, 
Solid State Sci., 12 (2010) 1215-1219 

[7] N. Li et al., Simple synthesis of Cu2O/Na-
bentonite composites and their excellent 
photocatalytic properties in treating 
methyl orange, Ceram. Int., 42 (2016) 
5979-5984 

[8] H. Huang et al., Preparation of cubic 
Cu2O nanoparticles wrapped by reduced 
graphene oxide for the efficient removal of 
rhodamine B, J. Alloy. Compd., 718 
(2017) 112-115 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

247



  

[9] B. Wei et al., Cu2O-CuO hollow nano-
spheres as a heterogeneous catalyst for 
synergetic oxidation of CO, J. Phys. 
Chem. C, 122 (2018) 19524-19531 

[10] G. Li et al., Highly active photocatalyst of 
Cu2O/TiO2 octahedron for hydrogen 
gener-ation, ACS Omega, 4 (2019) 3392-
3397 

[11] R. Wick, S. D. Tilley, Photovoltaic and 
photoelectrochemical solar energy 
conver-sion with Cu2O, J. Phys. Chem. C, 
119 (2015) 26243-26257 

[12] S. D. Sun et al., Formation of hierar-
chically polyhedral Cu7S4 cages from 
Cu2O templates and their structure-
dependent photocatalytic performances, 
New J. Chem., 37 (2013) 3679-3684 

[13] S. Sun, Recent advances in hybrid Cu2O-
based heterogeneous nanostructures, 
Nanoscale, 7 (2015) 10850-10882 

[14] G. Q. Tang, A. R. Kovscek, An 
experiment-tal investigation of the effect 
of temperature on recovery of heavy oil 
from diatomite, SPE J., 9 (2004) 163-165. 

[15] J. Seckbach, R. Gordon (eds.), Diatoms: 
Fundamentals and Applications, Scrivener 
Publishing LLL, 2019, 471-450 

[16] K. Borgohain, N. Murase, S. Mahamuni, 
Synthesis and properties of Cu2O 
quantum particles, J. Appl. Phys., 42 
(2016) 5979-5984 

[17] S. Deki et al., Preparation and character-
rization of copper (I) oxide nanoparticles 
dispersed in a polymer matrix, J. Mater. 
Chem., 8 (1998) 1865-1868 

[18] A. Khan et al., A chemical reduction 
approach to the synthesis of copper nano-
particles, Int. Nano Lett., 6 (2016) 21-26 

[19] Z. Yang et al., Long-term antibacterial 
stable reduced graphene oxide nano-
composites loaded with cuprous oxide 
nano-particles, J. Colloid Interf. Sci., 533 
(2019) 13-23.  

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

248



ORAL SESSIONS

NANOMATERIALS AND 
NANODEVICES 

(NMD)





  

NMD-018-O 

ALGAN/GAN TWO-DIMENSIONAL ELECTRON GAS FOR SENSING 
APPLICATIONS 

 
Hong-Quan Nguyen 1, Toan Dinh 1, Hamid Amini Moghadam 1, Hoang-Phuong Phan 1, Tuan-Khoa 

Nguyen 1, Jisheng Han 1, Sima Dimitrijev 1, Nam-Trung Nguyen 1 and Dzung Viet Dao 1, 2 
1 Queensland Micro- and Nanotechnology Centre, Griffith University, Queensland, Australia; 

2 School of Engineering and Built Environment, Griffith University, Queensland, Australia 
Email: quan.nguyen@griffithuni.edu.au 

 
ABSTRACT 

 
The two-dimensional electron gas (2DEG) which is formed at the AlGaN/GaN interface due to the 
difference in the spontaneous polarisation of the two adjacent AlGaN, GaN layers is shown to respond 
very sensitively to mechanical and electrical effects. It is promising to use AlGaN/GaN heterostructures 
in future integrated sensor devices. This work presents the design and characterisation of the stress/strain 
sensor and direct current (DC) sensor based AlGaN/GaN 2DEG. The 2DEG based stress sensor exhibited 
an excellent repeatability and linearity with a significant change of the offset voltage under application of 
tensile and compressive strains. In particular, the sensitivity of the device to the applied strain was found 
to be as large as 3 (μV/V)/ppm, indicating the feasibility of using this effect for mechanical sensing 
applications. In addition, the 2DEG based current sensor exhibited an excellent linearity and repeatability 
with a high Hall voltage under the applied current ranging from -5 to 5 A. The sensitivity of the sensor 
was 0.26 (V/A)/A at room temperature, which are at least thirteen times greater than that of other Hall-
effect based current sensors. The proposed sensor is promising for current monitoring in a wide range of 
operation conditions. 
Keywords: AlGaN/GaN 2DEG, current sensor, Hall effect sensor,  stress/strain sensor.

INTRODUCTION 

GaN is one of the most promising materials 
of group III-Nitrides (III-N) owing to its 
superior large energy-band gap (3.4eV) and high 
polarization effect. One of the advanced 
properties of AlGaN/GaN is its capability to 
form two-dimensional electron gas (2DEG) [1].  

By introducing external strain in the 
heterostructure, the change in piezoelectric 
polarization field leads to significant variations 
in 2DEG density, showing potential for 
developing stress/strain sensors [2]. The strain 
induced effect on the resistivity of two-terminal 
AlGaN/GaN HEMT devices has been reported 
for pressure sensing applications with 
substantially high gauge factors [3]. However, 
for these devices, resistance-to-voltage circuit 
and amplifiers are normally required to convert 
resistance changes to output voltages and to 
obtain an easily detectable signal, leading to 
non-zero offset during operations with varying 
temperatures. Van der Pauw strain sensing 
devices (also referred to as four-terminal 
devices) initially presented by Kanda [4], have 
been proven to overcome the drawbacks of two-

terminal devices. For example, silicon and 
silicon carbide four-terminal devices have been 
demonstrated to be thermally stable as they do 
not rely on any external Wheatstone bridges and 
enable the miniaturization of such devices. 
Taking advantages of four-terminal 
configurations, several studies have recently 
demonstrated the strain dependence of output 
voltage in these devices for force and pressure 
sensing applications [5]. However, to the best of 
our knowledge, the strain dependence of 
AlGaN/GaN based four-terminal devices on the 
offset voltage has not been fully understood so 
far. Therefore, this work aims to investigate the 
influence of compressive and tensile strain on 
the offset voltage of AlGaN/GaN van der Pauw 
devices.  

AlGaN/GaN 2DEG also suitable for 
developing AC/DC current sensors due to its 
high electron mobility, wide band gap, and 
superior magnetic field sensitivity [6]. In this 
research, we demonstrated a highly sensitive 
current sensor based on AlGaN/GaN 2DEG with 
a flux concentrator (magnetic core) to 
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concentrate the magnetic field onto the sensing 
area. 

ALGAN/GAN 2DEG STRESS/STRAIN 
SENSOR 

2.1 Working principal  

 
Figure 1. (a) 2D Simulation of current flux in 4 
terminals device. The insets show the strain and 
current direction on particular cells. (b) 
Equivalent circuit diagram of the fabricated 
device. 

Fig. 1(a) shows the configuration of the four-
terminal strain sensor where the current was 
applied between terminals A, B while the output 
voltage was measured between terminals C, D. 
According to the Kanda's model [4] of a discrete 
constant circuit, the sensor is a square-type 
Wheatstone bridge circuit comprised of four 
resistors RAC, RBC, RBD, and RAD, Fig. 1(b). The 
relationship of the output signal Vout versus the 
four resistors is given by [7] 

                           (1) 

At the strain free condition, the resistance of 
four sections are equal leading to a zero output 
voltage between terminals C and D. Upon the 
application of the tensile stress, the elongation of 
RAC and RBD led to a decrease in resistance, 
while the compression of RAD and RBC along the 
current direction caused an increase in these 
resistances. This asymmetric variation of the 
four resistors due to strain resulted in a voltage 
generated between terminals C and D, according 
to Eq. 1. Consequently, the four-terminal 

configuration can be employed as a strain sensor 
where the induced strain can be monitored by 
measuring the output voltage Vout =VCD.  

2.2 Design and fabrication 

 
Figure 2. (a) Schematic sketch of the device 
structure; (b) Configuration of the experimental 
setup for the measurement of strain induced 
effect to the device. 

To investigate the strain effect on four-
terminal 2DEG devices, we utilize AlGaN/GaN 
wafer with 10 nm AlGaN top layer, 4 μm GaN 
and 400 μm sapphire substrate .The wafer was 
diced into 10 mm ×10 mm × 0.4 mm square 
strips and an Ohmic contact was formed on each 
corner of the device, Fig. 2(a). Finally, the 
square strip was bonded on a stainless-steel 
cantilever for the subsequent bending 
experiment as shown in Fig. 2(b). 

The bending beam method was applied to 
induce strain into the sample, in which one end 
of a stainless-steel cantilever was fixed, while 
the other free end was deflected. The square-
shape sample was attached to the vicinity of the 
fixed end of the stainless-steel beam. By pushing 
a force downward/upward, a tensile/compressive 
strain was applied to the device.  

2.3 Results and discussion 

 
Figure 3. (a) Output voltage versus applied 
strains with different input currents; (b) The ratio 
of the output voltage to the input voltage of the 
device with varying strain. 

Figure 3(a) shows the change in the output 
voltage at terminals C and D after subtracting 
the offset voltage under compressive and tensile 
strains, and under different applied currents 
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ranging from 30 to 90 μA. The experimental 
results indicated a positive value in the output 
voltage ∆VCD under tensile strain, while a 
negative voltage was observed under 
compressive strain. The generated voltage of the 
device followed good linear relationships with 
the applied strain (varied from -90 to 90 ppm) at 
different applied currents, which is a preferable 
property for strain sensing applications. The 
strain sensitivity of the device can be defined as: 

                                               (2) 

It was also evident that increasing the 
applied current led to an increase in the change 
of the output voltage. Nevertheless, the 
sensitivity of the device to applied strain was 
independent of the voltage supplied through 
terminals C and D, Fig. 3(b). Accordingly, the 
strain sensitivity of the fabricated 2DEG four-
terminal device was found to be as high as 3 
(μV/V)/ppm which is comparable to other 
reported results for SiC.  

ALGAN/GAN 2DEG CURRENT SENSOR 

3.1 Working principal  

 
Figure  4. (a) The geometry and dimension of the 
magnetic core, (b) Experimental setup for 
characterization of the Hall current sensor 

The operation of Hall effect current sensor is 
based on Ampere’s law, where a magnetic field 
is generated around a current-carrying 
conductor. This magnetic field is converted into 
a voltage and detected by the Hall sensor. 
However, the magnetic field generated from the 
conductor is relatively small, consequently 
creating new challenges for detecting such a 
small signal. In addition, the magnetic field 
significantly depends on the distance between 
the sensors and the conductor [8]. 

As magnifying the magnetic signal would 
increase the Hall voltage, we utilized a magnetic 
flux concentrator in the form of toroidal core, as 
shown in Figs. 4(a) and 4(b). The nano-
crystalline Vitroperm alloy was selected as core 
material due to its high permeability and low 

remanence. The alloy contains about 82.8 % Fe, 
8.8 % Si, 1.5 % B, 5.6 % Nb and 1.3 % Cu.   

3.2 Design and fabrication 

For device fabrication, we utilized 
AlGaN/GaN wafer with 10 nm AlGaN top layer, 
4 μm GaN and 400 μm sapphire substrate .The 
wafer was diced into 10 mm ×10 mm × 0.4 mm 
square strips and an Ohmic contact was formed 
on each corner of the device, Fig. 2(a). The 
sensitivity of the AlGaN/GaN 2DEG device was 
measured to be 77 VA-1T-1, which is greater than 
that of other semiconductor-based devices 
reported in the literature including Si, GaAs, 
InAs and Insb [9][10]. This result indicates the 
suitability of AlGaN/GaN 2DEG for the 
development of sensitive current sensors. The 
chip was bonded on a glass film and then 
attached firmly to the magnetic core for the 
characterization of DC current sensing, as 
shown in Figs. 4(a) and (b).  

3.3 Results and discussion 

The output Hall voltage of a Hall effect 
device is dependent on the electron density in 
2DEG and the intensity of the magnetic field: 

                                      (3) 

where VH is the Hall voltage, GH is the 
geometrical correction factor of Hall voltage, rH 
is the Hall factor, Ibias is the bias current, B is the 
magnetic field applied perpendicular to the plane 
of the device, q is the electron charge, and N2DEG 
is the sheet density. 

The magnetic core converges the magnetic 
flux surrounding the conductor into a magnetic 
flux perpendicular to the chip surface. The 
magnetic flux density focused by the core to the 
sensor can be calculated as [11][12]: 

                                                    (4) 

where B is the magnetic flux density (T),  
is the initial permeability of the core, lm is the 
mean length of core and lg is the length of air 
gap. 

The flux density of the magnetic field is 
magnified by a factor of 13 from the original 
field value. The measured results agree well 
with the simulation result. Based on the 
simulation result, the magnetic flux generated by 
the magnetic core changes only 4% due to the 
shifting of the conductor inside the magnetic 
core. Therefore, using such a core, the conductor 
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can be moved inside the core without 
significantly affecting the output voltage of the 
sensor.  

 
Figure 5. Hall voltage versus applied current at 
room temperature. 

The sensitivity of the device with respect to 
supplied bias current can be defined as: 
                                                      (5) 

The current sensitivity of the fabricated 
2DEG four-terminal device was found to be as 
high as 0.26 (V/A)/A, Fig. 5. This sensitivity is 
13 times higher compared to other reported 
results for different current sensors [13]. 

CONCLUSION 

The offset voltage dependence of the 
AlGaN/GaN device on applied strain has been 
investigated for the first time. We observed that 
the offset voltage of the AlGaN/GaN van der 
Pauw device is relatively sensitive to the applied 
compressive and tensile strain. This property is 
essential for the design of AlGaN/GaN-based 
mechanical sensing devices, which can be 
exposed to the strain under packaging as well as 
operational processes. The strain sensitivity of 
this device has been found to be relatively high 
at 3(μV/V)/ppm, demonstrating its feasibility for 
mechanical sensors.  
We also demonstrated AlGaN/GaN hetero-
structure based devices for highly sensitive DC 
current sensing. The device exhibited a high 
sensitivity of 0.26 (V/A)/A, showing its 
feasibility for current sensing applications. The 
magnetic core was used to concentrate the 
magnetic field generated from the electric current 
in the conductor. By using the magnetic field 
concentrator, sensitivity of the Hall effect sensor 
increased at least 13 times compared to the case 
without the magnetic core. 
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ABSTRACT 

 
By hydrothermal method using two precursors (tetraisopropyl titanate and titanium dioxide) at acidic and 
alkaline medium, TiO2 photocatalysts with two morphologies (nanoparticles ‒ TNPs and nanotubes ‒ 
TNTs) were successfully synthesized. Characteristics of catalysts were identified by various methods 
including XRD, FT-IR, BET, UV-Vis, SEM, TEM, Raman, and PZC. The analysis results prove that 
TiO2 nanoparticles (TNPs), containing both anatase and rutile phases, had the advantages of properties 
such as smaller average crystallite size (10.4 nm) related to higher BET surface area (102.9 m2g‒1 ) and 
band gap energy of 3.08 eV. Meanwhile, TiO2 nanotubes were tube-shaped with a diameter of 10.7 nm 
and length of about 50‒100 nm, contained titanate phase with the specific surface area of 137.9 m2g‒1 and 
band gap energy of 3.18 eV. The optimum conditions including photocatalyst dosage, initial pH solution, 
and the air flow rate in the photocatalytic degradation of cinnamic acid (CA) at 25 ºC were determined. 
The results showed that the photocatalytic activity of TNPs was higher than that of TNTs in CA 
degradation. CA conversion reached at 91% on TNPs after a 40-minute reaction while it only did 52% on 
TNTs after 90 min in the most suitable reaction conditions.  
Keywords: TiO2 morphology, cinnamic acid, photocatalytic degradation, hydrothermal method.  

INTRODUCTION 

Cinnamic acid (CA) was acknowledged as a 
model of the persistent phenolic acids in the 
contaminated water. Advanced oxidation 
processes (AOPs) stand out as a practical 
technology in the stimulation of the oxidation 
process, helping effectively remove POPs in 
aqueous phase even at little concentration. In the 
presence of the light, photocatalysts can form 
highly active species including holes, electrons, 
hydroxyl radicals, and superoxide radicals to 
degrade and mineralize organic pollutants [1, 2]. 
The hydrothermal method has been used to 
produce TiO2 with different shapes such as 
nanoparticles, nanorods, nanowires, and 
nanotubes [3]. In this work, TiO2 catalysts were 
synthesized by the hydrothermal method in 
different shapes. The physicochemical 
characteristics and the photocatalytic activity of 
synthesized TiO2 catalysts were determined in 

more detail for the degradation of the CA 
solution. 

EXPERIMENTAL  

The preparation of TNPs was carried out by 
the hydrothermal method in acidic conditions as 
follows. 3 mL of tetraisopropyl titanate was 
added dropwise to solution of 3 mL 37% 
hydrochloric acid in 37 mL water. The obtained 
homogeneous solution was hydrolyzed in the 
autoclave at 160 °C for 12 h. The resulting 
precipitate was washed with distilled water and 
ethanol three times and dried at 60 °C overnight.  

In the same way, TNTs catalyst was 
synthesized by the hydrothermal method in 
alkaline condition. Firstly, 0.8 g of titanium 
dioxide powder was added to 80 mL of 10 M 
NaOH. Then, the obtained suspension was 
stirred for 1 h at room temperature and heated at 
135 ºC in a 100 mL autoclave for 24 h. The 
resulting precipitate was separated and collected 
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by centrifuge, followed by several washing steps 
with 0.1 N HCl solution and deionized water. In 
the final step, TNTs powder was obtained after 
drying at 60 ºC for 12 h. 

X-ray diffraction (XRD) measurements were 
performed on Bruker D2 Pharser X-Ray 
Diffractometer. UV-Vis diffuse reflectance 
spectroscopy (DRS) was used to examine the 
band gap of the catalysts and recorded on a 
Varian Cary 5000 UV-Vis-NIR 
spectrophotometer. Then, the band gap can be 
calculated [4] as: 

g
1239.8E =

λ
 

where Eg is the band gap energy (eV) and λ 
is the edge wavelength (nm). Indeed, indirect 
and direct electron transitions were also 
supposed and calculation of the band gaps was 
performed by plotting (F(R)hυ)1/2 vs hυ (indirect 
method) and (F(R)hυ)2 vs hυ (direct method), 
according to reference [5]. Nitrogen adsorption-
desorption isotherms were determined by using 
a Nova 2200e instrument. The morphology and 
surface properties of materials were investigated 
by a Jeol Jem 1400 transmission electron 
microscopy (TEM) apparatus. Fourier transform 
infrared (FTIR) measurements were used for the 
characterization of functional groups. The point 
of zero charge (PZC) of TiO2 samples was 
determined by the salt addition method [6]. 

The photocatalytic activity of samples was 
studied by the batch method as described in [7]. 
The reaction mixture was stirred in the dark for 
40 min to establish the adsorption/desorption 
equilibrium before exposing to the UV light 
irradiation of 36 UVA Engin LZ1-00U600 
lamps (λ ≈ 350‒400 nm, with the maximum 
peak at 365 nm). The reaction solution was 
separated by filtration and analyzed by UV-
visible spectrophotometer on UV–1800 
(Shimadzu) at 272 nm. 

RESULTS AND DISCUSSION 

As can be seen from Figure 1, the anatase 
phase with main characteristic peaks at 2θ = 
25.5, 38.0, 48.2 and 75.5º with the strongest 
intensity at 2θ = 25.5º was recognized in XRD 
pattern of TNPs. There are some peaks related 
rutile phase was observed at 27.5, 36.2, 41.4, 
54.4, 62.9 and 69.1º with the strongest intensity 
at 2θ = 27.5º. Meanwhile, the XRD spectra of 
TNTs appeared three characteristic peaks at 2θ = 
24.1, 28.3 and 48.0º, which have been assigned 

to the diffraction of titanates such as 
A2Ti2O5·H2O, A2Ti3O7

 (where A: H or Na), 

and lepidocrocite titanates. Furthermore, the 
XRD pattern of TNTs also exhibited diffraction 
peak at 2θ = 10.2º indicating the presence of 
hydrogen titanates phase (H2Ti3O7) by 
replacement of Na+ by H+ when the products 
were washed with water [8, 9].  

 
Figure 1. XRD pattern of TNPs and TNTs 
catalysts. 

The Raman spectra of TNPs exhibited 
characteristic modes for anatase at 145, 399, 513 
and 639 cm‒1, and rutile at 210 and 445 cm‒1. 
Meanwhile, the Raman spectra of TNTs samples 
showed specific features at 285, 450 and 667 
cm‒1, attributed to Ti-O vibrating modes in 
titanates and Ti-O-Ti or Ti-O-Na vibrations in 
nanotubes structures. 

On the FTIR spectra of TNPs and TNTs 
samples, the wide characteristic peaks at 3380 
cm−1, assigning to the stretching vibration of 
surface-absorbed H2O molecules and peak at 
1630 cm−1 contributing to the surface O-H bonds 
were observed. The new small peak at 1340 
cm−1 in TNTs spectra is attributed to the 
protonation of the surface TiO2 under acidic 
solution to form 2TiOH+ groups that confirm the 
formation of titanate nanotubes. 

 TEM images (Figure 2) demonstrate that 
TNPs were nearly spherical in shape with 
particles’ diameter ranges between 12 and 30 
nm. Meanwhile, TNTs had nanotube structures 
with lengths up to 30−120 nm, outer diameters 
between 8 and 12 nm and inner diameters of 5 
nm. In both cases, the nanostructures were quite 
a monodispersity and relatively uniform in size.  
The specific surface area and pore diameter of 
TNPs sample are 102.9 m2g‒1 and 2.72 nm, 
respectively (Table 1). TNT shows a higher 
surface area and smaller pore diameter than 
TNPs, being 137.9 m2g‒1 and 2.18 nm 
respectively. Furthermore, the PZC of TNPs and 
TNTs catalysts was approximately 3.11 and 
3.40. 
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Table 1. The crystalline size (dcry), the BET 
surface area (SBET), the average pore diameter 
(dpore), and the point of zero charge (PZC) of 
TNPs and TNTs catalysts 

Catalyst dcry, nm SBET, m2g‒1 dpore, nm PZC 
TNPs 10.4 102.9 2.72 3.11 
TNTs 10.7 137.9 2.18 3.40 

  
Figure 2. TEM images of TNPs and TNTs 
catalysts.  

The data in Table 2 show that the Eg values 
for the indirect method ( 2

gE ) were in good 
agreement with those obtained from the 
absorbance method ( 1

gE ), while higher values 
3
gE have been obtained when the direct method 

was used.  
Table 2. The energy band gap (Eg) values 
obtained from different methods for TNPs and 
TNTs catalysts 
catalyst 1

gE , eV 2
gE , eV 3

gE , eV 

TNPs 2.95 3.08 3.31 
TNTs 3.08 3.18 3.48 
1 absorbance 
2 indirect allowed transitions (αhυ)1/2 
3 direct allowed transitions (αhυ)2 

Figure 3 shows the influences of the 
operational parameters on the photoactivity of 
TNPs catalyst in CA degradation. As it followed 
from Figure 3a, CA degradation was 
significantly affected by the catalyst dosages. 
When the catalyst concentration extended from 
0.10 to 0.25 gL‒1, CA degradation extent for 40 
min (X40) raised from 60 to 91%. However, a 
further increase in the catalyst dosage (0.50 
gL‒1) led to a decrease in CA degradation due to 
the turbidity of the suspension and light 
scattering effects [10]. As can be seen from 
Figure 3b, the optimum pH was found to be 3.8 
and the maximum conversion of 91% was 
achieved within 40 min. When the initial pH of 
the CA solution was increased from 3.8 to 7.0, 

there was a remarkable decrease in CA 
degradation extent from 91 to 24%. This can be 
explained that at pH values greater than PZC of 
TNPs catalyst (3.11), TiO2 surfaces were 
negatively charged. At solution pH lower its 
pKa value (4.44), for example, pH = 3.8, CA 
was protonated and acted as the cation 
surfactant; therefore, CA favored the adsorption 
on the negatively charged surface lead to the 
activity of catalyst to be higher [11]. At pH 
higher 4.44, CA as well as TiO2 surfaces were 
negatively charged resulting in the development 
of greater repulsive forces between TiO2 surface 
and deprotonated CA [12]. It can be seen from 
Figure 3c that the conversion of CA 
significantly changed when increasing air flow 
rate from 0.2 to 0.3 Lmin⁻1 the 40 min 
conversion of CA on TNPs catalyst increased 
from 79% to 91%. In the photocatalytic reaction, 
oxygen acts as an electron capture agent, that 
increased the recombination time of e - h+ pairs 
and generated strong oxidative electron accepted 
oxygen ( 2O•− ), in the result the photocatalytic 
activity was enhanced. However, at the higher 
oxygen flow rate may hinder the absorbance of 
UV light to the photocatalyst [13]. 

 
Figure 3. Effect of operational parameters: 
photocatalyst dosage (a), initial pH solution (b) 
and air flow rate (c) on the photocatalytic 
degradation of CA on TNPs catalyst. 

The influence of the photocatalyst dosage, 
initial pH solution, and the air flow rate in the 
photocatalytic degradation of CA solution on 
TNTs catalyst as illustrated in Figure 4. Based 
on these relationships, the optimal conditions of 
CA photodegradation on TNPs catalyst were 
found as follows: catalyst dosage of 0.75 gL‒1, 
initial pH of 3.8 and an air flow of 0.5 Lmin‒1. 
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The conversion of cinnamic acid on TNTs 
sample at this condition was 52 % after 90 min.  

 

 
Figure 4. Effect of operational parameters: 
photocatalyst dosage (a), initial pH solution (b) 
and air flow rate (c) on the photocatalytic. 

CONCLUSION 

 TiO2 photocatalysts of nanoparticles and 
nanotubes morphologies were successfully 
synthesized by the hydrothermal method in 
acidic and alkaline conditions. TNPs TiO2 exists 
in spherical crystals, size 10.4 nm including 
anatase and rutile phases. Besides, the TNPs 
catalyst also had a large specific surface area 
(102.9 m2g‒1) and a low band gap energy of 3.08 
eV. TNTs catalysts were tube-shaped (length of 
about 50‒100 nm and diameter of 10.7 nm) with 
a uniform structure, contained mainly titanate 
phase with specific surface area as high as 137.9 
m2g‒1 and band gap energy of 3.18 eV. TNPs 
catalyst showed higher activity than the TNTs 
catalyst for the CA photodegradation.  
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ABSTRACT 

 
Electron density fluctuation owing to thermal motion and defects in semicrystalline polymers is present at 
everywhere in the small-angle X-ray scattering (SAXS) profiles but affects more strongly on the 
structures located in the high q-range because of its contribution more than 90% of total scattering 
intensity. Poly(styrenesulfonic acid)-grafted poly(ethylene-co-tetrafluoroethylene) polymer electrolyte 
membranes (ETFE-PEMs) possess hierarchical structures at different scale ranges including lamellar 
structure, interfacial boundary, and conducting layer. These structures have a close relationship with the 
properties of membranes such as proton conductivity, water uptake, mechanical strength, chemical 
strength, and thermal stability that relate strongly to the efficiency and performance of the fuel cell. In this 
article, we used six models such as Vonk 4, Vonk 6, Vonk 8, Ruland 2, Ruland 4, and Ruland 6 to 
estimate the effection of electron density fluctuation on the structures that mentioned above. The obtained 
results of the electron density fluctuation depend on the methods of determination and affect dramatically 
on the sizes of interfacial thickness and the conducting layer but not the lamellar structure. 
Keywords: ETFE-PEM, small-angle X-ray scattering (SAXS), electron density fluctuation, fuel cell. 
 

INTRODUCTION 

Recently, poly(styrenesulfonic acid) grafted 
poly(ethylene-co-tetrafluoroethylene) polymer 
electrolyte membranes (ETFE-PEMs) prepared 
by the preirradiation grafting method have been 
exhibited as the alternative membranes for 
vehicle fuel cell applications. These membranes 
have been reported to possess the hierarchical 
structures including lamellar structure, 
interfacial boundary, and conducting layer. The 
small-angle X-ray scattering (SAXS) profiles of 
these structures have been investigated 
previously.1,2 It is well-known that the electron 
density fluctuation affects significantly on the 
microstructures located in the high q-range 
because the scattering due to electron density 

fluctuation was reported to contribute more than 
90% of total scattering intensity.3 However, 
there are no reports to concern this critical issue 
for graft-type membranes using in the fuel cell 
systems. Accordingly, in this study, we have 
investigated the affection of electron density 
fluctuation on the hierarchical structures of 
ETFE-PEMs. The hierarchical structures of 
ETFE-PEMs as mentioned above relate closely 
with the membrane properties such as proton 
conductivity, water uptake, mechanical strength, 
chemical strength, and thermal stability. 
Therefore, the precise determination of these 
higher order structures with correction of 
electron density fluctuation is highly desirable to 
improve understanding of the structure – 
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property relationship of the graft-type 
membranes for fuel cell applications. 

The electron density fluctuation intensity, 
which is considered as scattering backgrounds 
(IFl(q) or IB(q) with q is scattering vector q = 
4πsinθ/λ, where 2θ is scattering angle and λ is 
the wavelength of the incident radiation) is 
determined normally by Vonk4 and Ruland5 
models as follows: 

( ) n
FlI q Fl Bq= +  (1) 

( ) nAq
FlI q Fl e=  (2) 

where Fl is the so-called electron density 
fluctuation, A, B, and n (an even integer between 
0 and 10) are arbitrary constants. 

EXPERIMENTAL  

Details on the materials, preparations and 
SAXS measurements were described in our 
previous studies.1,2 The ETFE-PEM membranes 
with grafting degree (GD) = 19%, 34%, and 
59% were prepared the preirradiation grafting 
method and then measured by SAXS (Fig 1). 
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polystyrene sulfonic 
acid structure

interfacial boundary
 structure

lamellar structure
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I(q
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cm
-1
)

q (nm-1)  
Figure 1. SAXS profile of ETFE-PEM 34% and 
typical structures. 

RESULTS AND DISCUSSION 

To estimate the intensity of electron density 
fluctuation IFl(q) and other parameters (Fl, A, B, 
n), the linear fitting of the plot of I(q) vs qn (for 
Vonk function) and ln(I(q)) vs qn (for Ruland 
function) were performed in the high-q region 
where the observed scattering intensities from 
the morphology and structure of polymers were 
negligible. In this study, we use n = 4, 6, 8 for 
Vonk models (denotes as Vonk 4, Vonk 6, Vonk 
8) and n = 2, 4, 6 for Ruland models (denotes as 

Ruland 2, Ruland 4, Ruland 6) to find out the 
suitable models to estimate the electron density 
fluctuation for original ETFE and ETFE-PEMs. 
Fig 2 show the detail of fitting for ETFE-PEM 
19% using Vonk 6 and Ruland 4 models, and the 
others are conducted similarly. 
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Figure 2. Background determination for ETFE-
PEM 19% by Vonk 6 (a) and Ruland 4 (b). 

To determine the effect of background on 
the whole profile, the “contribution factor (%)” 
= IFl(q)/I(q)*100% was used. Fig 3 shows that 
models of Vonk 4 and Ruland 2 or Vonk 8 and 
Ruland 6 show under- or over-estimation the 
contribution factor, whereas Vonk 6 and Ruland 
4 models seem to be suitable. It is because these 
models give the contribution around 100% in the 
q range > 2 nm-1, which is in good agreement 
with those in a previous report.3 
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Figure 3. Contribution factor of ETFE-PEM 19% determined by Vonk and Ruland models. 

Table 1. Fitting results of Vonk 6 and Ruland 4 models for ETFE and ETFE-PEMs  
 Vonk 6  Ruland 4 

Sample B Fl  A Fl 
Original ETFE (5.26 ± 0.12) x 10-7

 0.31 ± 0.01  (1.08 ± 0.03) x 10-4
 0.29 ± 0.01 

ETFE-PEM 19% (8.62 ± 0.08) x 10-7
 0.51 ± 0.01  (1.01 ± 0.02) x 10-4

 0.50 ± 0.01 
ETFE-PEM 34% (9.90 ± 0.48) x 10-7 0.52 ± 0.03  (1.18 ± 0.11) x 10-4 0.45 ± 0.04 
ETFE-PEM 59% (9.83 ± 0.05) x 10-7 0.44 ± 0.01  (1.30 ± 0.05) x 10-4 0.41 ± 0.02 

      
In the next section, we use the fitting results 

of Vonk 6 and Ruland 4 models to estimate 
IFl(q). From the Porod’s law for ideal two phase 
systems, the intensity in the q range of 0.5 – 2 
nm-1 should be proportional with q-4 (or slope of 
the plot log(Iq) vs log(q) is -4).6 However, the 
SAXS profiles of ETFE-PEMs hardly 
completely follow the Porod’s law because the 
membranes possess the interfacial boundary 
between crystal and amorphous phase within the 
lamellar stacks and the high electron density 
fluctuation in the high q-region. Fig 4 show the 
SAXS profiles before and after subtraction 
background by both Vonk 6 and Ruland 4 

methods. It is observed that the SAXS profiles 
were unchanged in the q range of 0.1 – 0.6 nm-1, 
where the lamellar structures locate, but slightly 
altered in the higher q range than 0.6 nm-1, 
where the diffuse boundary layer and proton 
conductance region locate (Table 2).  These 
results clearly show that the background 
correction does not affect on the lamellar 
structure but strongly alters the SAXS profiles 
of the interfacial boundary structure and the ion 
conductance. In the other words, to determine 
the interfacial thickness, the electron density 
fluctuation must be eliminated.
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Figure 4. SAXS profiles before and after background correction in q range = 0.1 – 2.5 nm-1. 

Table 2. Slope of the log(Iq) vs log(q) plot after background correction by using Vonk 6 and Ruland 4 
methods 

Sample Profile Vonk 6 Ruland 4 
Original ETFE -2.59 ± 0.04 -3.32 ± 0.03 -3.27 ± 0.04 
ETFE-PEM 19% -3.85 ± 0.04 -4.04 ± 0.04 -4.04 ± 0.05 
ETFE-PEM 34% -3.52 ± 0.03 -3.81 ± 0.02 -3.76 ± 0.04 
ETFE-PEM 59% -3.51 ± 0.04 -3.92 ± 0.03 -3.91 ± 0.03 
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Next analysis is about the structure of 
polystyrene sulfonic acid group in the q range of 
2.5 – 6 nm-1. Before background subtraction, the 
SAXS profiles exhibit no peak for the original 
ETFE and ETFE-PEM 19% but a small, unclear, 
and unsymmetrical peak at around q = 4 nm-1 for 
ETFE-PEMs with GD = 34 and 59%. The peak 
at q = 4 nm-1 relates to the structure of 
polystyrene sulfonic acid group in the 
conductance layers of these electrolyte 
membranes. After background subtraction, the 

peak at q = 4 nm-1 is clear, sharper, and more 
symmetrical (Fig 5c, 5d) for both Vonk 6 and 
Ruland 4 models. It should be noted here that 
the peak position at q = 4 nm-1 was not altered 
after background correction. In addition, the 
intensity of the peak is greatly reduced (about 
95%) compared to those before correction IFl 
(q). The above results show that IFl(q) 
significantly affects the total scattering intensity, 
shape, and peak distribution of I(q) at the large 
angle scattering vector region (q > 2.5 nm-1).
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Figure 5. SAXS profiles before and after background subtraction using Vonk 6 and Ruland 4. 
 

CONCLUSION 

The obtained results of IFl(q) by using Vonk 
6 and Ruland 4 methods indicate that the 
electron density fluctuation affects strongly on 
the SAXS profiles of interfacial thickness and 
the conducting layer but not the lamellar 
structure. The slope of the log(Iq) vs log(q) plot 
was altered after background correction in the 
higher q range than 0.6 nm-1, where the diffuse 
boundary layer and proton conductance region 
locate. However, the peak position at q = 4 nm-1, 
which is related to the structure of conductance 
region, was not altered after background 
correction. Further studies are to calculate the 
size of interfacial thickness, the phase separation 
and their relationship to the mechanical 
properties of ETFE-PEMs. 
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ABSTRACT 
 
A red-emitting Gd3PO7:1mol%Eu3+ nanophosphors havebeen successfully synthesized via straightforward 
combustion method. Thermal behavior of the as-synthesized sample was investigated by thermogravimetric 
analysis (TGA) and differential thermal analysis (DTA). Beside, structures, morphologies and optical 
properties of Gd3PO7:1mol% Eu3+nanophosphorswere studied by X-ray diffraction (XRD), scanning electron 
microscopy (SEM), photoluminescent (PL) spectra,photoluminescent excitation (PLE)spectra, and decay 
curves. Samples were annealed at different temperatures (500, 600, 700, 800, and 900°C) for an hour. XRD 
analyses confirmed their monoclinic phase and theaverage particle size was about 20nm. We analyzed the 
influence of annealing temperature on the optical properties, namely PLE, PL spectra, and decay time. Under 
the excitaion at 252 nm, the strong red-emission at 615 nm due to the 5D0→7F2 transition was observed. It also 
shows that Eu3+ions in Gd3PO7 mainly occupied non-centrosymmetry sites. The maximum intensity 
of 5D0→7F2 emission was observed corresponding to the sample annealed at 900ºC.When the annealing 
temperature increased, the decay time increased from 1.3 to 1.5 ms, too. 

INTRODUCTION 

In recent years, rare earth orthophosphates have 
been continuously receiving a significant attention 
from researchers due to their special photo-
luminescent properties and potential applications in 
magnets, catalysts, biochemical probes, and 
medical diagnostics [1-4]. Among them, it must be 
mentioned GdPO4 because it had extremely 
interesting properties. In 2018, T.T.D.Hien and co-
working investigated effect of calcination 
temperature on phase transition of GdPO4:Eu3+ [5].  
As a result, when the annealing temperature was 
from 300 to 500ºC, all samples exhibited hexagonal 
phase (JCPDS No. 39-0232). When the reaction 
temperature was 600ºC, the crystallinity of the 
nanoparticles existed in two forms: hexagonal and 
monoclinic. On annealing upon 800ºC, monoclinic 
phase was observed with well formed diffraction 

peaks (JCPDS No. 32-0386).Rare-doped ions were 
important in phosphor marerials, one of them must 
be mentioned Eu3+ ions. In 2016, Yanxia Tang and 
co-working researched the luminescent properties 
of GdPO4:Eu3+ [6]. According to their report, the 
megnetic dipole transition 5D0→7F1 of Eu3+ ions 
was dominant with strong orange red emission due 
to the symmetric site of Eu3+ions in the host. Until 
now, there are a lot of researches on GdPO4:Ln3+ 
materials with their interesting properties. 
However, there was rarely reported in recently 
years about studying on Gd3PO7 doped with rare 
ions. In 2001, Zeng Xiao-Qing and co-working 
studied the luminescent properties of 
Gd3PO7:Eu3+ [7]. It was different from Eu3+-doped 
GdPO4 that this material emitted stronger red 
emission corresponding 5D0→7F2 transition under 
UV wavelength excitation. There were many ways 
for making materials as solid state reaction, co-

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

261



precipitation, sol-gel, combustion… In 2008, Ye 
Jin and co-working used a facile combustion 
method to synthesize Gd3PO7:Eu3+ nano-spheres 
with an average diameter nearly 300 nm [8]. In this 
study, Gd3PO7:Eu3+phosphors have been 
synthesized via straightforward combustion 
method because this was an effective, low-cost 
method. The effect of synthesized temperature on 
morphology of the obtained materials and their 
luminescent properties were discussed. 

EXPERIMENTAL 

The beginning materials were gadolinium (III) 
oxide (Gd2O3, 99.99%), europium (III) oxide 
(Eu2O3, 99.99%). All of them were of analytical 
class. Besides, nitric acid (Merck), ammonia 
solution (Merck), phosphoric acid (Merck) and 
urea (Merck) were used for the experiment, too. 
Firstly, the preparation the rare earth nitrates, 
Gd2O3 and Eu2O3 were treated by concentrated 
nitric acid. The second step, the first solution was 
the mix of 0.99 mmol Gd(NO3)3 and 0.01 mmol 
Eu(NO3)3 solution. An appropriate amount of urea 
as a fuel was put into the first solution, strong 
stirring to a transparent solution. The second 
solution containing the source of phosphate was 
made of the mix of H3PO4 and ammonia solution 
with the mole rate of 1:2. Therein, the mole rate of 
PO4

3- ion and Ln3+ ion was 1:3. The first solution 
was added very slowly by the second solution with 
a vigorously stirring for 1 hour at room 
temperature. Then, the mixture was heated until a 
white gel was formed called a precursor. These 
precursor samples were annealed at different 
temperatures (500, 600, 700, 800, and 900ºC) for 
an hour in air. 

The thermal decomposition actions of the 
before annealing sample was investigated by 
simultaneous thermo-gravimetry and differential 
thermal analysis (TG-DTA) on a TG-DTA/DSC 
(France) instruments in air with a heating rate of 
10°C min-1 from room temperature to 900°C in 
Vietnam Academy of Science and Technology. The 
crystalline structure was obtained on a Advance-
Bruker D8 X-ray diffracto-meter using Cu Kα 
radiation resource (λ=1,5406 Å) and the scan range 
was set from 20 to 80 (2θ) with a step of 0,03°s-1. 
The morphology of the final product was examined 
using a scanning electron microscope (SEM) 
(HITACHI S-4800). Excitation and emission 

spectra and decay time were determined by a Cary 
Eclipse fluorescence spectrophotometer equipped 
with a 80Hz xenon lamp as the excitation source. 

RESULTS AND DISCUSSION 
Fig. 1 shows the XRD pattern of Gd3PO7:Eu3+ 

phosphors particles using different annealing 
temperature at 500, 600, 700, 800, and 900ºC. All 
diffraction peaks of different samples were similar, 
which can be indexed as the monoclinic phase of 
Gd3PO7 crystal and they were well compatible with 
the JCPDS card No.34-1066.The diffraction peaks 
were strong and sharp indicate the high crystallinity 
of the material. Its lattice parameters were 
a=12.025Å, b=15.603Å, and c=13.866Å.Some 
characteristic peaks centered at 2θ = 23.27º, 28.45º, 
30.37º, 31.41º, 34.37º, 41.62º, 42.36º, 44.88º, and 
47.25º were corresponding to (302), (321), (4�11), 
(331), (4�31), (224), (511), (1�73) and (6�04) planes 
[9-11]. 
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Figure 1. XRD patterns of Gd3PO7:1%Eu3+ 
nanoparticles annealed at different temperatures. 

It suggests that, the dopant Eu3+ ions did not 
change the structure of the host matrix. As shown 
in Fig 1, the diffraction peaks of products became 
gradually narrow, sharp, and increased when the 
annealing temperature increased. The crystallite 
size (D) of Gd3PO7:Eu3+ phosphors particles were 
calculated by Scherrer’s equation: 𝐷𝐷 = 0.89𝜆𝜆

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝜃𝜃
. 

Where, D is the average crystallite size, λ is the 
wavelength of the Cu Kα radiation, θ is the Bragg 
angle and β is the full-width at half maximum 
(FWHM) in radians of the peak at 2θ= 30.37º. The  

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

262



calculated nanoparticle sizes (D) of Gd3PO7:Eu3+ 
phosphors  increased as annealing temperatures 
increased. As experiments, the sizes were 17.8, 
18.5, 18.7, 24, and 25.4 nm for annealing 

temperatures of 500, 600, 700, 800, and 900ºC, 
respectively. 
 
 

 
Figure 2. TG/DTA curves of as-prepared Gd3PO7:1mol%Eu3+ 

Fig 2 shows TG analysis and DTA curves, 
which were conducted simultaneously from room 
temperature to 800°C. Based on the TG curve, there 
were three main separate weight loss processes. 
The first stage is in the temperature range 70 – 
150°C with  a mass reduction of 8.5 wt% was due 
to the liberation of water molecules adsorbed on the 
product, which shows a weak endothermic peak at 
100ºC in the DTA curve. The second step of weight 
loss (69,5 wt%) occurred in the range 150 – 300°C, 
which can be attributed to decomposition of 
ammonium di-hydrogen phosphate, ammonium 
nitrate with two endothermic peaks occupied at 

around 246,3 and 292,4ºC in the corresponding 
DTA curve.  The third stage was in the temperature 
range over 300 to 700 °C with a mass loss of 9.5 
wt%. Besides, it can be observed that exothermic 
peaks were around 316, 369, and 450ºC in the DTA 
curve. This can be explained by the burning 
reaction of the nitrate, (NH2)2CO and oxygen. 
Above 700°C, the TG and DTA curves almost 
unchanged. This may be due to the absence of 
chemical reactions and phase transformation in the 
sample. The TG/DTA results are completely 
consistent with XRD measurements. 
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Figure 3. SEM images taken from Gd3PO7:1mol%Eu3+ nanoparticles annealed at 500ºC (a) and 900ºC (b). 

The SEM image of Gd3PO7:Eu3+ nanopaticles 
were shown in Fig. 2 to investigate the surface 
morphology of the samples annealed at 500ºC (Fig. 
2a) and 900ºC (Fig. 2b).It can be seen that most 
grains have a similar spherical morphology.  The 
average particle size of sintering temperature at 
500ºC was about 15-20 nm. However, when the as-
prepared sample was annealed at 900ºC, the 
average grain size was about 25-30 nm. Therefore, 
the grain size and level of aggregation increased as 
the annealing temperature increased.This was 
entirely consistent with XRD analysis results. 

Fig. 4 showed the room temperature 
photoluminescence excitation (PLE) spectra of 
Gd3PO7:1mol%Eu3+ nanopowders annealed 
different temperatures. They were collected at an 
emission wavelength of 615 nm. All of the curves 
were similar characteristics.As shown in Fig. 4, the 
PLE spectra included three broad bands and some 
peaks.Therein, a broad band prolonged from 220-
330 nm was well known as a charge transfer band 
(CTB) of Eu3+. This broad band took place by 
electron delocalization from the filled 2p6 orbital of 
the O2- to an empty 4f orbital of Eu3+ ions. Besides, 
the peak at around 273 nm was contributed to 
the 8S7/2→6IJ transition of Gd3+.Other peaks were 
from 300 to 450 nm due to the f - f transitions of 
Eu3+ ion, namely 7F0→5H3 at 315 nm, 7F0→5D4 at 
363 nm, 7F0→5G4 at 382 nm, 7F0→5L6 at 395 

nm, 7F0→5D3 at 412 nm, and 7F0→5D2 at 465 nm 
[8, 9, 11]. 
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Fig. 4. Excitation spectra of Gd3PO7:1mol%Eu3+ 

Looking carefully to the left area of the Eu-O 
charge transfer band, there are three bands to 
consider at 151, 175 and 200 nm. The band around 
151 nm is attributed to 𝑃𝑃𝑃𝑃43−absorption. In fact, 
there are two types of Gd-O bonds in Gd3PO7. 
Therefore, two bands which located at 175 nm and 
around 200 nm were assigned to the absorption area 
of Gd-O.This result completely coincides with the 
study of Zeng Xiao-Qing and co-working in 2000 
[7]. 
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Figure 5.Emission spetra (λex=252nm) of Gd3PO7:1mol% Eu3+ annealed at different temperature (A) and the 
dependence of the intensity of the 5D0→7F2transition on temperature (B). 
 

A red emission spectrum of Eu3+-doped 
Gd3PO7 under 252 nm excitation was given in Fig. 
5. The peaks were corresponding to the 5D0→7F0 
(579 nm), 5D0→7F1 (around 594 nm), 5D0→7F2 
(around 615 nm), 5D0→7F3 (around 650 nm), 
and 5D0→7F4 (around 703 nm). The mainly 
considered emissions in this study were 5D0→7F1 
(orange emission) and 5D0→7F2 (red emission). 
According to Judd–Ofelt theory, the values of ratio 
between the intensities or integral intensities of 
both transitions depend mainly on the symmetry of 
the local environment around Eu3+ ion. The orange 
emission of the 5D0→7F1 transition is a magnetic-
dipole transition, whereas the red emission of 
the 5D0→7F2 transition is an electric-dipole 
transition. Theoretically, If Eu3+ ions are in an 
inversion center, the magnetic-dipole transition is 
dominant. However, when Eu3+ ions occupy the 
non-centrosymmetric  sites,  the electric-dipole 
transition (5D0→7F2) is the strongest transition[9-
14].In this report, the R asymmetric ratio was 
determined as the ratio of the integrated intensity of 
the electric dipole transition (5D0→7F2)  to the 
magnetic dipole transition (5D0→7F1): 

R=
∫
∫

→

→

1
7

0
5

2
7

0
5

FD

FD
 

The value of R can provide structural 
information such as the deformity of ligand 
environment around the Eu3+ ions as well as a site 
symmetry. The higher the value of R indicated the 
lower the symmetry. In the specific case of 
Gd3PO7, Ye Jin and co-working studied the optical 

of this material in 2008 [8, 13]. They also 
confirmed that the dopant Eu3+ ions mainly 
occupied non-centrosymmetry sites.In this 
research, as in Fig. 5A, when the annealing 
temperature increased from 500 to 900ºC, the 
intensity of the emission bands increased 
significantly. In addition, the parameter R also 
increased from 6.8 to 7.5 (Fig. 5B).This means that 
the crystal of Gd3PO7 nanoparticles were getting 
more and more perfect as the annealing temperature 
increased. In particular, as the value of increased, 
the red emission was more and more pure. The 
color purity has many important applications in the 
field of color displays, light sources, and 
biomedical labels... 

The fluorescence decay cuvers for 5D0→7F2 
transition of Gd3PO7:1mol%Eu3+ samples 
annealing at different temperatures were showed in 
Fig. 6. The excitation and emission wavelengths 
were measured at 253 and 615 nm, respectively.It 
can be observed that all the decay curves cannot be 
fitted into a single exponential function but can be 
well fitted into a double exponential function as in 
the following equation: 
I = A1exp(-t/τ1) + A2exp(-t/τ2) 

Where I is the intensity at time t, τ1 and τ2 are 
the fast and slow components of the luminescence 
lifetimes, A1 and A2 are the fitting parameters [9]. 
Then, the average lifetime was calculated by the 

equation: 
2211

2
22

2
11

ττ
τττ

Α+Α
Α+Α

=  
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It can notice that there was a monotonous 

increase in the emission lifetime from 1.375 to 
1.562 ms when the sintering temperature was 
increased from 500 to 900ºC. (Table 1).This is 
explained as the increase of annealing temperature 
lead to the better crystallinity of the materials thus 
the decay times become longer. 
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Figure 6. Luminescence decay curves of Gd3PO7: 
1mol%Eu3+ samples annealed at different 
temperatures, measured for the 5D0→7F2 
transition. 

CONCLUSION 

In summary, Gd3PO7:1 mol%Eu3+ 
nanoparticles have been successfully produced via 
combustion method and annealed in the 
temperature range from 500 to 900ºC. The indexed 
peaks of XRD were confirmed a pure monoclinic 
phase and good agreement with the results of 
JCPDS card. When the annealing temperature 
increased, the average particle size increased from 
17 to 25 nm. The luminescent intensity increased 
with annealing temperature, reaching maximum for 
the best crystalline samples annealed at 900ºC in 
this study. Moreover, the ratio of the integrated 
intensity of (5D0→7F2)/ (5D0→7F1) reached 7.5 
that demonstrated as Eu3+ ions occupied non-
centrosymmetric sites and the red emission is pure. 
The lifetime of5D0→7F2 transition increased with 

the increase of sintering temperature. It implies that 
the crystals were more and more perfect. Finally, 
the optimal temperature for further studies with 
Gd3PO7:Eu3+ material is 900ºC. 
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ABSTRACT 

 
Controlling spatial distribution of nanoemitters is still a challenge these days, especially at the nanoscale 
level. We report here the fabrication of a new quantum dots-containing formulation that allows precise 
positioning of nanoemitters via two-photon photopolymerization together with localized plasmonic modes. 
This hybrid structure may provide new possibilities to control emission of nanosources. The plasmonic 
excitation can be produced using different geometries of metal nanoparticles and structures. Our hybrid 
plasmonic nanoemitters are shown to be highly sensitive to the polarization of the excitation.  
Keywords: 3D nanostructure, direct laser writing, quantum dots, two-photon polymerization, nanoemitter. 

INTRODUCTION 

Nanoplasmonics have great potential for 
controlling the energy transfer between nano-
emitters and surface plasmons (SPs) [1]. Some 
nanosources rely on hybrid plasmonics that was 
introduced a couple of years ago [2]. Hybrid 
plasmonics is at the origin of the development of 
new light nano-emitters based on radiative and 
non-radiative coupling between an active 
medium and a metal nanoparticle (MNP) [3]. The 
first hybrid plasmonic lasers (where an MNP acts 
as a nanocavity and is coupled to a gain medium) 
have been proposed and developed [4-5]. 

Among various types of nano-emitters, 
quantum dots (QDs) have received immense 
attention for their unique optical properties 
suitable for light emitting hybrid plasmonic nano-
system [6-9].  

In this research, we report on the success of 
high-quality quantum dots synthesis and 
controlled hybrid plasmonic nanoemitter built 
with quantum dots, optical waveguides and/or 
metallic structures.  

EXPERIMENTAL  

Core/shell quantum dots were synthesized by 
mixing cadmium oxide and zinc acetate in oleic 
acid and octadecene. The mixture was heated at 
300°C for 30 min before adding a solution of 

trioctylphosphine, selenium, and sulfur. After 
10 min, the quantum dots were formed, purified 
and collected in a centrifugation process. These 
synthesized quantum dots were dissolved in a 
polymer mixture of pentaerythritol triacrylate 
(PETA) and 2-(methacryloyloxy)ethyl succinate 
(MES). Nanoemitters were integrated by two-
photon polymerization of photosensitive 
formulation made of 1% Irgacure and 99% 
PETA-grafted QDs. The photopolymerization 
process was achieved by using a femtosecond 
laser at λ = 780 nm (Nanocribe GmbH). 

Fig. 1(a) showed photoluminescence (PL) 
and absorbance for different colour QDs 
including blue (CdZnS/ZnS), green (CdSe/ZnS), 
and red (CdSe/CdS/ZnS). QDs dispersed in 
polymers of PETA and MES were shown in Fig. 
1(b). It is obvious that QDs were well dispersed 
in polymer after a ligand exchange process to 
form a homogeneous solution that suitable for a 
photopolymerization in our next step to produce 
a hybrid plasmonic nanoemitter. Due to 
confinement of electrons and holes and gradient 
compositions, our synthesized QDs exhibited a 
sharp absorbance, high PL intensity and a narrow 
bandwidth below 20 nm that is much lower 
compared with commercialized QDs (having 30 
nm of bandwidth). 
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Figure 1. (a) Normalized photoluminescence and 
absorbance for blue, green, and red QDs. (b) 
Homogeneous solution of QDs dispersed in 
PETA and MES (Blue, Green, Red QDs from left 
to right). 

RESULTS AND DISCUSSION 

We satisfyingly photopolymerized our QDs-
solution on the surface of silver nanowires (NW) 
and gold nanocubes. Fig. 2(a) shows the 
schematic of the QDs integrated with a photonic 
waveguide. By focusing laser light at 514 nm 
onto the Ag-NW end (of diameter of 130-160 
nm), SPs were excited and launched, as 
evidenced by the green light emission spot at the 
other end, resulting from SPs perturbation and 
scattering (Fig. 2(c)-2(d)). The nanowire end 
geometry allowed one to couple SPs into 
propagating waves. No SP excitation was 
observed when the laser was focused on the NW 
body, far from its extremities.  
  

 

 
Figure 2. (a) Schematic of the QDs integrated 
with a photonic waveguide; (b) SEM image of Ag-
NW on Si substrate and zoom in of the NW end; 
(c)-(d) 7 µm-long Ag-NW illuminated by a 
focused green laser 514 nm polarized along the 
wire axis. 

We also integrated QDs onto other metallic 
structures such as gold nanocubes with QDs 
attached to its surface with different volume of 
QDs. When the volume of QDs is small enough, 
we might get a single emitter at the edge of the 
cube. 
 

 
 
Figure 3. SEM image of the hybrid structure 
obtained with incident polarization along the 
cube diagonal. 

CONCLUSION 

We successfully synthesized core/shell QDs 
of   different colours, high emission efficiency 
and having narrower band width than commercial 
QDs. Subsequently, we showed that light 
intensity at the waveguide extremity can be 
controlled by controlling the position of the 
launching site, through SPs propagation length. 
QDs were also integrated onto various metallic 
nanostructures (nanowire, nanocube, bow-tie, 
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etc.) which showed clearly potential on 
plasmonic enhancement. This new approach of 
combining plasmonic excitation and integrated 
optical waveguide are very promising to produce 
efficient acceptor-donor hybrid nano-systems by 
using different kinds of QD-containing 
photopolymerizable formulation and plasmonic 
structures. 
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ABSTRACT 
 

In this work, we have synthesized two kind of Al-based metal-organic frameworks (MOFs): aluminum 
fumarate (Al-fumarate) and CAU-10-H involving the commercially available ligands of fumaric and 
isophthalic acid, respectively. The crystallinity of synthesized samples were investigated by X-ray 
powder diffraction while their particle morphology and crystal size were analyzed using a scanning 
electron microscope. The thermogravimetrical analysis confirmed the stability of both as-synthesized 
materials. Their N2 isotherm shows a type I, correspondent to microporous materials. Pore volume is 
calculated to be 0.63 cm3/g for an Al-fumarate MOF and 0.35 cm3/g for CAU-10-H. The water sorption 
of CAU-10H and Al-fumarate MOFs corresponding to ~25% and 35-40% were reached after 80 min. The 
two Al-based MOFs exhibit proven water uptake to make them eligible for water adsorption/desorption 
applications. 
Keywords: Al-based MOFs, water adsorption, Al-fumarate MOFs, CAU-10-H MOFs  

INTRODUCTION 

Water adsorption in porous materials plays a 
crucial role in many applications such as 
dehumidification [1-3] or thermal batteries [4-6]. 
For example, microporous oxides such as 
zeolites are commercially employed to capture 
water in electric dehumidifiers [1]. More 
recently, water capture by porous solids is being 
applied for making adsorption-driven heat 
exchanger parts of air-conditioners in vehicles 
[5]. However, because of their low water uptake 
capacity and high regenerative temperature, 
these popular solid adsorbent systems are 
limited by the availability of heat sources [6]. It 
has been considered by some research groups to 
combine liquid and solid materials, for example, 
by encapsulating different salts into a porous 
matrix [7]. It could improve the water uptake 
capacity, but corrosion remains challenging, 
especially when the composite materials are 
directly applied to a metal surface [8].  

Therefore, metal-organic frameworks 
(MOFs) have attracted many researchers' 
attention thanks to their high hydrothermal 
stability, non-toxicity and non-corrosion [9-11]. 
They represent a class of functional 
nanomaterials that are based on the condensation 
of metal complexes in a well-ordered structure. 
While physico-chemical property of MOFs can 

be tuned “per demand” by changing the nature 
of metal ion center or of the organic ligand 
counterpart [12], the cavity size can be tuned by 
changing the spacer linker that bind the adjacent 
metal center [13]. The ‘nearly’ infinite choice of 
metal centers and organic linkers results in rich 
variety in their topology as well as chemical 
nature [14-16]. 

Aluminum is an attractive inorganic 
component for the construction of MOFs since 
its salts are non-toxic and commercially 
available at low-cost [17]. The low molar mass 
of aluminum is especially of interest for water 
storage applications [18-20]. The reported Al-
based MOF materials exhibit remarkable 
thermal and chemical stabilities [21]. In this 
study, we have synthesized two kinds of Al-
based MOFs with changing the organic ligands 
and investigated their characterizations as well 
as water adsorption properties. 

 
EXPERIMENTAL 

Synthesis of Al-fumarate MOFs 
0.016 mol of Al2(SO4)3.18H2O was 

dissolved in 50 g of water and heated to 60 °C. 
The mixture solution of 0.032 mol fumaric acid, 
0.095 mol sodium hydroxide and 50 g water was 
injected into the aluminum sulfate solution at 65 
°C and strong stirring for 1h. The obtained white 
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suspension was filtered, then washed with 200 
ml of water and 200 ml of ethanol. The filter 
cake was dried overnight at 100 °C in air and 
subsequently dried overnight again at 130 °C in 
a vacuum drying oven. 
Synthesis of CAU-10-H MOFs  

Three solutions were prepared in a typical 
synthesis: 0.017 mol of Al2(SO4)3.18H2O was 
dissolved in the mixture solvent of 33.75 g H2O 
and 5.92 g ethanol (solution 1); 0.045 mol of 
isophthalic acid and 0.091 mol of NaOH were 
dissolved in 90 g of H2O (solution 2); 0.011 mol 
of NaAlO2 was dissolved in 22.5 g of H2O 
(solution 3). They were mixed once in a 1 L 
round bottom flask and heated at 130 °C under 
reflux for overnight. After cooling down, the 
precipitate was filtered then dispersed for 
washing in 200 ml of H2O by sonication and 
stirring. The dispersion was filtered again and 
washed in 200 ml of ethanol. Finally, the 
precipitated was dried overnight at 100 °C in air 
and subsequently dried overnight again at 130 
°C in a vacuum drying oven. 
Characterization 

The crystallinity of synthesized samples 
were checked by X-ray powder diffraction 
analysis (XRD; Rigaku D/Max 2200 PC, Cu Ka 
radiation). Thermogravimetric (TG) analysis 
was carried out in a thermogravimetric analyzer 
(TA Instruments, Universal V4.5A). Analysis 
was performed in dry nitrogen flow of 30cc/min. 
The temperature was increased from 32 to 700 
°C with a heating rate of 5 °C/min. Before TG 
measurement, the sample was saturated by water 
vapor in a chamber. A scanning electron 
microscope (SEM, JEOL, JSM-840A) was used 
to study the particle morphology and crystal 
size. The nitrogen adsorption-desorption 
isotherm measurements were performed at -196 
°C on a volumetric sorption analyzer 
(Micromeritics TriStar 3020). The samples were 
evacuated at 150 °C for 12 h under high vacuum 
(1 x 10-5 torr) before each adsorption 
experiment. The specific surface areas were 
evaluated using the Brunauer-Emmett-Teller 
(BET) method in the p/p0 range 0.05-0.15. Pore 
size distribution curves were calculated using 
the adsorption branch of the isotherms by the 
Barrett-Joyner-Halenda (BJH) method, and pore 
sizes were obtained from the peak positions of 
the distribution curves. The pore volume was 
taken by a single point method at p/p0 = 0.99. 

 

RESULTS AND DISCUSSIONS 

The XRD pattern of as-prepared Al-fumarate 
MOFs is depicted in Figure 1. The sharp 
diffraction peaks indicate good sample 
crystallinity, which can be indexed to 
monoclinic of Al-fumarate with the P21/c (no. 
14) space group: a = 6.842 Å, b = 12.088 Å, c = 
14.207 Å, similar with that of Basolite A520 
material [19]. On the other hand, the crystal 
structure of CAU-10-H is determined as the 
I41/amd (no. 141) space group: a = b = 21.521 
Å, c = 10.321 Å, which is in good agreement 
with the published results in literature [22]. 

 
Figure 1. XRD pattern of as-prepared Al-
fumarate and CAU-10-H MOFs. 

Figure 2 shows the SEM images obtained for 
two MOFs. Both images depict similar 
morphology, a rough porous surface composed 
of irregularly shaped clusters. It was not possible 
to visualize individual crystals, because the 
crystals size is small and they are also mixed 
with binder used in the shaping process.  

  

Figure 2. SEM images of as-prepared Al-
fumarate MOF (a) and CAU-10-H MOF (b). 

Thermogravimetric curves are illustrated in 
Figure 3, showing same weight loss pattern with 
two mass losses between 30 and 700 °C. For Al-
fumarate MOFs (black line), the initial weight 
loss is about 30% until 100 °C, attributed to the 
departure of the water inside the pore. The 
successive major weight loss of 45% starting at 

a b 
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above 400 °C and extent up to 600 °C is related 
to the decomposition of MOF. The weight loss 
values are in excellent agreement with the 
formula deduced (Al(OH)fumarate.xH2O (x~4)) 
from the structure determination and from 
literature [23]. Likewise, in the case of CAU-10-
H MOFs, the thermogravimetric analysis 
showed a weight loss of 22% at about 100 °C, 
which also corresponded with occluded water 
molecules; and at 400 to 700 °C began the 
decomposition of the material with a 55% mass 
loss. 

 
Figure 3. Thermogram of as-prepared Al-
fumarate and CAU-10-H MOFs. 

The nitrogen adsorption/desorption 
isotherms at 77 K of two MOFs are depicted in 
Figure 4. Both of them exhibit type I(a), a 
typical behavior of microporous materials with a 
sharp increase in the adsorbed volume at very 
low relative pressures followed by a nearly 
constant plateau up to p/p0 = 0.9. The rise in the 
adsorbed volume at relative pressures close to 1 
is indicative of the presence of mesopores and 
macropores.  

  
Figure 4. Nitrogen adsorption−desorption 
equilibrium isotherms at 77 K after degassing at 
423 K on as-prepared Al-fumarate and CAU-10-
H MOFs. 

In the case of Al-fumarate MOFs, the 
surface area and average pore volume were 
found to be 1040 m2/g and 0.63 cm3/g, 
respectively. This BET surface area of 1040 

m2/g is slightly higher than for Basolite A520 by 
about 30 m2/g [23]. This observation confirms 
the absence of a significant amount of inorganic 
impurities in our Al-fumarate sample. The 
estimated specific surface area of CAU-10-H 
MOFs was 450 m2/g with pore volume of 0.35 
cm3/g, similar with that of previous report [24]. 

The kinetics of the mass gain during water 
adsorption at 30 °C under 50% and 90% relative 
humidity conditions are depicted in Figure 5. It 
can be seen the water uptake of Al-fumarate 
MOFs is higher than that of CAU-10-H, 
probably due to the larger surface area of Al-
fumarate. After 20 to 30 min the CAU-10-H and 
Al-fumarate adsorbents are already loaded to 
about 50%, after 40 to 50 min they are virtually 
saturated. The water adsorption of CAU-10-H 
and Al-fumarate corresponding to ~25% and 35-
40% were reached after 80 min. In this study, 
the water sorption kinetics for Al-fumarate MOF 
clearly shows the huge potential for 
dehumidification application. 
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Figure 5. Thermogravimetric analysis profile of 
water adsorption/desorption of Al-fumarate (Al-
Fu) and CAU-10-H MOFs. Test conditions: 
adsorption at 303 K in humid nitrogen (RH 50% 
and 90%) and desorption at 473 K in nitrogen. 

CONCLUSION 

Two kinds of Al-based MOFs were 
successfully synthesized and examined for water 
adsorption. The synthesized material was stable 
at up to 400 °C. The water adsorption of CAU-
10-H and Al-fumarate MOF corresponding to 
~25% and 35-40% were reached after 80 min. 
An important observation was low-temperature 
adsorption and desorption in both synthesized 
MOFs. In addition, the chemicals (fumaric and 
isophthalic acid) used as the organic linker were 
very popular and not expensive. This study 
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could be extended to other MOFs with a proper 
choice of metal. 
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ABSTRACT 

 
Titanium dioxide (TiO2) and derivatives are considered to be among of the most promising materials for 
solving the environmental and energy issues due to their high photochemical activity, stability, safe and 
low cost. The strong photocatalysis of TiO2 has been used and proposed for destruction of pollutants, 
anti-bacterial, self-cleaning, gas sensor, water photolysis and photovoltaic but its efficiency need to be 
further improved. Enlarge the specific surface area by using nanostructures and modify the band gap by 
hybrid materials to shift the photocatalysis into the visible range are being proposed as effective 
approaches. With respect to the viewpoints of thermodynamic considerations, the thermolysis of Ti 
precursors will initiate the formation of tiny anatase nanocrystalites and follow with crystal growth 
process. By controlling the synthesis conditions, anatase nanostructure with desirable size is achieved and 
can be used for improvement of photocatalytic feature. In this work, photocatalystic properties as well as 
formation of TiO2 nanostructure synthesized by thermolysis is presented and discussed. 
Keywords: TiO2 anatase, photocatalysis, nanostructure, thermolysis. 

INTRODUCTION 

Titanium dioxide (TiO2), a material with high 
refractive index, chemical stability, long durability, 
and nontoxicity has been widely used for many 
applications such as pigments, textiles, papers, 
cosmetics, medicines, ceramics, etc.  With respect 
to electrochemical, TiO2 is a n-type wide bandgap 
semiconductors showing strong photoactivity that 
involves photogenerated charge carrier reaction of 
adsorbed substances and photoinduced hydrophilic 
conversion of itself [1,2]. The feature opens to 
many possible applications such as photocatalyst,. 
antibacterial purpose, self-cleaning glass, water 
purification,… [3, 4], convert light into electricity 
in dye-sensitized solar cells (DSSC), or separating 
hydrogen from water for fuel cells [5].  

Under normal condition, TiO2 exists in three 
main structures: stable rutile, metastable anatase, 
and brookite. For pure phases it is generally 
accepted that anatase exhibits a higher 
photocatalytic activity compared to rutile TiO2 
although the band gap is larger (3.2 eV for anatase 
vs. 3.0 eV for rutile). Longer lifetime for photo-
excited electrons and holes in an indirect band gap 
TiO2 anatase semiconductor is accounted for the 
feature [6]. Traditionally, TiO2 submicron particles 
have been considered as poorly photocatalytic 
activity but in the nanostructured form, due to the 

quantum confinement, it shows stronger 
photocatalytic activity when compared to that of the 
submicron [7]. The unique properties of TiO2 
nanostructures seems to be size dependent. 
Synthesize TiO2 anatase nanostructures with mean 
size in desirable range less than 5nm then is 
expected to enhance the anatase photocatalys and  
enlarge its application. 

For the synthesis of TiO2 nanostructure, a 
variety of techniques based on thermolysis of Ti 
precursors such as hydrothermal, solvothermal, 
sol-gel, direct oxidation, chemical vapor 
deposition (CVD), electrodeposition, sono-
chemical, and microwave method has been used 
[8]. Hydrothermal method offers a simple and 
common route to synthesize a well-crystalline 
TiO2 under the moderate reaction condition such 
as low temperature and short time using 
inexpensive precursors such as TiCl4, TiCl3, 
amorphous TiO2, P25, etc. In addition, 
hydrothermal media provides an effective reaction 
environment for the nucleation and growth of TiO2 
nanostructure with high purity, good dispersion 
and controllable crystalline. It has found that 
thermolysis of TiCl4 results in TiO2 nano-
crystallites in both the anatase and rutile phase. 
The TiO2 anatase is mainly suspended in the 
aqueous solution while the TiO2 rutile will 
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predominantly deposited in the sedimentation [9, 
10]. Higher HCl concentration enables the 
agglomeration of small anatase particle forming 
uniform cluster and enhances the anatase to rutile 
transition. With respect to chemical viewpoint, a 
higher HCl concentration in thermolysis solution 
will result in a higher concentration of hydrogen 
ions. Then, a reduction of hydrogen ions 
concentration in the thermolysis aqueous solution 
will reduce the rutile fraction as well as size of 
TiO2 anatase. Based on that consumption, this 
work is carried on to study the effect of pH on the 
formation of TiO2 nanocrystallites by addition of 
basic agents such as C2H4OH or NH4OH in the 
synthesis medium.    

EXPERIMENTAL  

Titanium tetrachloride (TiCl4) of 99.9% 
purity (Sigma Aldrich Chemical Co.) as Ti 
precursor was used as received, HCl 37% 
solution, ethanol C2H4OH  and NH4OH (Merck 
Corp.,) were used to change the pH of 
thermolysis medium. The TiO2 synthesis 
process is straightforward as follows: TiCl4 was 
added dropwise into DI water at 5C to have a 
given concentration of 0.4 M and was used as 
starting materials. In order to change the pH of 
the medium C2H4OH and NH4OH was added to 
have a given value in a range form1.0 to 10.0. 
The solution then was poured into test tubes and 
placed in an oven at 80 oC. The solution was 
gradually changed to opaque suspension 
indicating that the TiCl4 was thermally 
decomposed and converted into Ti complexes 
[Ti(OH)4-n(H2O)2+n]n+ (n is number of 
protonated OH- groups) and concomitant HCl in 
the reaction medium [11]. After 3.0 h heating, 
the solution was cooled to room temperature. At 
a low pH range the resulting aqueous solution is 
transparent but remain opaque and gradually 
changes to opaque state and separated into 
opaque and milky part in the test tubes as clearly 
seen in Fig.1. The solution then was extracted 
and dried by vacuum evaporation and analyzed 
by XRD and TEM, SEM.  
 

 
Figure 1.  The appearance of TiCl4 aqueous 
solution with different pH level after thermolysis at 
80 oC.  

XRD patterns of TiO2 powder were conducted 
on a D8 Advance Bruker diffractometer using Cu 
Kα radiation (1.54 Ǻ wavelength). The mean size of 
TiO2 nanostructures was calculated using Scherrer 
equation, i.e., D = kλ/β cos θ, where k = 0.94, λ = 
1.54 Ǻ and β is full width at half maximum 
(FWHM) according to diffracted angle θ, namely 
(101) peak for anatase. Raman spectra were 
determined by a LabRAM HR800 (Horiba) using a 
632.8 nm excitation laser at a resolution of 1.0 cm-

1. TEM images were obtained using a JEOL JEM-
2100 Transmission Electron Microscope. The 
photocatalystic activity of TiO2 nanostructures is 
determined by comparing the degradation of 
methylene blue (MB) under UV-Vis light 
radiation.   

RESULTS AND DISCUSSION 

 
 

pH (101) peak 
Intensity 

(101) peak 
FWHM 

Size 
(nm) 

Agent 
addition 

0.93 54,75 1,82 5 No addition 

1,36 24,93 1,45 6 NH4OH 

3,91 50,91 2,12 4 NH4OH 

7,34 43,54 2,55 3 NH4OH 

10.04 - - - NH4OH 

 

Table 1. Anatase mean size from thermolysis of TiCl4 
in different pH medium at 80 oC.  
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Figure 2. XRD spectra of TiO2 resulting from thermo-
lysis of TiCl4 in different pH medium at 80 oC.  

X-ray diffraction spectra show that the 
resulting TiO2 consists of anatase (JCPDS no. 
00-021-1272) and rutile phase but rutile portion 
gradually disappears with the increasing pH 
level depending on C2H5OH or NH4OH 
concentration. As can be seen from Fig. 2, the 
prominent peak standing for anatase phase is 
observed at 2θ around 25.29° that assigns to (101) 
plane refraction and the other peaks are observed 2θ 
of 37.80º, 48.05º, 53.89º, and 62.68° standing for 
reflection at (004), (200), (105) and (204) planes, 
respectively. The XRD indicate that in the strarting 
sample (no C2H4OH and NH4OH addition) the 
resulting TiO2 is an anatase and rutile phase mixture 
with predominant anatase. With increasing pH level 
as resulting of adding more C2H4OH or NH4OH 
the trade of rutile is gradually disappeared and only 
the anatase present in the XRD patterns. In addition, 
the FWHM of (101) peak is broadening with pH 
level indicating a decrease in anatase particle size 
that is calculated by Scherrer equation and shown in 
Table 1.   

 
Figure 3. Raman spectra of TiO2 resulting from 
thermolysis of TiCl4 in different pH medium at 80 ºC. 

As a complementary for XRD, Raman 
spectra have also shown the present of anatase in 
the spectra. The Raman shift peak observed at 
155 cm-1 representing from Eg vibration mode of 
anatase or maybe consisting of and B1g and B2g 
modes from brookite (pH =7,34) [12]. The blue 
shif in frequency and increase in FWHM of Eg 
vibration mode indicate an influence of the 
nanosize of the TiO2 crystallites. 

 
Figure 4. The appearance of anatase 
nanoparticle in HRTEM image. 

The TiO2 anatase nanoparticle observed 
through HRTEM images gives more information 
on the resulted anatase nanostructure. As shown in 
Fig. 4, the image taken from starting sample shows 
the appearance of TiO2 anatase nanoparticle with 
size 4–5 nm, the same size as calculation from 
XRD pattern. For the sample having NH4OH 
addition the mean grain size reduces with NH4OH 
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content, i.e., decreases with the increase in pH 
level.  

The photocatalystic activity of TiO2 nano-
strutures is determined by measuring the 
degradation of methylene blue (MB) under UV 
light radiation. Typically, the UV-Vis spectrum of 
MB and anatase aqueous solution that is exposed to 
UV radiation is shown in Fig. 5. With longer UV 
exposure, the absorbance of MB in the UV 
spectrum is reduced as result of degradation of MB 
content in the solution. The degradation rate of MB 
is found to be dependent on the mean size and heat 
treatment,  

The formation of TiO2 nanostructures by 
thermolysis of TiCl4 in aqueous medium is 
explained by the dissolution, recrystallization and 
in situ transition mechanism [13]. As a result of 
competition between the surface and bulk free 
energy, bellow a size limitation, the TiO2 anatase 
crystallites have lower free energy than that of the 
rutile and will be predominant. The anatase to 
rutile transformation is enhanced by the 
appearance of concomitant HCl, that acts as 
chemical catalyst for the rutile formation. The 
addition of NH4OH reduces the acidicity of HCl, 
the anatase to rutile transition is depressed and the 
resulting anatase is intact in the synthesis medium.  

 
Figure 5. Degradation of methylene blue aqueous 
solution under UV light irradiation using anatase 
nanostructure as photocatalyst.  

CONCLUSION 

The formation of tiny anatase nanocrystalite is 
believed to initiate at the onset of thermal 
decomposition of TiCl4 and follow with crystal 

growth process. Consequence, either anatase or 
rutile structure is formed with assistance of 
concomitant HCl. By addition of basic agent to 
reduce the HCl acidicity, it is believed that the 
anatase to rutile transition is depressed and the 
anatase nanostructures with desirable mean size to 
improve TiO2 photocatalytic feature is achieved.  
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ABSTRACT 

There was successful synthesization of CePO4:Tb3+ hollow spheres by wet chemical method and using 
citric acid as a structure-directing agent. The results of X-ray diffraction (XRD) showed that all samples 
were crystallinity which distributed to the monoclinic phase of CePO4 host (JCPDS, No. 32-0199) and 
Tb3+ ions were doped into CePO4 host lattice. According to the results of Field emission scanning 
electron microscopy (FE-SEM), the morphology of CePO4:Tb3+ comprised well defined echinus-like 
CePO4:Tb3+ hollow spheres with diameters in the range of 520 nm, rode length at ~ 110 nm and the 
hollow diameter at ~ 60nm. CePO4:Tb3+ was determined by photoluminescence at excitation of 278 nm,  
showed the high intensity of green emission at 543 nm wavelength which was correspond to 5D4-7F5 
transition of Tb3+. 

INTRODUCTION 

One-dimensional (1D) nanostructures, such 
as nanotubes, nanorods, nanowires, nanobelts, 
etc., have been the subject of intense interest 
because of their unique chemical, physical and 
optical properties, and potential applications in 
constructing nanoelectric and optoelectronic 
devices [1–6]. 1D nanostructures of various 
components were synthesized by various 
methodologies [7–11]. Hollow spheres, which 
have lower densities and higher surface areas, 
are a new kind of nano- and microstructure and 
have great potential applications in a variety of 
fields, such as drug delivery, chemical storage, 
battery materials and catalysis [12, 13]. Very 
recently, organizing 1D nanostructures into 
curved superstructures for high technology 
applications, which exhibit a unique collective 
property, is of great interest and attracts more 
attention in the areas of chemistry and materials 
science [14-16]. However, because the ordered 
nanorod-based curved superstructure remains 
difficult to prepare in the unsupported colloidal 
form, it is still a great challenge for scientists to 
develop a facile and effective method for 
constructing such a novel superstructure, 

especially one composed of a unique functional 
species. 

As we know, lanthanide compounds, as a 
class of multi-functional materials, have been 
extensively applied in phosphors, laser hosts, 
sensors, catalysts, photon upconversion 
materials, etc. [17–20]. Although a variety of 1D 
nanostructures, such as nanotubes, nanowires 
and nanorods, have already been synthesized 
[21-24], no method, to the best of our 
knowledge, has been developed for controllable 
fabrication of lanthanide compound hollow and 
core–shell spheres composed of nanoscale 1D 
building blocks. In this research, we successfully 
synthesized echinus-like CePO4:Tb3+ hollow 
spheres using wet chemical method with citric 
acid (CA) as a structure-directing agent.  

EXPERIMENT 

Meterials 

Ce(NO3)3.6H2O (99.8%, Aldrich), 
Tb(NO3)3.5H2O (99.9%, Aldrich), H3PO4 
(Aldrich) were used as starting materials. 
C6H8O (Aldrich) were used as structure-
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directing agent. Sodium hydroxide (NaOH, 99%, 
Aldrich) was used to control pH.  

Synthesis of CePO4:Tb3+ hollow spheres 

CePO4:Tb3+ nanoparticles were synthesized by 
chemical method. Dissolving 1.5 mmol of 
Ce(NO3)3.6H2O and the amount of citric acid 
into 15 ml DI water in 15 minutes. After that, 
0.078 mmol of Tb(NO3)3.5H2O and H3PO4 
were added into the solution (Tb3+ doping molar 
concentration is 5%). The pH value of mixture 
was adjusted to 2 by 5M of NaOH. 

Characterization 

Particle size and morphology of CePO4:Tb3+ 
is determined by Field emission scanning 
electron microscopy (FE-SEM). The crystallite 
structure of CePO4:Tb3+ is analyzed by X-ray 
diffraction spectroscopy. The emission spectra 
are recorded at room temperature using a Hitachi 
F-4500 spectrophotometer.  

RESULTS AND DISCUSSION 

In all of the following experiments, molar ratio 
of Europium ion is fixed at 5% and pH is fixed 
at 2. The amount of CA is adjusted in turn at: 0; 
5; 20, 40 mg.

Figure 1. FE-SEM micrographs of CePO4:Tb3+ synthesized with different amount of CA.

CA plays crucial roles in the formation of 
CePO4:Tb3+ hierarchical structures. With the 
introduction of CA in the preparation process, 
3D spherical CePO4:Tb3+ can be produced, and 
the size of the 3D microspheres can be tuned by 
changing the amount of CA.  

Figure 1 shows the FE-SEM micrographs of 
CePO4:Tb3+ synthesized with different amount 
of CA. In the absence of CA, a large quantity of 
isolated nanorods with a diameter of ~15 nm and 
length of ~100 nm were formed, as shown in 
Figure 1. With only a small amount of CA (5 
mg) added, 3D microspheres ~1000 nm in 
diameter appeared. When the amount of CA was 
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increased to 20 mg, the 3D microspheres were 
maintained, but their diameters were reduced to 
800– 900 nm . A further increase in the CA 
amount to 40 mg, the diameters reduced to 500 
nm.  

Figure. 2 is FE-SEM micrographs of 
CePO4:Tb3+ synthesized with different reaction 

time. In the present investigation, the formation 
of CePO4:Tb3+ hollow sphere is investigated 
with different reaction time, as follow: 5 minutes, 
15 minutes, 30 minutes, 40 minutes. The amount 
of CA is 40 mg and the other conditions remain 
unchanged for other samples. 

Figure 2. The FE-SEM micrographs of CePO4:Tb3+ synthesized with different reaction time

Time-dependent experiments were performed to 
understand the formation process of the 
CePO4:Tb3+ hierarchical microspheres. The 
morphologies of the samples with different 
reaction time were characterized by FE-SEM. 
As shown in Figure. 2, short nanorods were 
obtained after 5 minutes of reaction. 
Interestingly, nanorods assembled as hollow 
hemispheres after reaction for 15 minutes. As 
shown in Figure. 2(left corner), echinus-like 
hollow spheres were eventually obtained when 
the reaction duration was extended to 30 minutes. 
When the reaction time at 40 minutes, 

CePO4:Tb3+ has no echinus-like hollow spheres 
morphology.   
On the basis of the above experimental 
observations, a plausible formation mechanism 
for the hierarchical hollow spheres was proposed. 
As shown in Scheme 1, the CePO4:Tb3+ hollow 
spheres were formed through a three-step 
mechanism: the nucleation of CePO4:Tb3+ 
nanoparticles, the growth of nanorods through 
the oriented attachment of CePO4:Tb3+ 
nanoparticles, and the formation of a 3D 
hierarchical structure by the selfassembly of 
CePO4:Tb3+ nanorods. 

5 minutes 15 minutes

30 minutes 40 minutes
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Scheme 1.  Formation mechanism of the echinus-like CePO4:Tb3+ hollow spheres.

Adding Ce(NO3)3 into water, it dissolved 
into Ce3+ and NO3− (Eq. (1)). The free Ce3+ ions 
can combine with citric anions (Cit3−) via the 
chelating effect to produce a Cit-Ce complex 
(Eq. (2)). Hydrogen bonds were formed between 
the carboxyl of the CA and the hydroxyl in Cit-
La and between the hydroxyls in Cit-Ce. The 
formed hydrogen bonds resulted in citrate 
agglomeration in the central region surrounded 
by Ce3+ chelating. After the addition of the 

phosphorus source H3PO4, an ion-exchange 
reaction between PO4

3− and Cit3− occurred under 
continuous stirring, leading to the formation of 
CePO4 nanoparticles (Eq. (3)). The 3D 
hierarchical hollow structure formed after the 
ripening and growth of nanorods through the 
oriented attachment of  CePO4 nanoparticles. 
According to Scheme 1., echinus-like 
CePO4:Tb3+ hollow spheres has the rode length 
at ~ 110 nm and the hollow diameter at ~ 60nm 

Ce(NO3)3 → Ce3+ + 3NO3− (1) 

Ce3+ + H3Cit → Cit-Ce + 3H+ (2) 

Cit-Ce + H3PO4 → CePO4 + H3Cit (3) 

Figure 3. The XRD patterns of echinus-like CePO4:Tb3+ hollow spheres

Figure 3. shows the XRD patterns of echinus-
like CePO4:Tb3+ hollow spheres synthesized 

with 40 mg CA in 30 minutes reaction time. 
CePO4 hexagonal phase (JCPDS, No. 34-1380) 
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attributes in all diffraction peak, indicating the 
existence of crystalline structure in all 
nanoparticles. The absence of additional peaks 

for another phases indicated that Tb3+ions have 
been effectively built into the CePO4 host lattice. 

 

Figure 4. The photoluminescence emission spectrum of CePO4:Tb3+ synthesized with different reaction 
time 

Figure 4 shows the emission spectra under 
excitation at 280 nm of CePO4:Tb3+ hollow 
spheres synthesized with different reaction time. 
The 40 min reaction time synthesized sample 
has highest peak intensity. The most intense line 
at ∼543 nm corresponds to the transition 
between the 5D4 and 7F5 level of the Tb3+ ions. 
The more increasing of Tb3+ local symmetry 
environment cause the increase of strongest 
emission from 5D4 - 7F5 transition over reaction 
time from 5 – 40 min. 

CONCLUSION 

The echinus-like CePO4:Tb3+ hollow spheres 
were synthesized by chemical method using 
citric acid as a structure-directing agent. The 
morphology of CePO4:Tb3+ comprised well 
defined echinus-like CePO4:Tb3+ hollow spheres 
with diameters in the range of 520 nm, rode 
length at ~ 110 nm and the hollow diameter at ~ 
60nm when the amount of CA was 20 mg and 
40 min reaction time. Echinus-like CePO4:Tb3+ 
hollow spheres had hexagonal phase (JCPDS, 
No. 34-1380) attributes in all diffraction peaks, 
indicating the existence of crystalline structure 
in all nanoparticles. CePO4:Tb3+ was determined 
by photoluminescence at excitation of 278 nm,  

showed the high intensity of green emission at 
543 nm wavelength which was correspond 
to 5D4-7F5 transition of Tb3+. 
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ABSTRACT 
 

In this work, the fabrication process of graphene by thermal reduction-exfoliation of graphite oxide (GO) 
is descibed. GO is prepared by oxidation of natural graphite using Hummers method. After that, dried GO 
powder is thermally reduced and exfoliated at 1100 ˚C to obtain graphene powder. The results indicate 
that the obtained graphene exhibits a high degree of reduction and exfoliation. With the novel properties, 
the obtained graphene shows promising application potential in various fields. 
Keywords: Graphene, graphite oxide, thermal reduction-exfoliation 

INTRODUCTION 

Graphene is a single-atom-thick sheet of 
hexagonally arrayed sp2-bonded carbon atoms. 
Its large specific surface area and superior 
electrical, thermal, mechanical  properties make 
graphene a grand research topic in many fields 
of science and engineering [1]. Graphene can be 
fabricated via various methods, such as, 
chemical vapour disposition [2], 
micromechanical exfoliation of graphite [3], 
liquid-phase exfoliation of graphite [4], or 
electrochemical exfoliation of graphite [5]. 

Methods to produce graphene from graphite 
oxide (GO) have been considered to be 
promising approaches for graphene mass 
production. Graphite, abundant and inexpensive, 
can be oxidized in great quantities into GO via 
simple oxidation processes. Compared to 
graphite, GO has greater interlayer spacing and 
with that, lower Van der Waals interaction force 
between layers. This enables the exfoliation of 
GO utilizing much smaller forces, which is not 
feasible if the precursor is graphite. For instance, 
the pressure between GO sheets can exfoliate 
the precursor into graphene [6]. Under rapid 

heating condition, the functional groups of GO 
undergo thermal decomposition and with the 
sudden volumetric expansion caused by the gas 
products, the graphene sheets are reduced and 
exfoliated simultaneously. The exfoliation 
process is fast, solvent-free and without the need 
of further reducing agents. The obtained 
graphene is wrinkled, which prevents the sheets 
from restacking, and is readily functionalized 
with the remained oxygen-containing functional 
groups, so that it can be dispersed in polar 
organic solvents. 

In this article, we describe the process of 
graphene fabrication by thermal reduction-
exfoliation of graphite oxide as well as the 
characterization of the samples obtained. 

EXPERIMENTAL 

Natural graphite flakes, purchased from 
Sigma-Aldrich, was used as precursor for GO. 
Potassium permanganate (Merck), sulfuric acid 
(98%, Merck), hydrochloric acid (37%, Merck), 
hydrogen peroxide (30%, Acros) were also 
employed. All materials and chemicals were 
used as received. 
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Figure 1.SEM images of natural graphite (a) and the derived graphite oxide (b) and graphene (c).

 
Figure 2. XRD pattern of graphene. 
GO was prepared by Hummers method. The 
process is described as follow: Natural graphite 
(6g) and sulfuric acid (140 mL) were firstly 
mixed together in a beaker cooled by an ice 
bath. Potassium permanganate (20g) was then 
very slowly added into the mix. The mixture 
was maintained in vigorous stirring condition for 
1 hours. After that, the temperature of the 
mixture was brought to 40 ˚C whilst the stirring 
was maintained for another 2 hours. The mixture 
gradually thickened until it became pasty. After 
2 hours, 240 mL of water was slowly added into 
the paste, causing a sharp increase in 
temperature and boiling may occur. The mixture 
was stirred for 15 minutes then further diluted in 
1.6 litres of water plus 60 mL of hydrogen 
peroxide. GO then settled as sediment. The 
liquid medium was siphoned and the sediment 
was further washed by 1.6 litres of water and 80 
mL of chloric acid (35%) 3 times. Finally dried 
GO powder was obtained by drying the 
sediment at 60 ˚C. 

Graphene was fabricated by rapid heating of 
dried GO powder. Firstly, a furnace was 
preheated to 1100 ˚C. GO powder (1g) was 
charged into a quartz tube, sealed and then 
flushed with nitrogen until an inert atmosphere 
was created. The tube was then inserted into the 
furnace and kept for 5 minutes. The tube could 
only be unsealed when its temperature returns to 
ambient temperature. 

The morphology of the graphene samples 
was observed using a field emission scanning 
electron microscope (FESEM, SU8010, 
Hitachi). X-ray diffraction patterns of the 
samples were acquired with an X-ray 
diffractometer (D8 Advanced Eco, Burker 
AXS). The Brunauer-Emmett-Teller (BET, 
Belsorp-mini, Bell) method was employed to 
determine the specific surface area of the 
graphene powder. The weight loss caused by the 
increase of temperature was observed using the 
thermogravimetric analysis (TGA, Thermoplus 
EVO2, Rigaku). The Raman spectra of the 
samples were recorded with a Raman 
spectrometer (LabRAM, Jobin Yvon). 

RESULTS AND DISCUSSION 

SEM images of the precursory graphite 
flakes as well as the derived GO and graphene 
are shown in Fig. 1. Graphite sample shows 
densely packed sheets, while in GO an increase 
in interlayer spacing can be observed. In the 
graphene sample, the sheets are vissibly 
wrinkled due to the exfoliation process. Thanks 
to the wrinkles, graphene sheets cannot be 
restacked and thus, while the sheets are still 
densely packed, they can be treated as multiple 
separated few-layer graphene sheets. 

Fig. 2 shows the XRD patterns of graphene. 
In graphite, the characteristic interlayer 
diffraction peak is located at 26.4○, 
corresponding to an interlayer spacing d of 0.34 
nm. The sharp peak shows a high degree of 
crystallinity of the graphite. The interlayer 
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diffraction peak shifts to 12.3○ (corresponding to 
a d of 0.72 nm) and becomes slightly broader in 
the case of GO. This indicates an expansion of 
interlayer spacing in GO due to oxidation. The 
absence of peak 26.4○ also proves that GO 
obtained a high degree of oxidation. In the XRD 
pattern of graphene there is very broad 
diffraction peak with low intensity at 25.9○, 
corresponding to a spacing of 0.34 nm. The 
absence of characteristic diffraction peaks 
proves that the graphene sample is nearly 
completely exfoliated. The existence of this 
broad peak indicates that there is a fraction of 
GO stack that couldn’t be exfoliated, possibly 
due to the lack of local functional groups to 
generate sufficient gas pressure. Thus, these 
domains remained as packed graphene stacks, as 
shown in the SEM image in Fig. 1. 

0 100 200 300 400
0

20

40

60

80

100

W
ei

gh
t r

es
id

ue
 (%

)

Temperature (°C)

Graphite oxide

Graphene

Graphite

 
Figure  3. The TGA curves of (a) graphite, (b) 
graphite oxide and (c) graphene samples. 
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Figure  4. Raman spectra of graphite, graphite 
oxide and graphene. 

The BET method shows that the obtained 
graphene have the specific surface area of 337 
m2g-1. This value is much lower compared to the 
theoretical limit of 2630 m2g-1, but still higher 
than 100 m2g-1, which is the average surface area 
for graphene nanoplatelets [6-7]. Thus, the 
specific surface area has confirmed that the 
current process yields graphene with decent 
degree of exfoliation. 

The weight loss of graphite, GO and 
graphene samples are presented as the TGA 
curves in Fig. 3. Since the graphite sample 
solely contains graphite lattices with little to no 
impurities, the TGA curve of graphite shows 
almost no weight loss. In GO, however, there is 
a  major weight loss at about 100˚C to 200˚C. 
This can be attributed to the thermal 
decomposition of the oxygen-containing 
functional groups. In the TGA curve of 
graphene, the weight loss is negligible, 
indicating that the oxygen-containing functional 
groups were mostly removed in the thermal 
exfoliation process. This proves the obtained 
graphene has high reduction degree. 

The Raman spectra of graphite, GO and 
graphene are shown in Fig. 4. The spectrum of 
natural graphite exhibits two sharp G and 2D 
bands at around 1580 and 2700 cm-1, 
respectively, with a small D band at around 
1350 cm-1 which represents a small fraction of 
defects found in graphite [8]. The spectrum of 
GO sees a significant increase in the D band 
intensity and a decrease in the intensity of G and 
2D bands. This suggests a high degree of 
oxidation since the oxidation of graphite induces 
a great amount of defects. The spectrum of 
graphene is similar to that of GO. The absence 
of 2D band indicates that the obtained graphene 
contained many defects. These defects can be 
the residue oxygen-containing functional groups 
or small graphitic domains formed in the 
thermal exfoliation process. 

CONCLUSIONS 

This article described a graphene fabrication 
process by thermal reduction-exfoliation of 
graphite oxide as well as the characterization for 
the obtained graphene. The method is fast, dry in 
basis and can yield readily functionalized 
graphene with high degree of reduction and 
exfoliation. 
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ABSTRACT 

 

EDX spectrum showed that there were both Pt and Sn in samples reduced by EG (E5, E8) and NaBH4 

(N5, N8). XDR patterns indicated the presence of Pt on carbon support. The obtained nanoparticles have 

the various size of 1-5 nm and 3-7 nm corresponding ethylene glycol (EG) and NaBH4 reductant 

respectively. For methanol oxidation activity, EG samples exhibited the best electrochemical activities at 

pH 8 which is the same for NaBH4 samples. Generally, the catalyst was reduced using EG gave better 

activity than NaBH4. In addition, activity of Pt-Sn catalysts for methanol oxidation are much higher than 

Pt. For oxygen reduction activity, all Pt-Sn samples (both using EG and NaBH4) except E5 (Pt-Sn catalyst 

synthesis by EG at pH 5) showed lower electrocatalytic activity than Pt sample for oxygen reduction 

reaction. 

Keywords: electrocatalyst, Pt-Sn nano particles, PEMFC 

 

 

INTRODUCTION 

Proton exchange membrane fuel cell 

(PEMFC) is low-temperature (under 120ºC) fuel 

cell that has great potential for mobile devices 

and electrical vehicles power source. For the 

commercialization of PEMFC system which 

composed of many membranes electrode 

assembly (MEA) combined in series or in 

parallel, the challenge is the durability of catalyst. 

The Pt-base catalysts are synthesized and 

investigated such as Pt-Pd, Pt-Ru which 

enhanced the stability and performance of 

catalyst but these metals have low abundance. 

Thus, in this study Pt-Sn nanoparticles on Vulcan 

carbon was prepared by the reduction in various 

pH using PtCl6
2- and Sn4+ as precursors [1-3]. 

 

EXPERIMENTAL 

 

All the chemicals were purchased from 

Sigma-Aldrich. Vulcan carbon was treated in 1 

M HNO3 solution for 10 hours, then 

ultrasonicated for 1 hour to remove the 

contaminants. Then it is washed several times 

with water until the pH 7 and dried at 70ºC for 8 

hours. 

For ethylene glycol reduction, the mixture of 

about 168.0 mg of Vulcan and 10.00 ml of EG is 

stirred for 16 hours. Then 1.8×10-4 mol of 

H2PtCl6, 6×10-5 mol of SnCl4 and 4.8×10-4 mol 

of citric acid are added into above mixture. After 

adjusting pH by 0.3M NaOH solution, reactor is 

microwaved in 60s and constantly stirred in 3 

hours. With NaBH4 reduction, the mixture of 

about 168.0 mg of Vulcan and 10.00 ml of iso-

propanol (iPrOH) is stirred for 16 hours. Then 

1.8×10-4 mol of H2PtCl6, 6×10-5 mol of SnCl4 

and 4.8×10-4 mol of Citric acid are added into 

above mixture. Next, the solution containing 

3.2×10-3 mol of NaBH4 and 10.00 ml of i-

PrOH is added to chloroplatinic acid-based 

mixture followed by adjusting pH by 0.3 M 

NaOH solution.  

In the stage of extracting the solid product, both 

of the reaction suspension was centrifuged at 

6000 rpm for 20 mins and then washed for three 

times with absolute ethanol. In the final step, the 
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catalyst was dried at 70ºC for 16 hours to 

evaporate ethanol 

 

RESULTS AND DISCUSSION 

The X-ray diffraction patterns of all samples 

give the structure information and composition.  

Peak of carbon can be seen at between 20º – 

30º. All samples contain Pt element since the 

presence of signal at 2θ of 40º, 46º, 68º related 

to the (111), (200) and (220) plan. However, the 

positions of peaks are a bit on the right 

compared to the standard patterns that indicates 

that the lattice parameters of synthesized Pt 

crystals are higher than standard. The intensity 

of E8 is highest, which explains why it give the 

best electrochemical activity. Similarly, E9 and 

E10 didn’t exhibit any signal of Pt that verified 

the portion of Pt is too small to record. It can 

explain the low electrochemical activity of these 

sample in CV and CA. The absence of Sn 

diffraction peaks at 30.7º, 32.0º, and 45.0º 

related to the (200), (101) and (211) plane [31] 

likely due to the noise caused by Vulcan carbon. 

Other way, Sn is probably entered in Pt structure 

to form alloy, so its quantity is too low to be 

observed by XRD, the peak shift of Pt is a 

strong evidence for this suggestion.  

 

 
 

Figure 1. XRD patterns of PtSn samples 

 
For samples reduced by EG, the 

composition of two samples is different. For E8, 

the molar ratio of Pt to Sn and the mass ratio of 

Vulcan to metal are close to theory ratio (3:1 

and 4:1). For E5, the proportion of metal is too 

low, especially Sn. It likely results from the 

material loss during the centrifuge process or 

heterogeneous material. Therefore, E8 is more 

homogenous than E5 and then the reduction is 

occurred more efficient. EDX results explained 

why the electrochemical of E8 is much better 

than E5. The presence of Sn was also verified 

through EDX, which confirmed the alloy 

structure of samples reduced by EG. For 

samples reduced by NaBH4, both two analyzed 

samples have the composition significantly 

separated with theory value. The mass ratio of 

metal at higher pH (N8) is larger, which could 

conclude that reduction occurred efficiently in 

the alkaline medium. By comparing the 

composition of samples (reduced by EG and 

NaBH4), the predominant electrochemical of EG 

samples is partially caused by the smaller 

particles size, the better distribution and the 

higher metal molar ratio, especially Pt. 

As seen in TEM images (Fig. 3), the 

samples contain nanoparticles dispersed on the 

support. For samples reduced by EG, the 

nanoparticles were homogeneously dispersed on 

Vulcan carbon. Their size ranges in 1-5 nm and 

decrease with the pH increase. 

    

 

Figure 2. TEM images of Vulcan carbon (a) and 

E5 sample reduced by EG at pH 5 (b,c) 

 
Although there was not any signal of Pt 

in E10 sample in XRD, TEM image proves the 

presence of Pt nanoparticles. Therefore, the 

disappearance of Pt signal on XRD pattern of E9 

and E10 is due to low particle density and small 

particle sizes. For the samples reduced by 

NaBH4, there is an aggregation of particles with 

the observation of larger dark areas. The 

aggregation of particle is unavoidable because 

NaBH4 is added from burette to the reactor 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

292



  

rather than stay in reactor at first like EG. Where 

NaBH4 reacts with precursor, a lot of 

nanoparticles immediately formed and easily 

gathered so that stirring cannot ideally disperse 

them on Vulcan carbon. Particle size range is 3-

7nm which bigger than EG samples because EG 

played as a good capping agent in controlling of 

particle sizes. The uniform distribution and 

smaller particle size EG samples with respect to 

NaBH4 samples confirmed evidently the better 

electrochemical activity. 

The BET results show the active surface 

area of E8 is larger than N8 due to smaller 

particle size and good distribution in Vulcan 

carrier of E8 sample. Thus, results consistent 

with TEM images and the electrochemical 

behavior. Large surface area helps catalyst 

exposing to reactant better and hence creating 

more active site. The more active sites catalyst 

contains, the bigger number of substance atoms 

reacting in a definite time, so the higher current 

density obtained.  

Figure 3 represents ORR polarization curve 

of synthesized samples. The measurement was 

carried out with the rotating electrode at the rate 

of 1600 rpm to accelerate oxygen mass transfer 

from solution to the electrode surface. The 

reduction current density was recorded in all 

samples with different limited current density. 

Generally, the oxygen reduction activity of 

samples containing both Sn and Pt (E7, E8, E9) 

is lower than samples only containing Pt (Pt-

E8). It indicated that the presence of Sn in Pt 

catalyst eliminates the kinetics of oxygen 

reduction. However, E5 always generated ORR 

current density higher than Pt sample at the 

sample potential in the polarization curves. 

Therefore, E5 is quite different from others 

which requires a deeper study in structure and 

morphology as well as adsorption interaction. 

For samples prepared by NaBH4, ORR 

activity is almost the same for all samples. 

Limited current density of samples involving Pt 

and Sn (N5, N7, N8, N9) is lower than samples 

involving only Pt (Pt-E8). Hence, it confirms 

again that Pt-Sn is not favorable for oxygen 

reduction. 
 

   

Figure 3. The CA polarization curve of 

synthesized samples in ORR 

CONCLUSIONS 

In this study, Pt-Sn nanoparticles catalyst on 

Vulcan carbon was successfully synthesis. The 

nanoparticles of the EG samples had a smaller 

particle sizes (1-4 nm) and better distribution on 

the Vulcan carbon than the NaBH4 samples (3-7 

nm), thus partially explains the predominant of 

their electrochemical.  

For methanol oxidation activity, EG samples 

exhibited the best electrochemical activities at 

pH 8 which is the same for NaBH4 samples. 

Generally, the catalyst was prepared by EG gave 

better activity than NaBH4. The activity of Pt-Sn 

catalysts for methanol oxidation are much higher 

than Pt. For oxygen reduction activity, all Pt-Sn 

samples (both using EG and NaBH4) are not as 

good as Pt sample except E5 (Pt-Sn catalyst 

synthesis by EG at pH 5). Therefore, Pt-Sn 

catalyst is not favorable for oxygen reduction 

reaction 
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ABSTRACT 

 

The multiferroic materials are widely investigated by scientific community due to their potential for 

applications as actuators, switches, magnetic field sensors or new types of electronic memory devices. 

The changes in physical properties of these compounds become highly pronounced when characteristic 

crystallites size reduces down to nanoscale level. The temperature of paraelectric and magnetic transitions 

also depend on crystallites size. Present study shows influence of used synthesis method on structural and 

morphology properties of multiferroic materials LaMnO3 doped by rare earth ions. The solid state, sol-

gel, self-combustion and microemulsion methods were used to obtain this materials. The role of factors 

such as chemicals used to synthesis, annealing temperature and time on particle size and their distribution 

have been investigated. 

Keywords:  multiferroic, nanocrystals, self-combustion, magnetic 

INTRODUCTION 

Perovskite-type materials in recent years are 

intensively investigated in different areas of 

application as: optics, photovoltaics, magnetic 

memory elements [1–3]. LaMnO3 system with 

dopants of rare earths ions and alkali metals has 

been extensively studied since its discovery of 

giants negative magnetoresistance effect in this 

materials [4–6]. 

The size of crystals, especially in nanoscale 

level strongly affecting on multifferoic 

properties of materials [7]. The structural and 

morphology properties of pure phase of 

lanthanum manganite perovskite were 

intensively investigated for different synthesis 

methods such as sol-gel [8], co-precipitation [9], 

self-combustion [10–13] and hydrothermal [14]. 

In this paper the structural and morphology 

properties of LaMnO3 and LaMnO3 doped with 

cobalt and samarium ions nanocrystals 

synthesized by self-combustion method with 

urea as a fuel has been presented. Especially, the 

role of post-synthesis heat treatment on size of 

nanocrystals are investigated.  

 

EXPERIMENTAL  

 

The LaMnO3 and LaMnO3 doped with samarium 

and cobalt ions were synthesized via self-

combustion [15] and hydrothermal method [16]. 

Lanthanum oxide (La2O3, 99,999% Stanford 

Materials), manganese pieces (Mn, 99,9%, Alfa 

Aesar), cobalt powder (Co, 99,8%, Sigma 

Aldrich), samarium oxide (Sm2O3, 99,999%, 

Stanford Materials) and 65% nitric acid were 

used as raw materials.  In self-combustion 

method Urea (98+%, Alfa Aesar) was used as a 

fuel. In both synthesis methods the stoichiometric 

amounts of lanthanum oxide, metallic manganese 

and for doped samples cobalt powder and 

samarium oxide were dissolved in nitric acid to 

obtain nitrates. In self-combustion method the 

nitrates were mixed in 30 mL of deionized water 

under stirring. Then, the urea was added in 5:1 

ratio in relation to moles of product. The 

obtained solution was pleased in muffle oved 

warmed up to 650ºC in ceramic crucible and left 

for 30 min. The obtained crystals were graded in 

agate mortar and heated in 700ºC to crystalize 

rest of amorphous phase.  
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In hydrothermal method the nitrates were 

dissolved in 60 ml of deionized water under 

stirring. Next, the 1 M KOH aqueous solution 

was added for complete co-precipitation. The 

hydrothermal synthesis was performed in 100 ml 

Teflon reactor at 200ºC for 8h. The obtained 

nanocrystals was washed with deionized water 

and separate used a centrifugal.  

The X-ray patterns were recorded using 

PANalytical X’Pert Pro powder diffractometer 

(Cu Kα1: 1.54060 Å). The scanning electron 

microscopy images were taken using a Tescan 

VEGA 3SB microscope. 

 

RESULTS AND DISCUSSION 

 

The composition of LaMnO3 synthesized via 

self-combustion method in 650ºC was 

determined by X-ray diffraction on diffractogram 

(Fig.1.) the peak attributed to (001) diffraction 

pattern of rhombohedral structure of LaMnO3 

with space group R-3c (167) was observed. 

Besides of crystal phase, the broadband peak 

associated with occurrence of amorphous phase 

was observed. The post-synthesis heat treatment 

of powder lead to high crystallization of samples. 

The diffractograms of samples annealed in 700-

800ºC for 2 h shows pure perovskite phase. 
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Figure 1. X-ray diffraction patterns of LaMnO3 

synthesized via self-combustion method in 650ºC 

and annealed in 700-800ºC. 

 

Post-synthesis heat treatment of powder also 

causes the increasing of average grain size of 

nanocrystals. The average crystals size was 

calculated using a Rietveld conferment method, 

from broadening of diffraction patterns. The 

average crystallites size of raw powder obtained 

by self-combustion method is 35 nm (Table 1). 

The linear increasing of size with temperature 

was observed. For 800ºC is 77 nm.  

Table 1.Influence of heating temperature on 

average grain size of LaMnO3 nanocrystals. 
Annealing 

Temperature, oC 

650 700 750 800 

Avarage grain 

size, nm 

35 48 63 77 

 

To changing the magnetic properties of 

lanthanum manganite the compounds doped with 

cobalt and samarium were synthesized. These 

trivalent magnetic ions are substituted La-site 

and Mn-site for Sm3+ and Co3+ respectively, what 

is related with similar ionic radius of this ions. 

The synthesis of doped LaMnO3 by self-

combustion method with heat treatment in 700oC 

was performed for 1-100% concentration range 

for cobalt ions as well as samarium ions. For all 

samples pure phase of rhombohedral structure 

were observed. The diffractograms of samples 

doped with 10 mol% of cobalt and samarium are 

presented in Figure 2 
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Figure 2. X-ray diffraction patterns of LaMnO3 

doped with 10 mol% of cobalt and samarium.  

 

The morphology of obtained products were 

studied by Scanning Electron Microscopy 

method. The SEM images of LaMnO3 and 

LaMnO3:10% Co annealed in 700ºC are 

presented in Figure 3. It was observed that 

obtained nanocrystals are strongly agglomerated 

to submicron aggregates.  
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Figure 3. The scanning electron microscopy 

images of LaMnO3 (a) and LaMnO3 doped with 

10 mol% of cobalt. 

 

 

CONCLUSION 

 

LaMnO3 and LaMnO3 doped with cobalt and 

samarium ions have been synthesized with self-

combustion method with urea as a fuel and post-

synthesis treatment. The nanocrystals size can be 

controlled by annealing temperature. Using this 

synthesis method the strongly agglomerated 

nanocrystals with average crystals size in 35-78 

nm range were obtained 
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ABSTRACT 

 
In this paper, microfluidic paper-based analytical devices (µPADs) have been developed for detecting 
human chorionic gonadotropin (hCG). The target was captured by two antibodies and color signal was 
generated after substrate reagent had come to test zone of device. All steps of this process, known as 
sandwich enzyme-linked immunosorbent assay (ELISA), was carried out on our small devices, 8.0 mm of 
width and 44.0 mm of length. There are three main parts in our devices: input leg; middle part with four 
minor channels; ending part with only one main channel including test zone and control zone. Paper-
based channels were fabricated by inkjet printing method. Color signal was measured by ImageJ 
software. Results showed that hCG target can be quantitative determined with correlation coefficient (R2) 
is quite good, about 0.88. Although linear regression was still not so good in this report, it is assumed that 
design and bio-process could be optimized for better results in the future. 
Keywords: Microfluidic paper-based device, biosensor, human chorionic gonadotropin, inkjet printing 

INTRODUCTION 

In this paper, microfluidic paper-based 
analytical devices (µPADs), which has attracted 
interest from many researchers in recent years 
[1-10], have been developed for detecting 
human chorionic gonadotropin (hCG). Sandwich 
ELISA, which can detect antigen by using two 
kinds of antibody (capture and detection 
antibody), were chosen as principle of our 
devices. Moreover, almost necessary steps of 
sandwich ELISA has been prepared on our 
devices before testing by end-user. Therefore, 
common customer just need 1 or 2 more steps to 
determine hCG concentration in samples. 

EXPERIMENTAL  

Materials 
Potassium chloride (KCl), chloric acid 

(HCl), sodium hydroxide (NaOH), disodium 
hydrogenphosphate (Na2HPO4), casein, sucrose, 
boric acid and sodium dodecyl sulfate (SDS) 
were purchased from Wako Pure Chemical. 
Bovine serum albumin (BSA) was purchased 
from Sigma-Aldrich. Polyclonal rabbit anti-
mouse immunoglobulins (anti-mouse IgG pAb) 
was purchased from Dako (Denmark) and anti-

human chorionic gonadotropin (anti-hCG) was 
purchased from Medix Biochemica (Finland). 
ALP-labelling kit, which was purchased from 
Dojindo (USA), was used to prepare alkaline 
phosphatase (ALP)-labelled anti-hCG (ALP-anti 
hCG). Antigen hCG was purchased from Rohto 
Pharmaceutical (Japan). 5-bromo-4-chloro-39-
indolyphosphate p-toluidine salt, nitro-blue 
tetrazolium chloride (BCIP/NBT) substrate 
solution and substrate buffer were purchased 
from Nascalai Tesque (Japan). 

Design of µPADs for detecting hCG 
Design of µPADs is shown in figure 1. 

There are three main parts in this design: input 
leg including one main channel for leading 
water to entire microfluidic device; middle part 
including four minor channels; ending part with 
only one main channel including test zone and 
control zone. From left to right, four channels in 
middle parts are delayed channel, non-delayed 
channel, most delayed channel and delayed 
channel. In order to make fluid flow slower in 
channel, few horizontal barriers were designed 
on two delay channels (left and right channels) 
and many horizontal barriers were designed on 
most delayed channel. The width and length of 
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µPADs are 8.0 and 44.0 millimeters. From left 
to right in the middle part, there are 4 spots for 
dropping second antibody (2nd Ab), hCG 
sample, substrate and 2nd Ab as shown in figure 
1. In ending part, there are 2 spots for 
immobilized first antibody (1st Ab) at test zone 
and immobilized IgG at control zone. 

Figure 2 shows how our µPADs can perform 
sandwich Enzyme-linked Immunosorbent assay 
(ELISA) to detect hCG. When dipping input leg 
of device into water, water flowed through main 
channel and split into 4 smaller channels in 
middle part (Step 1 in figure 2). With many 
horizontal barriers in most delayed channel, 
fluid flow slowest in this channel; thus, substrate 
would flow to ending part slower than hCG 
sample and 2nd Ab. In non-delaying channel, 
hCG sample flowed faster and came to test zone 
firstly (step 2 and step 3 in figure 2). 

 
Figure 1. Design of microfluidic paper-based 
analytical devices for detecting human chorionic 
gonadotropin (hCG) including three main parts: 
input leg with one main channel; middle part 
with four channels and ending part 

 

 
Figure 2. Schematic illustration of creating color signal in microfluidic paper-based analytical devices 
including 6 steps: water split into 4 channels (step 1); water flow faster in non-delaying channel (step 2); 
hCG sample came to test zone (step 3); hCG sample was captured by 1st Ab (step 4); 2nd Ab bound with 
hCG antigen (step 5); substrate came to test zone and create signal (step 6). 
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At test zone, hCG sample was captured by 
immobilized 1st Ab (step 4 in figure 2). After 
that, 2nd Ab came to test zone and bound with 
hCG (step 5 in figure 2). At final step, color 
signal was created after substrate had come to 
test zone (step 6 in figure 2). Color signal at 
control zone would be created if the test 
operated correctly. 

Fabrication and testing of microfluidic paper-
based analytical devices 

Paper-based microchannels were fabricated 
by electrohydrodynamic (EHD) inkjet printing 
process. Anti-mouse IgG pAb and anti-hCG (1st 
antibody) were prepared at 1 mg/mL and applied 
to control zone and test zone, respectively. After 
that, devices were dried in room temperature for 
1 hour. Nitrocellulose membranes were blocked 
by immersing into blocking solution and washed 
by using washing solution. The goal of this step 
to make sure that there are not protein 
adsorption in following steps as well as only IgG 
and 1st Ab were immobilized onto nitrocellulose 

membrane. ALP-anti-hCG mAb (enzyme-
second antibody or 2nd Ab) was prepared at 25 
µg/mL. BCIP/NBT substrate was diluted in the 
substrate buffer solution with ratio of 1:10. hCG 
sample was prepared at many various 
concentration. Three bio-reagents: 2nd Ab, 
substrate and hCG sample were applied onto 
their spots in middle part of devices (figure 1). 
Bio-testing of µPADs was performed by dipping 
devices into water and waiting for color signal. 

RESULTS AND DISCUSSION 

Figure 3 showed fabricated µPADs and their 
color signals when testing with various hCG 
concentration from 5 to 10,000 ng/mL. Color 
signal was measured by using ImageJ software 
in two functions: histogram function and 
inverted function. The value of signal was 
calculated by taking absolute value of 
subtraction between signal and background 
color intensity. 

 

 
Figure 3. Color signal of µPADs when testing with various hCG concentration. 

a) b)  
Figure 4. Influence of hCG concentration on subtracted intensity measured by inverted method and linear 
regression on entire range from 5 to 10,000 ng/mL (a); linear regression on smaller range from 5 to 500 
ng/mL (b) 
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Figure 4 showed relationship between 
subtracted intensity measured by inverted 
method and hCG concentration. The linearity of 
intensity was not good with entire range of hCG 
concentration (from 5 to 10,000 ng/mL) and 
correlation coefficient (R2) is just about 0.76 
(figure 10a). However, the linearity was quite 
good with smaller range (from 5 to 500 ng/mL) 
and R2 is about 0.88 (figure 10b). 

Not good linearity in entire range can be 
explained because inverted method cannot be 
used to measure high color intensity. When hCG 
concentration was increased from 500 to 10,000 
ng/mL, color intensity seemed unchanged and 
kept around 60. Histogram method showed 
better results than inverted method. Indeed, 
figure 5 showed quite good linear intensity and 
R2 is about 0.88 in entire range of hCG 
concentration from 5 to 10,000 ng/mL. 

 
Figure 5. Influence of hCG concentration on 
subtracted intensity measured by histogram 
method and linear regression on entire range 
from 5 to 10,000 ng/mL 

These results showed that our µPADs can be 
applied for analytical biochemistry assay. Main 
advantages of these devices are low-cost, 
portable and capable of performing multi-step 
assay such as sandwich ELISA. Although linear 
regression was still not so good in this report, it 
is assumed that design and bio-process could be 
optimized for better results in the future. 

CONCLUSION 

In this report, we was successful in 
fabricating paper-based analytical devices to 
detect human chorionic gonadotropin (hCG). 
Our devices can be applied for determine hCG 
concentration in large range, from 5 to 10,000 
ng/mL. Moreover, our devices have potential to 
apply for other biological targets, which can be 
detected by sandwich ELISA. The main 

advantages of material-saving, simple process, 
high repeatability make our µPADs can be 
applied in rural area in developing country. 
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ABSTRACT 
 

Piezoresistive pressure sensors were designed and then successfully fabricated by using Silicon on 
Insulator (SOI) 6 inches wafer. The size of dice, thickness of diaphragm, resistance of p-type 
piezoresistor and the range of fabricated pressure sensor were ~ 2.6 mm × 2.6 mm, ~15 μm, ~ 1300 Ω and 
0-50 kPa, respectively. After packaging by using metal can package (TO-5), the pressure sensors had 
small offset voltage (<20 mV), high sensitivity (0.7-0.8 mV/kPa with 3V input voltage) and good 
linearity (< ± 1%). We have applied the pressure sensors to measure the water level on streets at several 
flooding locations in Ho Chi Minh City. As a result, the real-time flooding monitoring system in Ho Chi 
Minh City could be achieved. 
Keywords: MEMS, Pressure sensor, Piezoresistive, Flood monitoring system, Smart City 

INTRODUCTION 

Based on several advanced properties such 
as low power consumption, ease of integration, 
low cost and fast responsibility, Micro-Electro-
Mechanical Systems (MEMS) devices are 
considered to play an important role for  the 
development of Internet of thing (IoT) [1]. 
Among MEMS devices, pressure sensor has 
large market and is applied in various fiels such 
as monitoring of fuel and measurement in 
automobile, air plane, blood pressure 
measurement and other consumer applications 
[2]. Pressure sensor can be also used in water 
level monitoring system for flood control which 
is one of the most serious problems in Ho Chi 
Minh City. In this system, both sonic sensor and 
pressure sensor are  often utilized to measure 
water level to ensure the accuracy of 
measurement. However, the climate in Ho Chi 
Minh City is high humidity and rainy which 
cause waterlogging and disturb the measured 
signal of sonic sensor. Thus, in this study, we 
only use pressure sensor in water level 
monitoring system in Ho Chi Minh City.  

The principle of MEMS pressure sensors are 
often based on piezoresistive effect in which the 
resistances vary with applied stress. The 

piezoresistive effect in Si is often larger 100-200 
times to metal. In metal, the piezoresistive effect 
is only caused by the changing shape of the 
resistor. However, in semiconductor such as Si, 
it is mainly caused by the changing of 
concentration and mobility of carrier which are 
related to changing the lactice constant and 
bandgap under applied stress [3].  

Piezoresistive pressure sensor often has 4 
piezoresistors in Wheatstone bridge in order to 
cancel the effect of temperature resistivity 
coefficient [4].   Under applied pressure, the 
diaphragm  will be deformed and cause stress on 
the diaphragm. The vary of stress leads to the 
vary of piezoresistance and hence, the output 
voltage will be change. In the piezoresistive 
pressure sensor,  piezoresitors is often p-type Si 
due to its high piezoresistivity. In this sensor, the 
p-type piezoresistors are fabricated on n-type 
diaphragm to create p-n junction at the surface 
in order to block electronic current from top side 
to bottom side of the sensor which causes the 
noise of output signal. In p-type Si, the highest 
piezoresistivity is along <110> crystal direction 
and thus, the piezoresistors is often along <110> 
direction. In addition, the piezoresistive 
coefficient 𝜋𝜋ℓ,110 and 𝜋𝜋τ,110 has close value and it 
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will help to reduce the vary of effective 
piezoresistive coefficient caused by 
misorientaion of piezoresistors during 
fabrication process [4].  

EXPERIMENTAL  

 The piezoresistive pressure sensor (range 0-
50 kPa) has 4 piezoresistors along <110> crystal 
direction which are arranged symmetric in order 
to reduce offset voltage (Figure 1).  

 
Figure 1. Design structure and top-view of 
pressure sensor. 

Starting materials is Silicon on Insulator 
(SOI) 6 inches wafer (device layer: n-type, 
thickness 15 µm; SiO2 layer: thickness 0.4 µm; 
and handle layer: p-type, thickness 400 µm). 
The pressure sensors were fabricated by using 4 
– masks processes. Firstly, four piezoresistors 
were fabricated on the top of device layer by 
Boron diffusion process using the first mask 
(predeposition for 30 minutes at 1000 °C, then 
B2O3 layer was removed and drive-in process 
was carried at 1100 °C for 30 minutes). After 
diffusion, resistance of the piezoresistor was 
measured by Jandel Multiposition Wafer Probe. 
The depth of diffusion was detected by staining 
method using CuSO4 and HF [5].  Secondly, 
second mask was used to open contact hole. 
After that, 500 nm Al:Si (99% Al and 1% Si) 
was deposited by DC magnetron sputtering 
method. The third mask was used to pattern the 
metal. The fourth mask was utilized for etching 
backside using KOH solution (Figure 2). The 
diaphragm was created by KOH etching process 
(25% and at 75 °C) in which SiO2 layer played 

as etching-stop layer in order to obtain uniform 
thickness of the diaphragm.  

 

 

 

 
Figure 2. Fabrication processes of pressure 
sensors. 

Finally, the wafer was dicing and the 
pressure sensors were packaged using metal can 
package (TO-5) (Figure 3). Fabricated pressure 
sensors were characterized by using Yokogawa 
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pneumatic pressure standard (model 767402) 
and a home-made temperature chamber. The 
sensors were also measured at Ho Chi Minh City 
Center of Standard Metrology and Quality. For 
reliability testing, a home-made pressure valve 
was used to change pressure from 0-50 kPa 
repeatedly for 10000 cycles. After calibration, 
fabricated pressure sensors were installed in 
water level monitoring module.  

 
Figure 3. Fabricated pressure sensors 

RESULTS AND DISCUSSION 

After diffusion, resistance of the 
piezoresistor was about 1300 Ω and the depth of 
diffusion ~ 2.6 µm.  Using 3 V input voltage, the 
fabricated pressure sensors had offset voltage < 
± 20 mV. The offset voltage can be attributed to 
the mismatch of alignment during 
photolithography and residual stress in 
packaging process. 

 
Figure 4. Output characterization at room 
temperature (25 °C) of fabricated pressure 
sensors 

The span voltage and sensitivity of 
fabricated pressure sensors were ~ 35-40 mV, ~ 
0.7-0.8 mV/kPa, respectively. From the 
characterization of the sensors, we obtained its 
linearity is smaller than ± 1%. Those parameters 
are similar to parameters of commercial pressure 
sensors. We obtained similar result from 
measurement of the sensors at Ho Chi Minh City 

Center of Standard Metrology and Quality 
(Figure 4). 

Temperature dependence of fabricated 
pressure sensors was also studied in the range of 
15 - 65 °C (Figure 5) which is typical for 
outdoor temperature in Ho Chi Minh City. The 
offset voltage was increased with temperature 
while the sensitivity was decreased with 
temperature, which can be explained by 
temperature dependence of p-type Si resistivity.  

 
Figure 5. Temperature dependence of the output 
voltage of fabricated pressure sensor 

For reliability testing, the properties of 
pressure sensors remained almost unchanged 
after 10000 cycles of repeated pressure from 0 to 
50 kPa (Figure 6). Compare to the initial span 
voltage, the span voltage varied < 1% during 
10000 cycles.  

 
Figure 6.  Repeated load characteristics of 
fabricated pressure sensors 

We set up the water level monitoring 
modules using fabricated at several fooding 
locations in different districts of Ho Chi Minh 
City and compared their altitudes to the standard 
elevation of Vietnam. In this system, the 
pressure sensor detects the changing of pressure 
cause by the variation of water level on street. 
We used both lithium battery and solar cell for 
power supply of the system to extend lifetime of 
the system (Figure 7). In order to reduce the 
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noise, we used Kalman Filtering algorithm and 
the accuracy of water level measurement can be 
reduced to smaller than 1 cm.  

 
 

Figure 7. Block diagram of “flood monitoring 
system” 

The real-time calculated water level was sent 
to data center of SHTP Labs by using 3G 
communication technology (Figure 8). At this 
moment, 15 trial nodes were installed and 
several other nodes would be installed in order 
to make real-time flood mapping for Ho Chi 
Minh City. 

 
Figure 8. Real-time water level in a day 
(vertical axis is water level in cm; horizontal 
axis is time in hour) at a node of flood 
monitoring system  

CONCLUSION 

Piezoresistive pressure sensors were 
successfully fabricated and were characterized. 
We applied those sensors in flood monitoring 
system in Ho Chi Minh City and the real-time 
flooding situation in Ho Chi Minh City could be 
achieved. 
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ABSTRACT 

 
Quantum dots (QDs) are recently used as new fluorescent nanomaterials in biological labeling 
applications. QDs have featured properties such as high luminous intensity, photochemical stability, and 
few fluorescence spectral overlap. In this study, we synthesized mercaptosuccinic acid (MSA)-coated 
CdSe QDs and evaluated their optical properties. The results indicated that our QDs had a broad 
excitation spectrum and a narrow and symmetric emission spectrum. Besides, we developed one-step 
synthesis of protein A/G (pA/G)-coated CdSe/MSA QDs for IgG antibody conjugation due to the affinity 
of pA/G with IgG antibody Fc region. The results of cell labeling assay showed that our pA/G-coated 
QDs could specifically label Jurkat T cells when they were conjugated to anti-CD3 IgG antibody. In 
conclusion, our QDs could be potential alternative fluorescent nanomaterials and could be widely used to 
label any biological object in general by incorporation with its specific IgG antibody. 
Keywords: Quantum dots (QDs), fluorescent nanomaterials, biological labeling 

INTRODUCTION 

In recent years, quantum dots (QDs) are 
developed as new fluorescent nanoparticles. 
QDs contain semiconductor core which is 
commonly formed from the incorporation of 
group II-VI (CdSe, CdTe), IV-VI (PbSe), or III-
V (InP, InAs, GaAs) chemical elements [1]. The 
role of the core is to absorb energy from 
excitation wavelength and to emit fluorescence. 
Unlike other fluorophores which are mostly 
excited by one single wavelength, QDs have a 
broad excitation spectrum. This means that QDs 
can be excited by many different wavelengths 
and easily combined with other fluorophores in 
multi-labeling. In contrast, QDs’ emission 
spectrum is narrow and symmetric so QDs 
always emit only one wavelength. Hence, 
fluorescence spectral overlap can be 
significantly restricted in multi-labeling by using 
QDs. Besides, QDs also have other featured 
properties such as high luminous intensity, 
photochemical stability, and core diameter-
dependent emission wavelength [2]. To protect 
the core as well as to prevent release of its heavy 

metal ions, QDs often have a shell which is 
commonly ZnS or PbS layer [3]. Furthermore, 
QDs are frequently coated with aqueous 
molecules such as mercaptocarboxylic acid, 
silica, amphiphilic polymers, etc to increase 
their water-solubility so they can be easily used 
for labeling applications [4]. In this study, we 
synthesized mercaptosuccinic acid (MSA)-
coated CdSe QDs and evaluated their cell 
labeling application when they were conjugated 
to IgG antibody. 

Many methods were developed to conjugate 
antibody to nanoparticles. However, a problem 
that how to turn antibody Fab region outwards 
from nanoparticle surface to conserve antigen 
recognition capacity of antibody should be 
efficiently solved. Strategies that conjugate 
antibody to nanoparticles by covalent bond 
formation or biotin-avidin interaction cannot 
solve this problem because conjugated site on 
antibody is randomly formed. In this study, we 
coated our CdSe/MSA QDs with protein A/G 
(pA/G) as an adaptor protein in order to 
conjugate QDs to IgG antibody due to this 
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protein’s affinity with IgG Fc region [5]. 
Therefore, the Fab region was turned outwards. 
QDs were coated with pA/G by stirring due to 
the affinity of pA/G’s 6xHis tail with heavy 
metal ions on QDs’ surface. 

EXPERIMENTAL 

Synthesis of CdSe/MSA QDs 
At first, 0.704 g of cadmium acetate 

dihydrate [(CH3COO)2Cd.2H2O], 0.556 g of 
MSA, and 100 ml of distilled water were added 
into a three-neck flask to form Cd2+ precursor. 
The solution was stirred in nitrogen atmosphere 
until MSA was completely dissolved. Nitrogen 
gas was introduced to eliminate oxygen and 
acetic acid. For Se2- precursor formation, 0.2 g 
of sodium borohydride (NaBH4), 0.704 g of 
sodium selenite (Na2SeO3), and 10 ml of 
distilled water were mixed up for 15 minutes. 
After that, we rapidly injected Se2- precursor 
solution into Cd2+ precursor solution at room 
temperature. The mixture was then stirred for 30 
minutes at 1,000 rpm. Solution temperature was 
risen up to 90oC without stirring. After reaction 
time, by injecting toluene, the solution was 
cooled down fast to stop development of 
CdSe/MSA particles. 

 
Figure 1. Schematic diagram of CdSe/MSA QDs 
synthesis. 

Evaluation of CdSe/MSA QDs’ optical 
properties 

CdSe/MSA QDs were measured ultraviolet-
visible (UV-Vis) and photoluminescence (PL) 
spectrum to evaluate their optical properties. 
Besides, we identified their PL yield by 
comparing their PL spectrum with the one of 
Rhodamine 6G which is a sensitive fluorophore 
commonly used for PL yield identification. The 
PL yield was QDs:Rhodamine 6G PL intensity 
ratio. 

Preparation of pA/G-coated CdSe/MSA QDs 
and IgG-conjugated pA/G-CdSe/MSA QDs 

For pA/G coating, 1 ml of CdSe/MSA QDs 
solution (1 mg/ml) and 1 ml of pA/G solution 
(1.5 mg/ml) were added into a 5 ml glass vial. 
The mixture was then stirred for 8 hours at room 

temperature. After that, 5% (w/v) bovine serum 
albumin (BSA) solution was added into the vial 
to reach BSA’s final concentration at 0.5% 
(w/v). The mixture was stirred overnight at room 
temperature to ensure that QDs’ surface was 
completely coated with BSA. 

For IgG antibody conjugation, 0.2 ml of 
pA/G-CdSe/MSA QDs solution and 15 μg of 
anti-CD3 IgG antibody, which would be used 
for Jurkat T cells labeling, were added into a 
0.5 ml microcentrifuge tube. Phosphate 
buffered-saline (PBS) 1X solution was then 
added to reach the final volume of 0.25 ml. The 
tube was continuously rotated for 4 hours on 
end-over-end rotator at room temperature. 
Besides, we prepared QDs group, which was not 
coated with pA/G and was only coated with 
BSA; and QDs + IgG group, which was BSA-
coated QDs mixed up with IgG antibody, by the 
same way as control groups for cell labeling 
evaluation. 

 
Figure 2. Conjugation of IgG antibody to QDs 
via pA/G. 

Cell labeling assay 
0.25 ml of IgG-pA/G-QDs solution and 

5.105 Jurkat T cells in 0.75 ml RPMI 1640 
medium were added into a 1.5 ml 
microcentrifuge tube. The tube was continuously 
rotated for 30 minutes on end-over-end rotator at 
room temperature and then centrifuged at 1,500 
rpm for 5 minutes. The supernatant was 
discarded and the cell pellets were resuspended 
in 0.1 ml of RPMI 1640 medium. Finally, 20 μl 
of medium containing cells was spotted on a 
lame and the cells were observed under 
fluorescence microscope. The cell labeling assay 
was also similarly performed with control 
groups as indicated above. 

RESULTS AND DISCUSSION 

Synthesis and optical properties evaluation of 
CdSe/MSA QDs 

CdSe/MSA QDs after synthesis in three-
neck flask were derived and dissolved in PBS 
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1X solution. Firstly, sensory evaluation 
indicated that they were highly soluble in water 
and their color was homogeneous. Besides, no 
aggregation was observed in the solution 
(Figure 3A). Under excitation condition of blue 
light, they showed strong green luminescence 
(Figure 3B). These results basically proved that 
our QDs were successfully synthesized. 

  
 

Figure 3. CdSe/MSA QDs were dissolved in PBS 
1X solution (A) and emitted green fluorescent 
light under excitation of blue light (B). 

Results of UV-Vis and PL spectrum 
measurement demonstrated that our CdSe/MSA 
QDs had featured optical properties. They could 
absorb a wide range of excitation wavelength 
from 400 to over than 500 nm and showed 
maximum absorbance at 501 nm wavelength 
(Figure 4A). Besides, they showed a sharp, 
narrow and symmetric peak in their emission 
spectrum. Their maximum emission wavelength 
was 525 nm and in line with their green 
fluorescence. Moreover, their surface emission 
was asymptotic to 0. This meant that their 
surface was tightly coated with MSA so surface 
defects and non-radiative recombination 
channels were significantly limited (Figure 4B). 

Comparison between QDs and Rhodamine 
6G’s PL spectrum also indicated that QDs had a 
high luminous intensity with the PL yield 
reached to 80%. Although Rhodamine 6G 
showed a higher luminous intensity, its peak was 
broad and asymmetric in comparison with QDs’ 
one (Figure 5). These results proved that our 
QDs had high quality and potentials to be used 
for biological labeling. 

 

 
Figure 4. UV-Vis (A) and PL (B) spectrum of 
Cdse/MSA QDs. 

 
Figure 5. Comparison between CdSe/MSA QDs 
and Rhodamine 6G’s PL spectrum. 

Cell labeling evaluation 
In cell labeling assay, QDs and QDs + IgG 

group did not show fluorescent signals on 
membrane of Jurkat T cells (Figure 6A and B). 
This meant that QDs’ surface was completely 
coated with BSA so interactions between the 
surface and the cells were prevented and IgG 
antibody could not bind to QDs without the 
support of pA/G. In contrast, IgG-pA/G-QDs 
efficiently labeled the cells with high luminous 

A 

B 

A B 
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intensity (Figure 6C). These signals were highly 
specific because QDs could label the cells only 
when they were conjugated to specific IgG 
antibody. Moreover, these results verified the 
role of pA/G in IgG antibody conjugation to our 
QDs and their potentials in biological labeling. 

 

 

 
Figure 6. Cell labeling evaluation of CdSe/MSA 
QDs. (A) QDs; (B) QDs + IgG; and (C) IgG-
pA/G-QDs. 

CONCLUSION 

In this study, we synthesized and 
characterized CdSe/MSA QDs. They showed 
featured optical properties as well as high 
quality for bio-applications. By exploiting pA/G, 
we successfully developed potential QDs which 
could effectively bind a wide range of mammal 
IgG antibodies. The results of cell labeling assay 
demonstrated that our QDs could prospectively 
become new fluorescent nanomaterials for 
biological labeling applications. 

Acknowledgment 

This research was supported by Ho Chi Minh 
City Department of Science and Technology 
under the research code 105/2017/HD-SKHCN. 

References 

[1] S. Jin, Y. Hu, Z. Gu, L. Liu, H.-C. Wu, 
Application of Quantum Dots in Biological 
Imaging, Journal of Nanomaterials 2011 
(2011) 1-13 

[2] S. B. Rizvi, S. Ghaderi, M. Keshtgar, A. M. 
Seifalian, Semiconductor quantum dots as 
fluorescent probes for in vitro and in vivo 
bio-molecular and cellular imaging, Nano 
Rev 1 (2010) 

[3] Y. Su, Y. He, H. Lu, L. Sai, Q. Li, W. Li, L. 
Wang, P. Shen, Q. Huang, C. Fan, The 
cytotoxicity of cadmium based, aqueous 
phase - synthesized, quantum dots and its 
modulation by surface coating, 
Biomaterials 30 (2009) 19-25 

[4] A. S. Karakoti, R. Shukla, R. Shanker, S. 
Singh, Surface functionalization of 
quantum dots for biological applications, 
Adv Colloid Interface Sci 215 (2015) 28-45 

[5] W. Choe, T. A. Durgannavar, S. J. Chung, 
Fc-Binding Ligands of Immunoglobulin G: 
An Overview of High Affinity Proteins and 
Peptides, Materials 9 (2016) 

A 

B 

C 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

310



  

AMN-023-O 

TOWARDS HIGHLY-SENSITIVE MASSIVELY-PARALLEL 
TEMPERATURE SENSING WITH PRINTED PTC ELEMENTS 

 
Philipp Rinklin1, Nouran Adly1, Leroy Grob1, Korkut Terkan1, Lennart Weiss1, Sabine Zips1, 

Bernhard Wolfrum1 
1 Neuroelectronics Group, Munich School of Bioengineering, Department of Electrical Engineering and 

Computer Science, Technical University of Munich 
Email: philipp.rinklin@tum.de 

 
ABSTRACT 

 
Sensitive detection of temperature at a high throughput is of great interest in various biological and 
biomedical settings. However, classical methods that offer sufficient resolution to quantify e.g. cellular 
metabolism are slow and difficult to parallelize. Novel methods based on optical techniques are fast and 
parallelizable, but require a high degree of the fluorophores’ physicochemical environment. Recently, 
highly-sensitive positive-temperature-coefficient (PTC) materials showing a several orders of magnitude 
change in resistance in the physiological range have been demonstrated. Here, we present a novel 
formulation of such materials using inkjet-compatible materials for printing-based fabrication. We 
synthesize and characterize the materials in a macroscopic setting and discuss preliminary results in terms 
of massively-parallelized sensor plates. 
Keywords: positive temperature coefficient, carbon black, inkjet printing, in vitro temperature 
measurement 

INTRODUCTION 

In the vast majority of physico-chemical 
systems, temperature represents a fundamental 
governing parameter. Particularly in most 
biological systems, the regulation of temperature 
is tightly controlled and of vital importance. As 
such, being able to monitor and record 
temperatures with high sensitivity is of great 
interest to many biological and biomedical 
questions. Given adequate measurement 
techniques, such as classical microcalorimetry, it 
is possible to quantify the metabolism of 
mammalian cells1. However, while offering 
excellent sensitivity, classical techniques in this 
context usually lack the throughput required to 
tackle highly parallelized studies in e.g. 
pharmaceutical screening. Novel fluorescent 
methods on the other hand are dependent on 
various factors other than temperature, which 
can cause problems in terms of reliable results2. 
To mitigate these drawbacks, a novel type of 
temperature sensors using positive-temperature-
coefficient (PTC) materials has recently been 
presented3,4. These sensors show a several-
orders-of-magnitude increase in resistance in the 
physiological regime and can be read by a simple 
resistance measurement. Figure 1a illustrates the 
principle of these sensors. The schematic shows a 

polymer that is doped with a conductive filler 
past the percolation threshold. Thus, conduction 
through the material is achieved by a serial 
connection of low-resistance particles and high-
resistance gaps through which charge transport 
occurs via tunneling. As a result, the overall 
resistivity of the material is highly dependent on 
temperature5. 

Here, we present a new material formulation 
that show the above described characteristics, 
but – in contrast to previous studies – are doped 
with carbon nanoparticles that are compatible 
with inkjet processing. Using a macroscopic 
sensor configuration, we characterize the 
thermal response of the material in terms of 
transition temperature and sensitivity. Lastly, we 
present preliminary results in using these 
materials for highly-sensitive massively-
parallelized in vitro temperature measurements. 

EXPERIMENTAL  

Synthesis of PTC materials All materials 
were synthesized according to a modified 
protocol from 3,4. Briefly, octyl acrylate (OA; 
Sigma) butyl acrylate (BA; Sigma) were mixed 
to yield a total of 10 g at 70, 80, and 90 wt% 
OA. 10 mL of tetrahydrofurane (THF; Sigma) 
and 0.1 g of 2,2-dimethoxy-2-phenylacetophe-
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none (DMPA; Sigma) were added, the mixture 
was homogenized, and exposed to 17000 flashes 
of UV light under N2 atmosphere (Otoflash 
G171, NK Optik) and dried under vacuum. The 
OA/BA polymers were dissolved in 25 mL of 
THF at 60 °C and carbon black (Printex L, 
Orion Engineered Carbons) was added in a 3:1 
polymer: carbon black weight ratio. The mixture 
was stirred for 1 h and the resulting composite 
material was dried under vacuum. 

Sensor assembly 5 mm wide strips of copper 
tape were glued onto 76×52 mm2 glass slides at 
a distance of 5 mm. 120 µm thick double-sided 
adhesive foil (Grace BioLabs SecureSeal, 
Sigma) was placed onto the copper contacts. 
Next, an appropriate amount of PTC material 
was placed into the opening and melted on a hot 
plate set to 100 °C before firmly pressing a 
26×76 mm2 onto the sensor’s top side to 
complete the sensor assembly. 

Temperature measurements and data 
analysis  

Each sensor’s base resistance was measured 
using a multichannel potentiostat (PalmSens 4, 
PalmSense BV). A precision hot plate (PZ35ET, 
Harry Gestigkeit) was used to control the 
sensor’s temperature while reference measure-
ments were taken with the thermal probe of a 
multimeter (80BK-A and 289, respectively, 
Fluke Corporation). The sensors’ response was 
recorded by applying 10 mV to each sensor and 
recording the resulting current throughout the 
measurement. 

Printed sensor arrays In order to apply our 
materials in printed sensor arrays, different 
solvent compositions were tested. Feedlines and 
contacts were printed onto PEN substrates 
(Q65HA, DuPont Teijin Films) using a silver 
nanoparticle ink (DGP 40LT-15C, Sigma 
Aldrich). Subsequently, ink candidates were 
printed onto the feedlines and the foils were 
attached to bottomless 96 well plates using 
double-side adhesive foil (Grace BioLabs 
SecureSeal, Sigma) 

RESULTS AND DISCUSSION 

PTC material and sensor development  
The aim of the present study was to develop 

an inkjet-compatible positive-temperature-
coefficient (PTC) material. Recently, the 
Someya group has presented conductively-
doped acrylate co-polymers with melting points 
in the physiological range3,4. These polymers are 
composed of different ratios of octadecyl 

acrylate (OA) and butyl acrylate (BA) 
monomers. However, their work used 2-3 µm 
graphite particles as conductive doping 
elements. In the present study, we present a 
similar material formulation that is based on 
20 nm carbon black particles as conductive 
agents that should allow the formulation of an 
inkjet-compatible ink. 

 
Figure 1. PTC material and sensors structure. a) In a 
sufficiently doped dielectric material, percolation 
leads to the formation of a conductive network. In 
this network, charge transport takes places through a 
serial matrix of low-resistance particles and high-
resistance tunneling junctions. b) Exemplary images 
of OA/BA co-polymer before and after addition of 
carbon black filler material (left and right, 
respectively). c) Schematic illustration of the sensor 
structure. 

As a first step, we synthesized acrylate co-
polymers with different OA/BA ratios of 70, 80, 
and 90% and introduced the carbon black 
material by dissolving the polymer in THF and 
adding 25 wt% of carbon. Figure 1b shows the 
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resulting material before (left) and after (right) 
the addition of the conductive filler. As 
described above, the sensing mechanism of 
these PTC materials heavily depends on the 
distribution and percolation of the conductive 
filler. As such, we examined the as-synthesized 
materials’ functionality in a macroscopic sensor 
configuration. To this end, a fast and simple 
layout using glass slides as substrates, 
conductive copper tape as contacts, and double-
side adhesive foils as a spacer was developed 
(compare Figure 1c). By confining the PTC 
material with the spacer and two glass slides, a 
reproducible geometry and thus resistance value 
of the sensors was achieved. 

 
Figure 2. Temperature response of an exemplary 
set of sensors. a) Set temperature of the hot plate 
and measured temperature on the surface of the 
glass substrate. b) Amperometric response of 70, 
80, and 90% OA/BA co-polymer. c) Temperature 
dependent change in resistance during the heating 
phase for 70, 80, and 90% OA/BA co-polymer. 

Calibration and temperature measurements 
In order to validate the materials’ functionality, 
the sensors described above were exposed to a 
temperature profile between 30 and 55 °C. 
Simultaneously, in order to account for potential 
temperature drops over the glass substrate, the 
temperature at the sensor location was measured 
with a thermal probe. Figure 2a displays a 
comparison between the set and measured 
temperatures. While the set and measured 
temperature are generally in reasonable 
agreement, offsets during the 30 °C plateaus as 
well as transients caused by the thermal inertia 
of the system can be seen. Consequently, only 
the measured temperatures were used to analyze 
the data. 

Figure 2b shows amperometric traces 
recorded for multiple sensors fabricated from the 
70, 80, and 90% OA/BA polymers. In general, 
an increase in conductivity with increasing OA 
content can be seen. Since the carbon content is 
identical for all three materials, this could 
indicate differences in the percolation of the 
carbon filler caused by the different polymer 
composition. Comparing Figures 2a and b, a 
drop in current between 1 and 2 h i.e. between 
~30 and ~45 °C can be seen. This drop occurs 
first for the 70% OA material, followed by the 
80 and 90% polymers. Between 5 and 6 h, the 
temperature at the sensors’ surface decreases 
again and a recovery of the current can be 
observed. This behavior is analogous for the 
second cycle. 

Figure 2c shows a plot of the ratio of each 
sample’s resistance, R, normalized by its initial 
resistance, R0, as a function of temperature 
during the heating phase of the experiment. The 
steepest points of the curves are at approx. 33.5, 
36.5, and 41 °C for the 70, 80, and 90% 
materials, respectively, which is in good 
agreement with previous works3,4. Comparing 
the resitances before and after the transition, a 
relative change of 101-103 is observed, with the 
higher-OA-content materials displaying a higher 
sensitivity. All materials display a transition 
within a window of approx. 2 K. This 
corresponds to a sensitivity of 5×102 K-1, 
compared to Pt elements, which commonly 
operate at ~4×10-3 K-1. However, the sensors 
display a non-linear response and a notable 
hysteresis when exposed to temperatures notably 
higher than the transition temperature (data not 
shown). As such, while offering excellent 
sensitivity the operational range of the sensors is 
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limited and precise measurements require non-
linear calibration data. 

 

 
Figure 3: Preliminary images of printed 
structures (a, scale bar corresponds to 150 µm) 
and a prototype well plate (b). 

Printed structures  
After successfully validating the 

functionality of our materials, preliminary 
experiments towards ink formulation and high-
throughput sensor plates were carried out. To 
this end, contacts and feedlines were printed in 
silver and PTC ink candidates were printed on 
top (compare Figure 3a). Subsequently, the 
printed foils were attached to bottomless well 
plates using double-side adhesive foil. Our 
approach allows the placement of 144 sensors 
distributed over the center 48 wells of a standard 
96 well plate. However, current ink formulations 
lack the thermal response observed in the raw 
materials. As such, future studies will be 
directed towards suitable solvent and additive 
compositions that preserve the materials’ 
functionality in the printed structures. 

CONCLUSION 

The present work present a novel 
formulation for highly-sensitive PTC materials 

using only inkjet-compatible materials. To 
validate the materials’ functionality, a 
macroscopic sensor setting is used and the 
materials are shown to exhibit excellent 
sensitivity, albeit with non-linear response 
characteristics. In order to use our materials in 
high-throughput sensor plates, we demonstrated 
an approach to assemble printed structures to 
bottom-less standard cell-culture well plates. 
Future studies will be directed at functional ink 
formulations and suitable passivation layers. 

References 

[1]  Levin, K.; Fürst, P.; Harris, R.; Hultman, E. 
Heat Production from Human Erythrocytes 
in Relation to Their Metabolism of Glucose 
and Amino Acids. Scand. J. Clin. Lab. 
Invest. 1974, 34 (2), 141–148. 

[2]  Baffou, G.; Rigneault, H.; Marguet, D.; 
Jullien, L. A Critique of Methods for 
Temperature Imaging in Single Cells. Nat 
Meth 2014, 11 (9), 899–901. 
https://doi.org/10.1038/nmeth.3073. 

[3]  Yokota, T.; Inoue, Y.; Terakawa, Y.; 
Reeder, J.; Kaltenbrunner, M.; Ware, T.; 
Yang, K.; Mabuchi, K.; Murakawa, T.; 
Sekino, M.; et al. Ultraflexible, Large-
Area, Physiological Temperature Sensors 
for Multipoint Measurements. PNAS 2015, 
112 (47), 14533–14538. 
https://doi.org/10.1073/pnas.1515650112. 

[4]  Nakamura, T.; Yokota, T.; Terakawa, Y.; 
Reeder, J.; Voit, W.; Someya, T.; Sekino, 
M. Development of Flexible and Wide-
Range Polymer-Based Temperature Sensor 
for Human Bodies. In 2016 IEEE-EMBS 
International Conference on Biomedical 
and Health Informatics (BHI); 2016; pp 
485–488. 
https://doi.org/10.1109/BHI.2016.7455940. 

[5] Strümpler, R. Polymer Composite 
Thermistors for Temperature and Current 
Sensors. Journal of Applied Physics 1996, 
80 (11), 6091–6096. 
https://doi.org/10.1063/1.363682. 

 
 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

314



  

 AMN-024-O 

 A STUDY ON ELECTRICAL PARAMETERS OF INTERDIGITATED 
ARRAY ELECTRODES (IDEAS) SENSOR FOR CONCENTRATION 

MEASUREMENT OF PHOSPHATE-BUFFERED SALINE     
 

Tuan Vu Quoc 1,2, Tung Bui Thanh 2 and Trinh Chu Duc 2 
1 Institute of Applied Physics and Scientific Instrument, Vietnam Academy of Science and 

Technology, Hanoi, Vietnam; 
2 VNU University of Engineering and Technology, Vietnam National University, Hanoi, Vietnam,  

Email: trinhcd@vnu.edu.vn 
 

ABSTRACT 
 

Capacitive sensors based on interdigitated array electrodes (IDAEs) integrated into microfluidic channels 
have been developed for many bioanalysis applications due to its advantages in comparison with 
electrochemical sensors. In this study, an IDEAs capacitive sensor has been proposed, fabricated and 
characterized. The IDEA structure is fabricated in a 100 µm-width microfluidic channel using 
micromachining technology. Electrical impedance spectroscopy measurements of the sensor have been 
carried out in a wide frequency range from 10 kHz to 1 MHz. Performance of the IDEAs sensor has been 
demostrated through sensing the concentration of the phosphate buffer saline (PBS) which is fully filled 
in the microchannel. The obtained results show a linear relationship between the measured conductance 
and concentration of PBS solution, demonstrating the possibility of estimating conductance of the 
solution through the total impedance.  
Keywords: Capacitance sensor, interdigitated array electrodes sensor, electrical impedance spectroscopy  

INTRODUCTION 

Capacitive sensors based on interdigitated 
array electrodes (IDAEs) integrated into 
microfluidic channels have been developed for 
many bioanalysis applications [1]–[4] due to its 
advantages in a comparison with 
electrochemical sensors which is based on 
methods of voltammetry, amperometry, and 
potentiometry. IDEAs is a simple structure to 
help avoiding problems of integrating the 
reference system into a microfluidic channel 
which is required in the electrochemical sensor 
[5]. Moreover, IDEAs can be easily integrated 
microfluidic channel for portable devices 
developments. For these reasons, a study of 
IDEAs electrical parameters is necessary to 
apply for developing bio-microfluidic devices.   

In this study, an IDEAs capacitive sensor 
integrated into microfluidic channel device has 
been designed, fabricated and characterized to 
measure the properties of solution containing in 
the channel, for example, the concentration of 
phosphate-buffered saline (PBS) in the 
microfluidic channel. IDEA structure is made of 
gold and embedded in a 100 µm-width 
microfluidic channel filled with PBS of different 
concentrations. Those measurements carried out 

in a wide measurement frequency range, from 
10 kHz to 1MHzto find out the effective 
working frequency of the IDAEs sensor and 
then exploit electrical parameters at a certain 
frequency for sensing applications. 

 Changes in concentration of PBS solutions 
lead to changes in the solution conductivity 
which can be detected by measuring the 
conductance of the sensor. The resistance of 
solution can be estimated through the impedance 
measurements at high frequency. Also, thickness 
of the double layer formed between two layers 
of PBS solution and gold electrode is identified 
by the concentration of PBS solution. Then, the 
capacitance parameter of the double layer is 
suggested to use for detecting the change on the 
surface of the electrodes.  

INTERDIGITATED ARRAY 
ELECTRODES (IDEAS) SENSOR 

To investigate the IDEAs sensor working in 
microfluidic channel for bio applications, an 
IDEAs structure has been designed to integrate 
in the 100 µm-width microfluidic channel of a 
microfluidic chip. Figure 1 shows the structure 
design of IDEAs in microfluidic channel. The 
IDAEs structure is constructed by two 
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electrodes: one electrode with six fingers and the 
other with seven fingers. The width (w) and 
length (L) of each finger are 10 µm and 40 µm; 
the gap (s) between two fingers is 10 µm. After 
the electrodes being fabricated on a glass 
substrate, the 100 µm-width microchannel is 
bonded onto the glass substrate to create a 
microfluidic device for bio sensing application.  

 
Figure 1. IDEAs sensor, structure and 
fabrication of the impedance IDEAs sensor 
integrated into microfluidic channel 

 
Figure 2. Model showing equivalent circuit of 
the impedance IDEAs sensor.    

Figure 2 shows a commonly used model of 
the impedance IDAEs sensor. The impedance of 
IDAEs sensor can be separated by two parts 
including surface impedance and solution 
impedance. The surface impedance comes from 
the interface between gold electrodes and PBS 
solution which create double layer capacitances 
(Cdl). The double layer capacitance has been 
studied in many researches which are agreed 
that Cdl can be treated as constant phase element 
(CPE) [6]. The solution impedance constructs 
from the solution resistance (Rs) and the 
capacitance between two electrodes (Cp). By 
detecting these parameters, i.e., Cdl, Rs, CP, we 
can sense the changes occurring on electrode 
surface or the changes in the medium between 
the electrodes. 

EXPERIMENTAL RESULTS AND 
DISCUSSION 

Performance of the IDEAs sensor has been 
experimentaly evaluated through sensing the 
concentration of the phosphate buffer saline 
(PBS) fully filled in the microchannel. The 
experiments have been conducted measuring the 
impedance profile of IDEAs sensor in frequency 
range from 10 kHz to 1 MHz with PBS 
concentrations of 1mM, 5 mM, 10 mM and 20 
mM, respectivelly.  

 
Figure 3. Electrical impedance spectroscopy 
measurement results of 1mM, 5 mM, 10 mM and 
20 mM PBS concentrations. 

Figure 3 shows the impedance profiles 
results of the IDEAs sensor at with four PBS 
concentrations of 1 mM, 5 mM, 10 mM and 20 
mM. Impedance measurements were conducted 
in a wide frequency range, from 10 kHz to 1 
MHz. As can be seen, the impedance profiles of 
the four PBS concentration have the same  form. 
The total impedance reduces significantly when 
the frequency increase from 10 kHz to below 
100 kHz. It means at low measurement 
frequency, the double layer capacitance is the 
main component effect to the change of the 
impedance. With measurement frequency in the 
range from 300 kHz to 1 MHz, impedance value 
does not change much. At that high 
measurement frequencies, the total impedance 
reduces to Rs due to ZCPE becomes small at high 
frequency.  
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Figure 4. Reality (a) and imaginary (b) part of 
impedance spectroscopy measurement results of 
1mM, 5 mM, 10 mM and 20 mM PBS 
concentrations. 

At high frequency, the total impedance 
reduces to solution resistance. Therefore, Rs can 
be approximated to the total impedance at high 
measurement frequency, i.e., at 1 MHz. The 
conductance then will be calculated from Rs. 
Figure 5a shows the calculated conductance 
changes corresponding to 1mM, 5 mM, 10 mM 
and 20 mM concentration of PBS. At 
measurement frequency of 1Mhz, a scale factor 
of 74 µS/mM for the solution concentration is 
found. Experimental results are quasi-linearly 
fitted with a coefficient of 0.95 as shown in 
Figure 5a. From these results, we could confirm 
that the concentration of PBS solution can be 
measured by the proposed sensor.  

 
Figure 5. Conductance and series capacitance 
of the IDAEs sensor corresponding to different 
PBS concentration. a) Calculated conductance 
b) Calculated series capacitance. The 
measurements were conducted at 1 MHz 
measurement frequency. 

Besides, the concentration of PBS solution 
also affects to the double layer capacitance. As 
can be seen in the equivalent circuit, the surface 
impedance is mostly affected by the double 
layer capacitance. From the imaginary part, we 
could identify the series capacitance component 
which can be extracted by imaginary part by Cs 

= (ω.Z”)-1. Figure 5b presents the measured 
series capacitance at 1 MHz corresponding to 
different concentration of PBS. As can be 
observed, the series capacitance also responds to 
the change of the solution concentration. 
Capacitance increases from 120 pF to 320 pF 
corresponding to the concentration change from 
1mM to 20 mM. Then, the serial capacitance 
(Cs) which reflects the double layer capacitance 
at certain frequency can be used as a parameter 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

317



  

for sensing applications, such as for proteins 
detection [7, 8], where the medium change or 
bioparticles occurring inside microfluidic 
channel at the detection region can be detected. 

CONCLUSION 

The capacitive IDEAs micro-sensor 
integrated in the microchannel has been studied 
to find out the electrical parameters that is 
effective for the sensing purpose. The study has 
carried out electrical impedance spectroscopy 
measurement in a wide frequency range from 10 
kHz to 1 MHz for measuring PBS 
concentrations. Experimental  results 
demonstrate the ability to use the IDEAs sensor 
to detect double layer change at surface of 
electrodes and also the conductance change of 
medium between electrodes by analyzing reality 
and imaginary parts of total impedance of the 
IDEAs. This approach is high potential to be 
applied in biosensing applications. 
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ABSTRACT 

 
Gold nanoparticles (AuNPs) with an average particle sizes about 13.3 nm were synthesized by γ-rays 
irradiation of 1.0 mM Au3+ solutions using low molecular weight β-glucan extracted from yeast cell wall 
as a stabilizer. The UV–Vis spectra and TEM images were used to analysize the optical characteristic and 
particle size of AuNPs. The hepatoprotective activity of AuNPs was tested in acetaminophen induced 
hepatotoxic mice with an average body weight of ~30 g/head by subcutaneous injection with concentrations 
of 0.05-0.5 mg/head. Both Alanine-aminotransferase (ALT) and Aspartate-aminotransferase (AST) indexes 
in blood of tested mice were found to decrease by the increase of injected concentration. Inparticularly, the 
in injection of above concentration decreased ALT index from 49.25 to 78.97% and AST index from 67.37 
to 85.46% compared with those of the control without injection. In the group of mice injected with 0.25 mg 
AuNPs, the AST index in blood of tested mice was found at 47.43 U/L and decreased in 85% compared to 
that in blood of mice induced hepatotoxic and injected with only distilled water. The results show that 
AuNPs product synthetized by γ-rays irradiation may potentially be developed for application as 
a hepatoprotective liver agent. 
Keywords: Acetaminophen, β-glucan, gold nanoparticles, γ-irradiation, hepatoprotective activit

INTRODUCTION 

Nowadays, AuNPs have successfully 
trapped the attention and promised its effects 
and benefits on biosensor, bioimaging, and 
biomedical applications such as disease 
therapeutics, diagnostics, photothermal 
therapy, targeted delivery and cancer treament 
[1]. Some studies have showed that AuNPs 
could absorb light and transfer it to thermal 
energy, so AuNPs conjugating to cancer cells 
can be heated by laser pulses to be used as the 
treatment for tumors [2]. AuNPs have been 
attached to EGFR antibody (Epidermal growth 
factor receptor) help antibody add strongly to 
cancer cells (higher 600 times more than normal 
cells) and kill cancer cells without affecting 
normal cells [3]. In addition, AuNPs can be used 
in some methods to eliminate the tumour in a 
short time [4]. Moreover, AuNPs have been had 
the ability to increase the production of 
hepatocytes when denatured in association with 

cysteamine when added to culture medium liver 
cells [5]. 

Gamma ray irradiation is considered as 
an effective method due to several advantages 
such as: (1) the reaction can be carried out at 
room temperature; (2) yield of AuNPs is high; 
(3) AuNPs is purely prepared 
without contamination of excessive chemical 
reductant and Au3+ ions residue; (4) the size of 
AuNPs is easily controlled by varying Au3+ ions 
or seed enlargement approach [6, 7]; (5) 
mass production can be carried out and (6) 
processing is satisfied to requirement of clean 
production [8]. 

In the present study AuNPs/β-glucan 
prepared by gamma ray (Co-60) irradiation was 
carried out and investigated its hepatoprotective 
activity in Swiss mice aiming to apply as a 
special hepatoprotective material. 
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EXPERIMENTAL 

Materials  
Hydrogen tetrachloroaurate (III) trihydrate 

(HAuCl4.3H2O) was purchased from Merck, 
Germany. Low molecular weight β-glucan 
extracted from yeast cell wall with Mw ~ 50 
kDa was prepared at Bio-material and Nano 
Techology Department, Biotechnology Center 
of Ho Chi Minh City, Viet Nam. 
Acetaminophen (APAP) were purchased from 
Sigma Chemical Co. (St. Louis, MO, USA). 
Synthesis of AuNPs/β-glucan by gamma ray 
irradiation 

The colloidal AuNPs with a concentration of 
1.0 mM stabilized in 0.5% β-glucan were 
prepared as follow: the stock solution of 10 mM 
Au3+ was added to 2% β-glucan at an 
appropriate ratio with distilled water, and then 
adjusted pH ~ 8 by NH4OH 2,5%. 
Subsequently, the above solutions were 
irradiated at 6 kGy by a gamma Co-60 GC-5000 
sources (BRIT, India) at Biotechnology Center 
of Ho Chi Minh City with a dose rate of 10 
kGy/h. 
Characterization of AuNPs/β-glucan 

The optical characteristics and particle size 
of AuNPs were determined by UV-Vis 
spectrometry method and Transmission Electron 
Microscope (TEM) images, respectively [7]. 
The UV-Vis spectra of 0.1 mM AuNPs samples 
measured by a UV-Vis spectrophotometer 
model Genesys 10S UV-Vis (Thermo, USA). 
The AuNPs size and morphological 
characteristics were identified by a JEM 1400, 
JEOL (Japan) and statistically calculated from 
about 300 particles followed the method 
described by Aryal et al [9].  

Determination of hepatoprotective effects of 
AuNPs in APAP induced hepatotoxic mice 

The 4-week-old Swiss albino mice were 
supplied by Pasture Institute in Ho Chi 
Minh City and fed for 8 weeks and their average 
body weight was about 30 g. 

In total, 144 female mice were randomly 
designed into two groups of 72 mice each: 
Normal group and APAP induced hepatotoxic 
group. Each group devided with eight 
experiments consisting of 9 mice. Each mouse 
was tail vein injected with 0.2 mL AuNPs/β-
glucan solution containing from 0 (only 
irradiated β-glucan) to 0.5 mg/head. All animals 
were injected three times after every 7 days. The 
control experiment received only water 

injnection. On 22nd day, mice in the “APAP 
induced hepatotoxic group” were injected with 
APAP at a dose of 500 mg/kg body weight 
followed by Morsy et al. [10]. The mice after 
intravenous injection with APAP 24 h, 0.5 mL 
blood from the myocardium of tested mice was 
collected and put into tubes containing heparin 
for analysis. The collected blood was then 
centrifuged at 4500×g for 10 min to separate the 
serum. The obtained serum was then used for 
analyzing the serum’s clinical chemistry indexes 
including aspartate aminotransferase (AST) and 
alanine aminotransferase (ALT) by a Beckman 
Coulter Au480 analyzer (USA). 

All experiments were carried out in triplicate 
and data were statistically analyzed using the 
analysis of variance (ANOVA) test. 

RESULTS AND DISCUSSION 

Synthesis and charaterization off AuNPs/β-
glucan 

 

 

 
Figure 1. UV-vis spectra (a), TEM image (b) 
and histogram of particle size distribution (b) of 
AuNPs prepared by γ-rays irradiation method 
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The UV-Vis spectrum of AuNPs solution 
in Figure 1a showed the maximum absorption 
wavelength (λmax) at 521 nm and this peak is the 
characteristic of the surface plasmon resonance 
band of AuNPs and preliminary confirmed the 
formation of gold nanoparticles [7,11]. The 
TEM image and particles size distribution are 
shown in figures 1b and 1c. The average 
diameter of AuNPs was determined to be 
about 13.3 nm with a fairly narrow distribution. 

Effect of AuNPs/β-glucan on AST index in 
mice 

The hepatoprotective activity of AuNPs was 
tested in Swiss mice by subcutaneous 
injection. The results in Figure 2 show that after 
injecting AuNPs/β-glucan with concentrations of 
0 - 0.5 mg/head, the AST index of mice in both 
normal and APAP induced hepatotoxic groups 
of mice were decreased. Parrticulary, AST index 
in the APAP induced hepatotoxic group was 
found from 326.13 to 47.43 U/L and from 152.1 
to 46.3 U/L in normal mice.  

 

 
Figure 2. The ruduction of AST index in the 
blood of APAP induced hepatotoxic and normal 
mice (a) and net change AST index (b) 
by subcutaneous injection of AuNPs at various 
doses 

In the APAP induced hepatotoxic group 
(Figure 2a), the injection of 0.25 mg/head 
AuNPs strongly reduced the AST index to 85% 
and 67% compared to those in the control mice 
(injected with only water) and in the mice 
injected with irradiated β-glucan (without 
AuNPs), respectively. These results indicated 

that AuNPs had strong effect on the decreasing 
AST index in APAP induced hepatotoxic mice 
and the dose of 0.25 mg/head was the optimum 
effective for reduction of AST in in mice. 

On the other hand, the colloidal AuNPs/β-
glucan product also showed an effect on 
lowering the AST index in the blood of normal 
mice. The injection of AuNPs with doses of 0.25 
- 0.5 mg/head reduced about 69% the AST index 
compared to that in the control mice (Figure 2b). 
Effect of AuNPs/β-glucan on ALT index in 
mice 

 

 
Figure 3. The ruduction of ALT index in the 
blood of APAP induced hepatotoxic and normal 
mice and net change ALT index by subcutaneous 
injection of AuNPs at various doses 

Besides AST, ALT is also a large quantities 
enzyme founded in the liver and this enyme 
plays an important role in metabolism. ALT is 
usually increased in blood when liver cells were 
damaged. In this study, there was a big 
differente on ALT index between normal and 
APAP induced hepatotoxic mice. 

The results in Figure 3a showed that in 
normal group, the ALT index was in range of 
31.5 to 66.43 U/L and the lowest (31.5 U/L) of 
this value was found in blood injected with 0,25 
mg/head was only  

In the hepatotoxicity group, the results from 
Figure 3a show that the ALT index was 
decreased by the increase of AuNPs 
concentration. Inparticularly, the ALT index in 
blood of mice injected with 0 - 0.5 mg/head 
were found at 81.33 - 33.7 U/L, respectively. In 
compare to the control, the injection of 0.25 

(a) 

(b) 

(a) 

  (b) 
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mg/head was reduced 78.97% the AST value in 
blood of tested mice (Figure 3b). 

It can be seen from the results of this study 
that the tail vein injection with 0.25 mg/head of 
AuNPs/β-glucan preparations by gamma Co-60 
strongly reduced the AST and ALT index in 
APAP induced hepatotoxic mice. Negahdary et 
al., (2015) has been also demonstrated that gold 
nanoparticles with a particle size of about 10 nm 
also had the effect of reducing the CAT and 
GPX index in Wistar mice [12]. 

CONCLUSION 

AuNPs with particle sizes about 13.3 nm 
was sucessfully synthesized by γ-irradiation 
using β-glucan extracted from the yeast cell wall 
as the stabilizer. AuNPs/β-glucan displayed a 
strongly reduction of ALT and AST indexs in 
APAP hepatotoxic mice after 21 days injecting 
with 0.25 mg/head. The results show that AuNPs 
product synthetized by γ-irradiation may 
potentially be developed for application as 
a hepatoprotective liver agent. 
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ABSTRACT 

 
The silver nanoparticles/polyvinyl alcohol (AgNPs/PVA) prepared by γ-rays irradiation of a solution 
containing 10 mM silver nitare and 2% PVA at a dose of 22 kGy, had particle size of about 12.7 nm. The 
in vivo bactericidal effectively of AgNPs was tested in cultured ponds of fingerling Tra catfish after 
inoculating with Edwardsiella ictaluri (5H) bacteria at 105 cfu/mL. The results showd that the increase of 
AgNPs concentration reduced dead rate of tested fishes and total bacteria number in cultivated water. At 
the treatment of 1 ppm AgNPs, no death fish was observed and the total bacteria number in cultivated 
water after culturing 30 days was quite low (about 2.300 cfu/mL for the condition without change the 
cultivated water and about 345 cfu/mL for the condition of the cultivated water was changed every 10 
days). While the 100% fishs in the negative control inoculated with phatogeneous bacteria and without 
treating with AgNPs were dead after 10 days of culturing and fish liver was attached by E. ictaluri. It can 
be concluded that AgNPs/PVA synthesized by γ-rays irradiation had a high bactericidal effectively and 
showed a potential application as a safety and effective agent for killing pathogeneous bateria in water for 
fingerling Tra catfish culture, replacing the use of antibiotics in pangasius farming today. 
Keywords: Tra catfish, bactericidal, Edwardsiella ictaluri, irradiation, silver nanoparticles 

INTRODUCTION 

Tra catfish (Pagasianodon hypophthalmus) 
is the main exporting product of Vietnamese 
aquaculture. It has made handsome profits for 
Vietnamese farmer and the Tra catfish culture 
area has been significantly increased for a recent 
few years. In the first three months of 2018, the 
Tra catfish industrial culture area amd the yield 
increased by 2.1% and 5.7%, respectively, as 
compare with the same period last year [1]. 
However, the increase of the culture area can not 
control lead to the environment problem and the 
common disease. Therein, the Edwardsiellosis 
disease which is a specific disease catfish caused 
by E. ictaluri is the main disease lead to the high 
dead rate of fishes (90-100%) [2]. This 
infectious disease may be occurred at all times 
during the year and fish age, especially at 
fingerling Tra catfish. However, farmers often 
treat by different antibiotics lead to bacterial 
resistance and decreasing effectiveness of the 
treatment [3]. In addition, the antibiotic residues 
in fish also is the obstacles to export causes 
serious losses of economy and the commercial 
competitiveness of Tra catfish on the market. 

In addition, AgNPs were extensively studied 
and were widely used for a long time due to 
their unique properties such as antibacterial, 
fungal inhibition, odor removal, etc. at low 
concentration as well as safe to the human and 
the environment. These particles proved to have 
very strong bactericidal activity against both 
gram-positive and gram-negative bacteria [4-6]. 
Moreover, irradiation which gamma rays using a 
Co-60 source was considered as an effective 
method of silver nanoparticles synthesis. The 
advantages of irradiation method were energy, 
room and materials saving; environmental 
friendly; process can be conducted at ambient 
temperature and could be easily upscale to pilot 
production with reasonable price [7-9]. 

The above information suggested that the 
AgNPs/PVA may also be applied to inhibit 
several plant pathogens caused by 
microorganism. Therefore, this research aimed 
to synthesize silver nanoparticles/ Poly vinyl 
alcohol from natural product, safe to human and 
effective in Tra catfish cultivated water 
treatment. 
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EXPERIMENTAL  

A. Materials 
Silver nitrate (powder) and Poly vinyl 

alcohol were purchased from Merck (Germany). 
Brain Heart Infusion (BHI) Broth and Plate 
Count Agar were purchased from Himedia, 
India. E. ictaluri (5H) and Tra catfishes (4-
months old) were provides by Biotechnology 
Center of Ho Chi Minh City. 

B. Preparation of colloidal AgNPs  
AgNPs with particle size about 12.7 nm was 

prepared by γ-Co 60 irradiation of the solution 
contained 10 mM Ag+ and 2% polyvinyl alcohol 
(PVA) at 22 kGy. The UV-Vis spectrum and 
TEM image of AgNPs were taken using a 
BioSpec-mini Shimadzu spectrophotometer 
(Japan) and Transmission Electron Microscope 
(JEM 1400, Japan). 

C. In vivo antibacterial effect of AgNPs 
Tra catfishes (4-month old) were divided 

into two groups and cultivated with the density 
of 20 fish/pond. 

- The unchanged cultivated water condition: 
The Tra catfish cultivated medium was 
supplemented with AgNPs/PVA at 
concentration of 0.25, 0.5, 0.75 and 1.0 ppm and 
poisoned by E. ictaluri (105 cfu.mL-1). 

- The changed cultivated water condition: 
The cultivated water was changed every 10 days 
and supplemented with AgNPs/PVA and Virkon 
(checking sample) at concentration of 1 ppm. 
Afterward, Tra catfishes were poisoned by E. 
ictaluri (105 cfu.mL-1).  

After 5, 10, 15, 25 and 30 cultivation days, 
the fish dead rate and the total bacteria number 
in pond were determined. In addition, E. ictaluri 
in liver of dead fish was identified by PCR 
amplifications.  PCR primers (IDT):  
serC_F: 5’-
TCTGGTTCTGGCCGAATATGGACTC-3’ 
serC_R:5’-
CGTAATCAAACCAACACCGGGTATT-3’ 
The negative control Tra catfish was only 
poisoned by E. ictaluri and the control was the 
normal Tra catfish. 

RESULTS AND DISCUSSION 

A. Preparation and characterization of 
AgNPs/PVA 
The AgNPs with particle size about 12.7 nm, 

stabilized by PVA were synthesized using γ-
irradiation method. The results of UV–vis 
absorption spectrum in Figure 1 indicated that 
AgNPs solution showed maximum absorption 
wavelength (λmax) at 407 nm for Ag+ 
concentration of 10 mM.  

In addition, AgNPs were further analyzed by 
TEM analysis. TEM image and particles size 
distribution of AgNPs (Fig. 1) showed small 
sizes particles (~12.7 nm) with regular shapes 
and narrow Gaussian size distribution. 
Quantitative analysis of AuNPs size was 
performed by measuring the core diameter of 
300 individual particles from multiple 
micrographs (Fig. 1) [10]. 

 
Figure 1. UV-vis spectra (left), TEM image (middle) and histogram of particle size distribution (right) of 
AgNPs prepared by irradiation method 

B. The in vivo antibacterial effect of AgNPs  
The antibacterial activities of AgNPs/PVA at 

different concentrations on 4-months old Tra 
catfish were determined using two water-
condition. 

The unchanged cultivated water condition 
The results from Fig. 2 shown that the 100% 

fishes in the negative control and in the 
treatment of 0.25 ppm AgNPs were dead after 
10 days cultivating. The mortality rate of fish 
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was significantly decreased from 63.3 to 30.0% 
when AgNPs concentration increased from 0.5 
to 1 ppm, although the 100% fishes in the 
treatment of 0.5 ppm AgNPs were dead after 15 
days. While the mortality rate of fish after 30 
days in control group was rather low (~15%). In 
addition, the PCR test results (Fig. 3) showed 

that E. ictaluri DNA appeared in all of liver of 
dead fishes. 

Furthermore, the death fish was not observed 
and the total bacteria number in cultivated water 
after 30 days at the treatment of 1 ppm AgNPs 
was quitter low (~ 2300 cfu/mL). 

 
Figure 2. The dead rate of Tra catfish (left) and total bacteria in cultivated water (right) in pond treated 
with AgNPs and infested by E. ictaluri. 

 
Figure 3. Genotype confirmation of E. ictaluri in 
liver of dead fish by PCR with primers serC_F 
and serC_R in the unchanged cultivated water 
condition. (1): None of E. ictaluri DNA, (2): E. 
ictaluri DNA, (3): Control, (4): Negative 
control, (5): 0.25 ppm AgNPs, (6): 0.5 ppm 
AgNPs, (7): 0.75 ppm AgNPs, (8): ppm AgNPs 

The changed cultivated water condition 

 
Figure 4. The cumulative mortality of Tra 
catfish cultured in pond treated with AgNPs (1 
ppm), Virkon A (1 ppm) and infested by E. 
ictaluri 

The results from Fig. 4 showed that only the 
negative control appeared dead fish and 
pathogenic symptom while the dead fish was not 

observed in others. After 3-days cultivating, 
pathogenic symptom appeared in only the 
negative control. After 5-days culturing, the 
mortality rate of fish significantly increased to 
71.7% and it enormously increased to 100% 
after testing 7 days. In addition, the 
amplification product of about 200 bps in the 
PCR results (Fig. 5) indicated that there is the 
appearance of E. ictaluri in the liver of dead fish 
sample. 

 
Figure 5. Genotype confirmation of E. ictaluri in 
liver of dead fish by PCR with primers serC_F 
and serC_R in the changed cultivated water 
condition. . (1): None of E. ictaluri DNA, (2): E. 
ictaluri DNA, (3): Control, (4): Negative 
control, (5): Virkon A, (6): 1 ppm AgNPs 

The total bacteria number in cultured water 
considerably changed to a low level after 
changing the cultivated water (Table 1). 
Furthermore, the total bacteria number in the 
Virkon A supplemented sample was the lowest 
(119 cfu/mL) after 30-days culturing. While 
these value were 345 cfu/mL and 445 cfu/mL in 
the supplemented with 1 ppm AgNPs and 
control, respectively. 
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Table 1: The total b5acteria number in pond, cfu/mL 
Time, day Control Negative control Virkon A  AgNPs  

0 11 ± 1.2 12 ± 1.0 11 ± 2.1 11 ± 1.2 
5 195 ± 11.6 747 ± 45.1 47 ± 6.7 193 ± 17.3 

10 395 ± 1.0 - 118 ± 0.6 313 ± 0.6 
The first change of cultivated water  

10 10 ± 0.6 - 11 ± 0.6 13 ± 2.0 
15 325 ± 15.3 - 44 ± 4.0 190 ± 15.3 
20 400 ± 1.5  121 ± 3.2 327 ± 2.1 

The second change of cultivated water 
20 10 ± 0.6 - 9 ± 0.6 11 ± 2.1 
25 210 ± 5.6 - 46 ± 3.8 197 ± 20.8 
30 445 ± 2.1 - 119 ±1.2 345 ± 1.5 

(-): All of Tra catfish died 

CONCLUSION 

The AgNPs/PVA with size of about 12.7 nm 
stabilized in PVA have been successfully 
synthesized by gamma Co-60 irradiation 
method. The synthesized AgNP products 
showed a strongly antibacterial activity against 
E. ictaluri caused Edwardsiellosis disease on 
Tra catfish. The survival rate of fishes is 
extremely high by treating with a low 
AgNPs/PVA concentration (about 1 ppm). The 
AgNPs/PVA synthesized by gamma Co-60 
irradiation was potentially used as an agent for 
killing pathogeneous bateria in cultural water 
due to the environmental-friendly production 
technology, highly antibacterial effect and safe 
use of them. 

References 

[1] Tổng cục thủy sản, Báo cáo sơ kết 6 tháng 
đầu năm 2018 của nghành Thủy sản Việt 
Nam, Bộ Nông nghiệp và Phát triển Nông 
thôn, 2018. 

[2] Trần Hoàng Ngâu, Nguyễn Thị Ngọc Bích, 
Lại Thị Thùy Dương, Nghiên cứu phát hiện 
vi khuẩn Edwardsiella ictaluri gây bệnh 
gan thận mủ trên cá tra (Pangasius 
Hypophthalmus) bằng phương pháp 
multiplex PCR, Kỷ yếu hội thảo kỷ niệm 35 
năm thành lập Trường ĐH Công nghiệp 
Thực phẩm TP. Hồ Chí Minh 2017, 30-37. 

[3] Đặng Thị Hoàng Oanh và Nguyễn Thanh 
Phương, Thử nghiệm điều trị bệnh do vi 
khuẩn Edwardsiella ictaluri trên cá tra 
(Pangasius Hypophthalmus) bằng thuốc 
kháng sinh Erythromycin Thiocyanate, Tạp 
chí Khoa học 22 (2012), 146-154. 

[4] Panacek, L. Kvítek, R. Prucek, M. Kolar, 
R. Vecerova, N. Pizúrova, V. K. Sharma, 
T. Nevecna, R. Zboril, Silver colloid 

nanoparticles: Synthesis, characterization, 
and their antibacterial activity, The Journal 
of Physical Chemistry 110 (2006), 16248-
16253. 

[5] J. R. Morones, J. L. Elechiguerra, A. 
Camacho, K. Holt, J. B. Kouri, J. T. 
Ramirez, The bactericidal effect of silver 
nanoparticles, Nanotechnology 16 (2005), 
2346-2353. 

[6] L. T. A. Nhien, N. D. Luong, L. T. T. Tien 
and L. Q. Luan, Radiation Synthesis of 
AgNPs/CTS for Controlling Leaf Fall 
Disease on Rubber Trees Causing by C. 
cassiicola, Journal of Nanomaterials 2018 
(2018), 1-9. 

[7] D. Du, D. V. Phu, B. D. Cam, N. Q. Hien, 
Synthesis of silver nanoparticles by γ-ray 
irradiation using PVA as stabilizer, 
Vietnam Journal of Chemistry 45 (2007), 
136-140. 

[8] T. Li, H. G. Park, S. H. Choi, γ-Irradiation-
induced preparation of Ag and Au 
nanoparticles and their characterizations, 
Materials Chemistry and Physics 105 
(2007), 325-330. 

[9] K. Naghavi, E. Saion, K. Rezaee, W. M. 
M. Yunus, Influence of dose on particle 
size of colloidal silver nanoparticles 
synthesized by gamma radiation, Radiation 
Physics and Chemistry 79 (2010), 1203-
1208. 

[10] L. Q. Luan and D. H. Xo, In vitro and in 
vivo fungicidal effects of γ-irradiation 
synthesized silver nanoparticles against 
Phytophthora capsici causing the foot rot 
disease on pepper plant, Journal of Plant 
Pathology 100 (2018), 241-248. 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

326



  

AMN-030-O 

DEVELOPMENT OF A FLOW FOCUSING DROPLET GENERATION 
MICROFLUIDIC SYSTEM BASED ON RAPID PROTOTYPING TECHNIQUE 

 
Loc Do Quang1, Tuan Vu Quoc2, Cuong Nguyen Nhu3, Hang Nguyen Thu3, Hang Tran Thanh3, 

Tung Thanh Bui3, Trinh Chu Duc3* 
1 Faculty of Physics, VNU University of Science, Vietnam National University, Hanoi, Vietnam 

2 Institute of Applied Physics and Scientific Instrument, Vietnam Academy of Science and Technology, 
Hanoi, Vietnam 

3VNU University of Engineering and Technology, Vietnam National University, Hanoi, Vietnam 
Email: trinhcd@vnu.edu.vn 

 
ABSTRACT 

 
Along with the rapid development of microfluidic systems and their integration into the point-of-care 
devices over the past decade, droplet microfluidic has emerged as an essential research area which is 
highly demanded in various research field such as life science research, material synthesis and drug 
discovery. In this paper, a microfluidic system based on microfluidic channel is developed to operate the 
function of generating air bubble and fluidic droplet. Droplets are generated based on the flow focusing 
droplet generator technique which can generate highly monodisperse droplets of varying sizes. The 
proposed system is fabricated using rapid prototyping techniques with PDMS molding and printed board 
circuit. A numerical calculation was implemented to study and analyze the operation of the proposed 
structure. The results from this study can be utilized as a versatile tool for widespread applications 
especially in synthesis of microcapsule, microparticles, and microfibers applicable to pharmaceuticals, 
cosmetics, foods and other lab-on-a-chip applications. 
Keywords: Rapid prototyping, microfluidic, droplet generation. 

INTRODUCTION 

In the recent decades, the development of 
droplet based on microfluidics and micro-bubble 
has received tremendous attention from 
researcher. Micro-droplet emerged as a 
promising tool for a variety of applications in 
abundant field such as biology, chemistry and 
nanotechnology. Droplet microfluidics can be 
utilized to handle single or multiple cells with 
precise manipulation of the cell count [1] and be 
indispensable for cell synthetic, molecular 
detection and analysis. Additionally, 
biochemistry in microdroplet, self-droplet 
microcapsules [2], [3], microparticles [4], and 
microdroplet in microfluidic system as 
biochemical micro reactors are promising 
applications of microdroplet generation 
techniques. Droplet generation microfluidics has 
great influences on drug delivery vehicles and 
drug molecular [5]. The use of microdroplet in 
these applications has numerous advantages 
such as low fabrication costs, reduction of 
consumed reagents and waste, decrease in 
analysis durations, high-throughput assay with 
special sensitivity.  

In order to generate microdroplet and air 
bubble in microfluidics system, two immiscible 
phases, i.e., fluid and gas, are manipulation in 
microfluidic channel. Several typical structures 
have been proposed to produce droplet, which 
consists of cross-flow, co-flow, flow-focusing, 
step emulsification and microchannel 
emulsification [6]. In flow-focusing device, two 
lateral channels are fed with continuous phase 
while the dispersed phase is injected into middle 
channel, after that, the two immiscible phases 
are focused and microdroplet are generated. 

In the above-mentioned applications, 
controlling of quantity and qualitative of droplet 
and bubble in micro-scale is absolutely vital. 
The generation of microdroplet are expected to 
be predictable and well-controlled; and the 
highly-uniform of monodisperse droplet with 
varying size is essential for most of applications. 
In this paper, we propose a droplet generation 
device using flow-focusing structure integrated 
with microfluidic system. The proposed device 
is fabricated by 3D printing technology and 
printed circuit board (PCB) with the advantages 
of low fabrication cost, short fabrication time. 
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The numerical calculations and experiments 
were carried out to verify and characterize the 
operation of this proposed device. 

FLOW FOCUSING DROPLET 
GENERATION MICROFLUIDIC SYSTEM 

Figure 1 presents the proposed droplet 
generation structure for droplet formation. The 
proposed structure includes two sheath channels 
and one middle channel, which have the width 
of 600 μm and 100 μm, respectively. The flows 
from middle channel and two sheath channels 
meet at the break-up junction, where the liquid 
flows squeeze the flow into bubbles or droplets. 
The liquid channels are both fed by one water 
inlet and were designed symmetrically. 
Therefore, the flow rate of both liquid channels 
at the break-up junction are considered at the 
same velocity. This ensures the influence of 
such two channels are identical. 

 
Figure 1. (a) The proposed structure and (b) 
The designed master mold model. 

A numerical calculation was implemented to 
study and analyze the operation of the proposed  

structure. The simulation is based on phase-
field method to solve the interfacial problems, 
i.e. the interface between the two immiscible 
fluids. Each fluid domain is assigned to a 
distinct value with a smooth change between 
both values in the zones where two flows meet. 
The meshing model and boundary conditions are 
shown in figure 2. Due to the symmetrical 
design of the microchannel structure, only one 
half of device is modeled and solved. The model 
is simulated with the inlet of air and water at the 
inlet 1 and inlet 2 respectively. The flowrate at 
the water inlet is 12 mm/s while such value at 
the inlet of air is 6 mm/s. 

 
Figure 2. Simulation: Meshing model and 
boundary conditions. 

FABRICATION 

The fabrication of the devices is based on 3D 
printing technology for PDMS mold and the 
standard printed circuit board technology. The 
process based on 3D printing molding is shown 
in Figure 3. 

 
Figure 3. The fabrication process based on 3D 
printing mold. 

 A PDMS prepolymer and a curing agent 
(Sylgard-184 Silicone Elastomer Kit, Dow 
Corning, Midland, MI, USA) were first mixed at 
a weight ratio of 10:1, stirred thoroughly before 
being casting into the 3D mold (Figure 3.a). The 
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mixture was then cured at the temperature of 
70°C for 6 hours (Figure 3.b). Once the PDMS 
mixture had hardened, the PDMS substrate was 
carefully peeled off from the mold (Figure 3.c). 
The master mold (Figure 1.b) patterned the 
microchannel shape into the PDMS bulk. The 
electrodes pattern of the proposed structure was 
fabricated using standard printed circuit board 
technique (Figure 3.d). The PCB substrate was 
spin-coated with an additional thin layer of 
PDMS to facilitate to bonding process between 
the PDMS bulk and the PCB substrate (Figure 
3.e). Apart from acting as an adhesive layer for 
binding and preventing fluid from leakage, the 
proposed thin PDMS coating layer also helps 
protect the electrode from direct contact with the 
liquid in the microchannel. 

RESULTS AND DISCUSSIONS 

The simulations were conducted and results 
are obtained. The volume fraction of each 
material is plotted to study the generation of the 
droplet (Figure 4). It can be observed that the 
formation of the bubble includes four phases. 
The initial phase is the intrusion of the head of 
the air phase into the downstream of water 
(Figure 4.a). As the head of the oil phase 
continues to be dragged further ahead of the 
middle channel, it then dominates the breakup 
junction and block the flow path of water 
(Figure 4.b). Since the velocity of water flow is 
much higher than that of air, the interfacial 
tension force between two flow increases and it 
squeezes and breaks the tip of the air flow, this 
creates a bubble or droplet inside the 
microchannel (Figure 4.c). After the droplet is 
released, the process is repeated by the injection 
of air flow (Figure 4.d).  

 
Figure 4. COMSOL simulation results of 
proposed droplet generation structure. 

 
Figure 5. Volume fraction of water prior to 
breaking up and after breaking up with water 
flow rate of (a-b) 6mm/s (c-d) 12mm/s. 

The simulation model was further extended 
to study the influence of flow velocity on the 
droplet formation. Figure 5 represents the results 
of droplet formation with the flow velocity are 
12 mm/s and 6 mm/s (Figure 5. a-b) and 12mm/s 
and 12 mm/s (Figure 5. c-d). at the sheath 
channel and middle channel, respectively. The 
high velocity of the water flow results in the fact 
that the tip of the air flow is propelled further to 
downstream before it breaks from the main flow 
(Figure 5.c). In addition, it can also be inferred 
that the air bubbles created as a result of higher 
liquid flow rate are also bigger compared to one 
produced by lower flow rate (Figure 5.d) 

 
Figure 6. Image of the 3D printed mold 
structure (a), the PDMS mold substrate. 
Packaged PDMS mold (b), demolded PDMS 
bulk (c), and the fabricated PDMS on PCB 
substrate system (d). 

Experiments were implemented. The PDMS 
mold is realized by 3D printed technology 
(Stratasys Objet500 Connex3). Mold fabrication 
results are shown in Figure 6. a-b. The mold 
consists of two parts, a substrate with extruded 
patterns to create microfluidic channels after the 
PDMS mixture has fully cured (Figure 6.a) and 
a rectangular plastic ring to form the wall hold 
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the PDMS mixture during curing time (Figure 
6.b). This design of mold allows demolding 
PDMS substrate from master mold and 
minimizing the channel breakage while the 
PDMS substrate is peeling off from the mold. 
The demolded PDMS substrate has successfully 
fabricated (Figure 6.c). It was then transferred 
and bonded to the PCB substrate in order to 
package the proposed systems. 

 
Figure 7: Experimental results of proposed 
structure in generating fluidic droplet 

Prototypes of the droplet generation fluidic 
system have been realized and their performance 
has been characterized. The red-dyed water and 
air were employed to analyze the operation of 
fabricated proposed structure. The liquid and air 
flow were generated and controlled by 
employing pressure syringe pump. Results in 
Figure 7 confirm the droplet generation. The 
experiments were conducted by utilizing dual 
rate syringe pump (KD Scientific – Gemini 88). 
The droplet generation was implemented by 
driving the difference between two flow rates of 
air channel and water channel. It can be inferred 
from the results that the micro fluidic droplet is 
successfully generated on the proposed 
fabricated prototype.  

CONCLUSION 

A droplet generating system fabricated using 
rapid prototyping and printed circuit board 
techniques has been proposed and validated by 
simulation and experiments. The results from 
this study can be utilized as a versatile tool for 

widespread applications especially in synthesis 
of microcapsule, microparticles, and microfibers 
applicable to pharmaceuticals, cosmetics, foods 
and other lab-on-a-chip applications. 
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ABSTRACT 

 

Different models contained hexagonal Boron Nitride nanoribbon are studied via molecular dynamics 

simulation. Models are heated up from room temperature to suitable melting point via Tersoff and 

Lennard-Jones potentials to observe the evolution of graphene layer in the models upon heating. Various 

thermodynamic quantities, structural characteristics, and the occurrence of liquidlike atoms are studied, 

such as, the total energy per atom, the heat capacity per atom, the radial distribution functions, and the 

appearance of liquid atoms upon heating. The phase transition exhibits the first order. The melting point 

of hexagonal Boron Nitride layer depends on the number of atoms in each layer. The melting process of 

hybrid graphene and hexagonal boron nitride satisfies the first step towards Devil's staircase type phase 

transition. The melting point of hexagonal Boron Nitride in hybrid graphene/h-BN model is used to 

compare with the free-standing one. 

Keywords: Hybrid graphene/hexagonal Boron Nitride models; Layer dependence; Melting range; 

Liquidlike atoms; Layer dependence. 

INTRODUCTION 

Two-dimensional (2D) materials play an 

important in different fields such as electronic 

devices leading to many studies of different 

materials [1-8]. Among these materials, 

hexagonal Boron-Nitride (hBN) can be 

considered as the most analogous to graphene 

such as strong mechanical properties and high 

chemical and thermal stability [9, 10]. There are 

studies focusing on h-BN, h-BN nanoribbons (h-

BNNRs) to observe the thermal conductivity of 

h-BNNRs [11, 12]. Moreover, h-BN as well as 

BNNRs can be considered as one of the 

promising dielectric materials in hybrid 

graphene devices [13-15]. However, there is no 

any study on the effect of temperature on 

freestanding h-BNNR such as phase transition, 

formation of liquid-like atoms upon heating or 

the atomic mechanism of the phase transition 

from solid to liquid states.  

 Related to hybrid model, 2D materials  such 

as dichalcogenides are the best choice  of 

transition metal devices because of some unique 

properties [16-18]. Moreover, the hybrid 

material between graphene, B, and N can create 

a new structure consisting of hybridized phases 

of h-BN and graphene (h-BNC) [19, 20]. 

Although there are unique properties of hBN, it 

is difficult to study experimentally. Therefore, 

molecular dynamic simulation is one of the best 

choices in this case. 

CALCULATION  

In this study, the interactions between 

carbon atoms (C) described via an empirical 

interatomic potential which described in the 

modified Tersoff potential [21-23]. The 

interaction between boron (B) and nitride (N) 

atoms described via Tersoff potential which is 

parameterized by Albe et. al. [24]. In general, 

the Tersoff potential is below: 

     
1

2
b c ij R ij ij a ij

i j

E f r f r b f r


  
    , 

In which rij represent for the distance from 

atom i to atom j and the sum runs over all 

atomic sites. The repulsive fR(rij) and the 

attractive  fa(rij) terms are chosen similar to a 

Morse potential as proposed by Brenner [25]. 

The fc(rij) term represents a cutoff function, 

which calculate the number of neighbors and 

makes the potential to zero outside the 

interaction shell. 

Lennard-Jones (LJ) potential [26] is used to 

descried the interaction between graphene and 
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hBN layer because of weak interlayer interaction 

between sheets. 
12 6

4bE
r r

 

    

     
     

,        

In which, r is the distance between two 

atoms, while ε is a parameter determining the 

depth of the potential well, σ is the diameter of 

the atom (a length scale parameter of the atom 

determining the position of the potential 

minimum). In LJ potential, the first term 

containing r-12 indicates attractive forces while 

the term of r-6 represents attractive forces. 

Parameters in LJ potential are determined by the 

method of Kang and Hwang [27]. 

The calculation is performed using the software 

package Large-Scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS) [28]. 

RESULTS AND DISCUSSION 

To study the dependence on ribbon sizes, 

10000-atom-BNNR model with different sharps 

(square (166Å×167Å), rectangle (131Å×212Å)) 

is studied in Figure 1. Total energy per atom is 

presented to observe the dependence on ribbon 

sizes (Fig. 1). In term of temperature zone, the 

behavior of total energy of square and rectangle 

sharps almost coincides (total energy of both 

square and rectangle  sharps increases linearly at 

temperature below 4500K before jumping 

sharply at temperature around 4500K). In term 

of energy, the statistical noise of the rectangle 

sharp (circle dot in Fig. 1) is more complex in 

comparison with the one of square sharp (square 

dot in Fig. 1) because of the dangling bond at 

the edges. Therefore, in the range of this study, 

the ribbon sizes have tendency to effect on the 

total energy per atom.  

 
Figure 1. Dependence on ribbon sizes of melting 

BNNR process with 10000 atoms: square sharp 

– square dot, rectangle sharp – circle dot. 

We present here the temperature dependence 

of average quantity γ3 for 3 atoms closest to  i ‒ 

th atom and the evolution of liquidlike atoms.  

The graph of average quantity γ3 can be 

divided in three parts: below melting point, 

around melting point and above melting point 

(Fig. 3). In the first part, the graph of average 

quantity γ3 of armchair BNNR fluctuates at 

temperature below 3630K (circle dot in Fig. 3) 

while the one of zigzag BNNR keeps constant at 

temperature below 4000K and increases slightly 

in the range of temperature from 4000K to 

4300K (square dot in Fig. 2). Next, there is a 

sharp increase of average quantity γ3 of both 

armchair and zigzag BNNRs (from 3630K to 

3900K for armchair BNNR and from 4200K to 

4400K for zigzag BNNR). In the last part, the 

graph of armchair BNNR fluctuates in the range 

of temperature higher than 3900K whereas the 

one of zigzag BNNR varies from 4400K and 

higher. 

 
Figure 2. Dependence on temperature of 

average quantity: circle dot – ABNNR, square 

dot – ZBNNR. 

The formation of liquid-like atoms upon 

heating of armchair BNNR (circle dot) and 

zigzag BNNR (square dot) can be seen in Figure 

3. The liquidlike atoms of armchair BNNR 

fluctuate in the range of temperature below 

3600K while the ones of zigzag BNNR keep 

constant at temperature below 4200K. After that 

liquidlike atoms of armchair BNNR increase 

significantly to 93% at 3700K whereas the ones 

of zigzag BNNR reach to 65% at 4400K. In 

conclusion, the statistical noise of armchair 

BNNR are more complex than the one of zigzag 

BNNR. 
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Figure 3. Dependence on temperature of 

liquidlike atom: circle dot – ABNNR, square dot 

– ZBNNR. 

CONCLUSION 

In conclusion, the statistical noise of armchair 

BNNR are more complex than the one of zigzag 

BNNR. In the range of this study, the ribbon 

sizes have tendency to effect on the total energy 

per atom. 
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ABSTRACT 

 

Size effects on melting of two-dimensional (2D) glassy monatomic solids are studied using molecular 

dynamics (MD) simulation with Lennard–Jones–Gauss (LJG) interaction potential. Size effects on 

structural and dynamical properties of the systems during heating process are analyzed and discussed via 

glassy transition temperature, coordination number distributions, mobility of atoms, and their clustering. 

Atomic mechanism of melting is also analyzed via the tendency to increase mobility and the breaking 

clusters of atoms upon heating. We find that glassy transition temperature gT  increases with increasing 

the size of the systems. Especially, this behavior can be observed clearly for small size systems (number 

of atoms in the system less than 4900). When the size of systems is large enough (i.e 4900N ), glassy 

transition temperature 
gT  is not affected by the system sizes. In addition, we find that in the low 

temperature region, fraction of the atoms with low mobility per total atoms of the systems is slightly 

affected by the own sizes.  In contrast, in the high temperature region, i.e. above the glassy transition 

temperature, this effect disappears.  

Keywords: 2D glassy systems, melting process, size effect, glassy transition temperature 

 

INTRODUCTION 

The size effect is important issue in 

nanoscience and nanotechnology fields to apply 

in industry such as to fabricate mechanical 

structures of devices with the size less than one 

micron. Several simulations and experiments 

studied size effect on the melting process of 

solids [1-16]. However, information about the 

size effect on melting of 2D glass is still limited. 

Furio Ercolessi et al. in Ref. [3] studied 

melting of gold particles and found that the 

melting process depends on the sizes of systems. 

The melting temperature decreases with 

decreasing size of the particles. In Ref. [4], 

authors observed the melting process of low 

dimensional nanocrystals (spherical particles, 

thin films, disc-like particles, and nanowire) and 

found that the melting temperature depression 

can be induced by both the size and the 

dimension. The thick films ( 4  layers), thin-

films ( 4  layers), and monolayers exhibit 

different melting behaviors [10]. The solid-

liquid coexistence regime decreases with the 

film thickness, vanishing at a critical thickness 

of 4 layers. The thick films start melting at grain 

boundaries, and then the fluid propagates into 

adjacent crystal domains while the melting of 

the thin films begins from both grain boundaries 

and from within the crystalline domains. 

In this study, the melting of 2D glassy 

monatomic systems with different sizes is 

studied using MD simulation. The size effect on 

the melting is analyzed and discussed via 

structural and dynamical properties such as 

transition temperature, coordination number 

distributions, mobility of atoms, and their 

clustering.  

 

CALCULATION 

Size effect in the melting process is studied 

and analyzed via 8 models with different sizes. 

Atoms in systems interact via Lennard–Jones–

Gauss (LJG) interatomic potential form is given 

below [17]: 
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In this study, the parameters for LJG potential 

are taken as in Ref. [18]. Here, 0r  is an atomic 
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diameter, 0  is a depth of LJ part of LJG 

potential, Gr  is a position,  is a depth, and σ is 

a width of well of Gauss part one. We employ 

the LJ reduced units as follows [19]: energy is in 

units of 0 , length is in units of 0r , temperature 

T is in units of Bk/0 , and time is in units of 

2/1

000 )/(  mr where Bk  is the Boltzmann 

constant, m is an atomic mass. If taking Ar for 

testing (atomic mass of Ar is 

kgm 251066.0   and atomic diameter of one 

is Å84.3or ), temperature T is in units of 

KkBo 118  and time is in units of

psmr ooo 44.2)(
2/1
  . The Verlet 

algorithm is used with the MD time step of

fs.τ.dt o 4420010  . “NPT” ensemble is 

used in this MD simulation. 2D models were 

created under periodic boundary conditions with 

initially simple squared lattice structure of sizes 

( LLS   , L is length of simulation cell) from 

oo rrS 02 20   to oo rr 9090   (8 sizes), 

corresponding total number of atoms (N) of 202, 

302, 402, 502, 602, 702, 802 and 902, respectively. 

Initially, the atomic configuration has been 

relaxed at a temperature 0.2T  for 
6102   

MD steps in order to get an equilibrium liquid 

state. Then the system is cooled down to 

1.0T  at a cooling rate 
610  per MD step (

sK /10836.4 10 if taking Ar for testing) and 

the temperature is decreased linearly with time 

as nTT o    via the simple atomic velocity 

rescaling until reaching 1.0T  [19]. Here, γ is 

the cooling rate and n is the number of MD 

steps. After cooling, the system obtained in 

glassy state is heated up to initial temperature at 

0.2T  at the same rate, 
610  per MD step 

via formula nTT o   . In order to improve 

the statistics, we average results over 5 

independent runs.  

 

RESULTS AND DISCUSSION 

Temperature dependence of potential energy 

is of great interest because from that we can 

infer important quantities and phenomena, such 

as phase transition temperature, and related 

phase transitions. Fig. 1 exhibits the system size 

dependence of glassy transition temperature Tg.  

 

 
Figure 1. System size dependence of glassy 

transition temperature upon cooling: (a) and 

heating (b). 

As shown in Figure 1, the glassy transition 

temperature gT  of the systems with size 

oo rrS 7070   (corresponding to number of 

atoms 4900N ) increases with increasing the 

size of the systems. However, for the systems 

with size oo rrS 7070   (i.e 4900N ), the 

value gT  does not change with size. This 

behavior is consistent to the results obtained for 

the nanoparticles [16] and the thin films [4]. The 

inset in Figure 1b shows the size dependence of 

heating (circular symbol) and cooling (square 

symbol) processes. It can be seen that although 

the graphs of heating and cooling processes have 

the same behavior, Tg of heating process is 

higher than that of cooling process. It may be 

due to the thermal hysteresis of glass-forming 

systems in general (see Refs [20,21] and 

references therein).  

 

Figure 2. Temperature dependences of mean 

coordination number upon heating from glass 

(a), and (b) the coordination number 

distributions at T=0.1 of the systems with 

different sizes. 

Information about the structure of the 

systems can be seen via the coordination 

numbers. As shown in Figure 2a, the 

temperature dependence curves of the mean 

coordination number Z  upon heating of given 

systems are not different in this range of study. 
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At 1.0T , the obtained mean coordination 

number of the systems in the glassy state is 

about 73.3Z , the coordination numbers 

3Z  and 4Z  are dominated in the model 

(see Figure 2b). In the temperature region of the 

glass-liquid transition (ranging from 2.0T  to

8.0T ), the mean coordination numbers Z  

change strongly (see Figure 2a). With increasing 

temperature, the mean coordination number 

increases due to the decreasing fraction of atoms 

which have 3Z , 4Z  and the increasing 

fraction of atoms which have large coordination 

number per total atoms. Above the melting 

range, Z  almost does not change with 

increasing temperature and fluctuates slightly 

around the value 14.4Z . It can be concluded 

that there is not existence of size effect on 

formed structure of the systems.  

The dynamic properties of models during 

heating process can be seen via the analysis of 

the temperature dependence of the mobility of 

atoms (Figs. 3, 4). Models obtained by heating 

from the glass have been relaxed for 5000 MD 

steps or 5τ0 at a given temperature before further 

spatio-temporal analysis of configurations based 

on the dynamics of atoms. 

 

Figure 3. Temperature dependence of fraction of 

atoms with various atomic displacements per 

total number of atoms 

Figure 3 exhibits temperature dependence of 

fraction of atoms with various atomic 

displacements (ad) per total number of atoms. In 

the low temperature region, the dependence on 

temperature of atoms with low mobility 

becomes more complicated. In glassy state at 

1.0T , atoms with low atomic displacement 

(ad) (such as )2.00.0[ ad )  are dominant 

and have a tendency to decrease rapidly with 

increasing temperature while atoms with 

different higher mobilities have tendency to 

increase first and then decrease at temperature 

about 8.0T . In the high temperature region,

8.0T , almost atoms with very low mobility 

are replaced by the ones with high mobility. It 

can be seen that temperature dependence curves 

of fraction of atoms with various atomic 

displacements per total number of atoms have 

the same behavior when the size of the system is 

changed. However, those fractions are affected 

by own system sizes (see Figure 4). At high 

temperatures ( 0.2T ), atoms mainly have 

high mobility and fraction of atoms with 

different ad is almost the same for all system 

sizes. But at 1.0T , atoms with 

)2.00.0[ ad  slightly decrease with 

increasing system sizes. Upon heating, the 

mobility of atoms is increased and the largest 

cluster of solid-like atoms is broken to many 

small clusters distributing in the whole model. 

Atoms with )2.00.0[ ad  decrease and the 

ones with )4.02.0[ ad  increase in the 

temperature region lower than the transition 

temperature (Tg around value 0.3). Besides, at

3.0T , atoms with )4.02.0[ ad  clearly 

increase with increasing system sizes. 

 

Figure 4. Size dependence of fraction of atoms 

with various atomic displacements per total 

number of atoms at given temperatures 

 

CONCLUSION 

In conclusion, we would like to mention two 

important points relating to dynamic and 

structural properties. As for dynamic properties, 
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glassy transition temperature 
gT  increases with 

increasing the size of the systems. When the size 

of systems is around oo rrS 7070   (i.e 

4900N ), 
gT  does not change indicating the 

critical size of system. In addition, we find that in 

the low temperature region, fraction of the atoms 

with low mobility is slightly affected by size of 

the system. Regarding structural properties, they 

are not affected by the system sizes.  

Acknowledgment 

This research is funded by Vietnam National 

Foundation for Science and Technology 

Development (NAFOSTED) under Grant 

103.01-2017.01. 

References 

[1]. K. J. Strandburg, Two-dimensional 

melting, Rev. Mod. Phys. 60 (1988) 161  

[2]. A. Hunt, Finite-size effects on the glass 

transition temperature, Sol. Stat. Comm. 

90 (1994) 527  

[3]. F. Ercolessi, W. Andreoni, and E. Tosatti, 

Melting of Small Gold Particles: 

Mechanism and Size Effects, Phys. Rev. 

Lett. 66 (1991) 911  

[4]. Z Zhang, J C Li, and Q Jiang, Modelling 

for size-dependent and dimension-

dependent melting of nanocrystals, J. 

Phys. D: Appl. Phys. 33 (2000) 2653  

[5]. K. Kim and R. Yamamoto, Apparent finite 

size-effect in the dynamics of supercooled 

liquids, Phys. Rev. E 61 (2000) 41  

[6]. Jae Huyn Kim, Jyongsik Jang, and Wang 

Cheol Zin, Thickness dependence of the 

glass transition temperature in thin 

polymer films, Europhys. Lett. 17 (2001) 

2703  

[7]. K. Dick, T. Dhanasekaran, Z. Zhang, and 

D. Meisel, Size-Dependent Melting of 

Silica-Encapsulated Gold Nanoparticles, 

J. Am. Chem. Soc. 124 (2002) 2312  

[8]. M. Alcoutlabi and G. B. McKenna, Effects 

of confinement on material behavior at the 

nanometer size scale, J. Phys. Condens. 

Matter 17 (2005) 461  

[9]. D. Morineau, Yongde Xia, and C. Alba-

Sinionesco, Finite-size and surface effects 

on the glass transition of liquid toluene 

confined in cylindrical mesopores, J. 

Chem. Phys. 117 (2002) 8966  

[10]. Y. Peng, Z. Wang, A. M. Alsayed, A. G. 

Yodh, and Y. Han, Melting of Colloidal 

Crystal Films, Physical Rev. Lett. 104 

(2010) 205703 

[11]. A. Derzsi et al,  The metastability of the 

hexatic phase during the melting of two-

dimensional charged particle solids, Phys. 

Plasmas 21 (2014) 023706  

[12]. R. J. Larsen and C. F. Zukoski, Effects off 

particle size on the glass trasition,. Phys. 

Rev. E 83 (2011) 051504  

[13]. W. B. Zhang, J. Liu, S. H. Lu, H. Zhang, 

H. Wang, X. D. Wang, Q. P. Cao, D. X. 

Zhang,  and J. Z. Jiang, Size effect on 

atomic structure in low-dimensional Cu-

Zr amorphous systems, Sci. Rep. 7 (2017) 

7291  

[14]. V. V. Hoang and N. N. Linh, Finite Size 

Effects on Static and Dynamic Properties 

of Non-periodic Boundary Condition 

Supercooled Liquids, J. Phys. Soc. Jpn. 76  

(2007) 114602  

[15]. Q. Jiang, H.X. Shi, and J.C. Li, Finite size 

effect on glass transition temperatures, 

Thin Solid Films 354 (1999) 283  

[16]. Y. Z. Li, Y. T. Sun, Z. Lu, M. Z. Li, H. Y. 

Bai, and W. H. Wang, Size effect on 

dynamics and glass transition in metallic 

liquids and glasses, J. Chem. Phys. 146 

(2017) 224502 

[17]. M. Engel and H-R Trebin, Self-assembly 

of monatomic complex crystals and 

quasicrystals with a double-well 

interaction potential, Phys. Rev. Lett. 98 

(2007) 225505  

[18]. T. Mizuguchi and T. Odagaki, Glass 

formation and crystallization of a simple 

monatomic liquid, Phys. Rev. E 79 (2009) 

051501  

[19]. V. V. Hoang, New scenario of dynamical 

heterogeneity in supercooled liquid and 

glassy states of 2D monatomic system, J. 

Phys. Chem. B 119 (2015) 15752  

[20]. H. Jonsson and H. C. Andersen, 

Icosahedral ordering in the Lennard-

Jones liquid and glass, Phys. Rev. Lett. 60 

(1988) 2295 

[21]. A. J. Kovacs and J. M. Hutchinson, 

Isobaric thermal behavior of glasses 

during uniform cooling and heating: 

Dependence of the characteristic 

temperatures on the relative contributions 

of temperature and structure to the rate of 

recovery. II. A one-parameter model 

approach, J. Polymer Sci. 17 (1979) 2031 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

338



POSTER SESSIONS

NANOFABRICATION TECHNIQUES

(NFT)





NFT-020-P 

SYNTHESIS OF TWO-DIMENSIONAL MoS2 CRYSTALS  
BY A TWO-STEPS CHEMICAL VAPOR DEPOSITION PROCESS 

 
Dao Xuan Duong*1, Tran D. Phong 2, Nguyen Tran Thuat 3 

1) Department of Fundamental Sciences, Academy of Cryptography Techniques, No 141 Chien 
Thang Street, Hanoi; 

2) Department of Fundamental and Applied Sciences, University of Science and Technology of 
Hanoi, Vietnam Academy of Science, No 18 Hoang Quoc Viet Street, Hanoi; 

3) Nano and Energy Center, VNU University of Science, No 334 Nguyen Trai Street, Hanoi 
*E-mail: duongdx@actvn.edu.vn 

 
ABSTRACT 

 
Transition metal dichalcogenide two-dimensional materials, such as MoS2, are a promising candidates for 
next-generation of electronic and optoelectronic devices thanks to its unique electrical and optical 
properties. Although MoS2 has shown excellent properties, the construction of large size crystals or thin 
monolayers is difficult. In this study, we report on the synthesis of MoS2 crystals by a two-step chemical 
vapor deposition process. In the first step, MoO3 powder was reduced into MoO2 crystals on a silicon 
substrate in a flow of sulfur vapor. In the second step, MoO2 crystals were transformed subsequently into 
MoS2 in another flow of sulfur vapor at higher reaction temperature. Structural and optical 
characterization techniques were carried out in order to confirm the crystalline properties of the resultant 
MoS2 crystals. By adjusting the experimental parameters, we can control the size and the morphology of 
MoS2 crystals, thereby opening an opportunity to apply MoS2 in optoelectronics as well as in catalysis.  
Key word: 2D material, catalyst, CVD 

INTRODUCTION 

Graphene is a two-dimensional (2D) 
material that was first discovered by exfoliating 
from large graphite crystals in 2004 [1]. Since 
then, specialization of two-dimensional  
materials has received increasing attention due 
to its special properties. However, graphene has 
a bandgap of zero [1], this presenting a number 
of obstacles and more works  have been done in 
order to find new materials to overcome this 
problem. 

Transition metal dichalcogenides (TMDs) 
have been studied throughout. It has a direct 
band gap from 1.09 eV to 2.03 eV depending on 
the number of 2D layers [2]. TMDs are a large 
group of crystals with a generic chemical 
formula of MX2 (M = transition metal, X = S, 
Se, or Te), about two thirds of which are known 
to form layered structures. TMDs are quite 
promising for a number of applications ranging 
from photovoltaics [3], photon detection [4], 
optoelectronics [5], to energy 
storage/conversion, sensing, and catalysis [6,7]. 
Molybdenum disulfide (MoS2) is the most 
common TMDs. Monolayer MoS2 have been 
implemented in field-effect transistors (FET) 

with superb on/off ratios of 107– 108 [4,8,9] in 
comparison to a much lower on/off ratio, typical 
for graphene [10], and phototransistors with fast 
( > 50 ms) switching times [11]. 

There have been many efforts in increasing 
the size, reducing the number of layers, 
increasing the quality of MoS2 including: 
exfoliation [12, 13], hydrothermal synthesis [14, 
15], physical vapor deposition [16, 17] and 
chemical vapor deposition (CVD). 

Among the aforementioned methods, CVD 
is a method that has been used for a long time, 
and is considered to be simple but brings high 
results in size and quality of crystals. In a CVD 
method, there are also many precursors used to 
make MoS2 as sulphurization of pre-deposited 
Mo thin films [18], thermolysis of (NH4)2MoS4 
[19], sulphurization of MoO3 [20–24] or MoCl5 
[25]. 

During sulphurization of MoO3, reaction 
usually proceeds in two steps [26]: 

MoO3 +
x
2

S → MoO3−x +
x
2

SO2 

MoO3−x +
7 − x

2
S → MoS2 +

3 − x
2

SO2 
The common product of MoO3-x is MoO2. 

This is an uncontrolled process. 
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Based on the above reference, we propose a 
synthesis method of MoS2 based on 2 separate 
steps: (i) reducing MoO3 to MoO2 and (ii) 

turning MoO2 into MoS2. Both steps are done 
by CVD method. 

 

 
EXPERIMENTAL 

Materials 

Molybdenum (VI) oxide powder (MoO3, 
99.5%), sulfur powder (S, 99.5%) were 
purchased form Sigma-Aldrich. All materials 
were used without further purification. 

Experimental setup 

Sulfur powder (500mg) was located outside 
the main furnace and at the top of the quartz 
stream. This sulfur powder will be thermally 
controlled by heating belt. 

In the center of the furnace was MoO3 
powder (10 mg) placed in a ceramic boat. 
Si/SiO2 substrate, with the oxide thickness of 
300 nm, was placed face down on the boat 
containing MoO3. Both the system consists of 
sulfur and MoO3 powder was placed in a quartz 
tube. The main furnace was type 1 inch of 

Lindberg/Blue M. Schematic illustration of the 
process is shown in Figure 1. 

Initially, the system was blown with pure Ar 
at a flowrate of 100 sccm for 30 min at room 
temperature in order to remove air inside the 
tube. 

According to the reference [27] the best 
temperature for MoO3 to react with S in a 
gaseous phase  is between 800°C – 850°C. So 
we chose the main temperature for the reaction 
to take place at 800°C. All experiments were 
carried out in an Ar air blowing flowrate of 10 
sccm and naturally cooled to room temperature. 

CHARACTERIZATIONS 

The room temperature Raman spectra were 
recorded by using Horiba LabRAM HR 
spectrometer with laser wavelength of 532 nm. 
The micrographs of samples were obtained on a 
conventional optical microscope. 

RESULTS AND DISCUSSION 
During trial experiments, when the heating rate 
for the precursor MoO3 was less than 10°C 

/min, from 100°C to 800°C took from 80 to 100 
minutes, on Si substrates there was no deposited 
material. However in the downstream of the 

MoO3 
Substate 

Sulfur 

Argon  
Quartz Tube 

Main Furace 

Heating Belt 

Figure 1. Schematic illustration of the MoS2 CVD system 

 

Figure 2. (a) Temperature programming process of MoO3 and S precursors with a heating rate of 
15°C/min. (b) Optical microscopy of MoO2 on Si substrate. (c) Raman spectra of MoO2 

(a) (b) (c) 
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furnace tube there was deposited material, which 
was probably MoO3. So it can be deduced that 
when the heating rate was small, S vapor had not 
been able to react with MoO3 vapor before 
MoO3 powder in the boat has completely 
evaporated. 

After that, the heating rate is increased to 
15°C/min. The diagram showing the precursor 
heating rate is shown in Figure 1a. On the Si 
substrate there was deposition of materials. 
Optical microscope image and Raman spectra 
are shown in the Figure 2b and 2c. We suggest 
that they are single crystals of MoO2 [28]. 
Normally when reducing MoO3 with sulfur, we 
obtain MoS2. The chemical equation of this 
process in two steps: 

2MoO3 + S → 2MoO2 + SO2 
MoO2 + 3S → MoS2 + SO2 

Since we did not obtain MoS2 as a final 
product of reduction, the vapor phase sulfur 
quantity would be not enough. To confirm the 
above results, we conducted the following two 
experiments: 

Firstly, a two-step heating experiment was 
carried out. We kept the same procedure as in 
above section (ex. conducting experiments with 
the precursor MoO3 at 800°C, Argon was blown 
at a flow rate 10 sccm); and we added one more 
step, increasing the temperature by 50°C and 
blowing a new source of sulfur. The diagram of 
precursor temperature profile is shown in Figure 
3a. An optical microscope image and a Raman 
spectrum are shown in Figure 3b and 3c. 

On the Raman spectrum, we found that there are 
peaks of MoO2 and two characteristic peaks of 
MoS2 (at 381 cm-1 and at 406 cm-1). On the 
optical micrograph, it can be noticed that MoS2 
crystals have been grow above MoO2 crystals 
(shaped like a rhombus below). This proves that 
the process of forming MoS2 crystals is ongoing 
but incomplete, so there exists both MoO2 and 
MoS2. 

Secondly, a two-cycle heating experiment 
was carried out. We took Si substrate containing 
monocrystalline MoO2 (created from previous 
experiments, Figure 2), put it on ceramic boat, at 
the top of quartz tube, put ceramic boat 
containing 500mg sulfur. The heating process 
was described in schematic figure 4a. The whole 
process is carried out with the flow rate of Ar 
was 10sccm. The result when viewed under an 
optical microscope (Figure 4b) is a material in 
the form of a triangle (instead of the rhombus of 
a MoO2 crystal). Raman spectrum was shown in 
Figure 4c. The result was that the MoO2 crystals 
were completely sulfurized, converted into 
MoS2. Based on the results of Raman spectrum, 
we can see that the quality of MoS2 crystal is 
very good, the intensity of the two characteristic 
peaks is large and free of impurities. In terms of 
size, since MoS2 crystals grow above MoO2 
crystals, the size of MoS2 crystals will be close 
to or smaller than the size of MoO2; MoO2 
crystal can also be considered as the framework 
of MoS2 crystal. 

  

(a) (b) (c) 

Figure 3. (a) Two-step temperature evolution of the furnace for MoO3 precursor and S precursor (b) 
optical microscopy of MoS2 crystals on top MoO2 crystals (c) A Raman spectrum of the sample. 
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CONCLUSION 

As such, we have successfully synthesized 
MoS2 from the MoO3 precursor by two steps, 
and also confirmed the process of forming MoS2 
from MoO2. Thereby, if we can control the size 
of MoO2 crystals, it opens up the way to control 
the size of MoS2 crystals and their thickness. 
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ABSTRACT 
 

In this work, single-crystal Ln1-xSrxMnO3 (x = 0.1, 0.2, and 0.3) nanoparticles (NPs) were synthesized by 
ultrasound wave and post annealing temperature. The diameter of the Ln1-xSrxMnO3 nanoparticles are 
from 40 nm to 80 nm range. TEM images reveal that the surface of the NPs is very clean without any 
sheathed amorphous phase. The resistivity ρ depends on the temperature measured in the temperature 
range of 5 K - 300 K at zero field for three samples. All samples show the metal-insulator transition at the 
temperature Tp. The Tp increases in conjunction with the increase of the doping level clearly observed. 
The magnitude of resistivity ρ decreases with increasing of the doping level. The largest ρ value of 
sample x = 0.1 also is very low comparison with bulk materials. The insulator-metal transition 
temperatures Tp of our samples are 165 K, 248 K, and 264 K for x = 0.1, 0.2, and 0.3, respectively. 
Magnetization M as a function of temperature is measured at 0.5 T magnetic field in the temperature 
range of 25 K - 400 K for the La1-xSrxMnO3 NPs, the results show that all samples undergo a 
ferromagnetic transition. 
Keywords: Ln1-xSrxMnO3, perovskite, doped manganese, nanoparticle 

INTRODUCTION 

Doped manganese perovskites with a 
formula Ln1-xAxMnO3 (Ln: a trivalent rare-earth 
element; A: a divalent alkaline-earth element) 
have attracted considerable interest. On cooling, 
these compounds show a large decrease in 
resistivity associated with a paramagnetic to 
ferromagnetic transition [1]. This transition is 
known to give rise to a large negative 
magnetoresistance, the so-called colossal 
magnetoresistance [2, 3], near Curie 
temperature, Tc.  

In this work, single-crystal Ln1-xSrxMnO3 (x 
= 0.1, 0.2, and 0.3) nanoparticles (NPs) were 
synthesized by ultrasound wave and high 
annealing temperature. The prepared samples 
were investigated by X-ray diffraction (XRD, 
Rigaku, Japan), field emission scanning electron 
microscope (FE-SEM, Hitachi S-4300, Japan), 
transmission electron microscopy (TEM), high-
resolution transmission electron microscopy 
(HRTEM), and selected-area electron diffraction 
(SAED, Philips CM 200 STEM). The chemical 
compositions of samples were determined by 
energy-dispersive spectroscopy analysis. The 
temperature dependence of the resistivity of 
samples was measured by using four-probe 

technique. The magnetic measurement was 
performed in a magnetic property measurement 
system (Quantum Design, MPMS XL 7.0).  

EXPERIMENTAL  

Ken Suslick [4, 5] and Detlef Lohse [6] 
studied about the creating the bubbles in liquid 
by the ultrasound. The study shows that the 
bubbles are low temperature and low pressure at 
the initial state, then grow, and collapse. The life 
time of each buble is about microsecond. When 
the bubbles collapse, they generate the local 
temperature and local pressure about 50000C 
and 500 atm, respectively. Figure 1 shows the 
schematic of the ultrasound wave creating the 
bubbles in liquid. From these research results we 
tried to apply for synthesizing the Ln1-

xSrxMnO3 (x = 0.1, 0.2, and 0.3) nanoparticles 
with the post annealling to enhance the 
crystalinity of NPs. 

High-purity KMnO4, MnCl2.4H2O, 
La(NO3)3.6H2O, Sr(NO3)2 were used as starting 
materials. KOH served as mineralizer. All 
chemical reagents were purchased from Sigma-
Aldrich (USA) without further purification.  
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Figure 1. Schematic of the ultrasound wave 
create the bubbles in liquid 

The synthetic procedure was as follows. All 
the above chemicals were dissolved in de-
ionized water by stirring at room temperature. 
Finally, KOH was added and stirred vigorously 
to adjust the alkalinity. The sonication of mixed 
solution was carried out for 5 min in air with 
amplitude 45%, power 47 W using an ultrasonic 
probe with a 1/2 inch titanium tip (Branson 
Digital Sonifier, Model 450, Branson 
Ultrasonics Corporation, Danbury). The probe 
tip was kept at 1 cm from the top of the solution 
surface. After 5 min sonication, the solution was 
cooled, centrifuged, and washed several times 
with de-ionized water. Then the samples were 
dried in a vacuum oven at 70oC overnight. A 
black powder was finally obtained. 
Subsequently this powder was pressed in the 
same pressure to make the pellets with the size 
of 10mm4mm1mm. Then the pellets of La1-

xSrxMnO3 (x = 0.1, 0.2, and 0.3) NPs were 
finally sintered at 950oC for 10h. 

RESULTS AND DISCUSSION 

The chemical composition of all samples is 
analyzed by energy-dispersive spectroscopy 
measurement. The results indicate that La:Sr:Mn 
molar ratios of the samples (La0.9Sr0.1MnO3, 
La0.8Sr0.2MnO3, and La0.7Sr0.3MnO3) are 
0.88:0.11:1.00, 0.81:0.19:1.00, and 
0.72:0.29:1.0, respectively. 

 
Figure 2. SEM image of La0.7Sr0.3MnO3 
nanoparticles. 

In figure 2, we show the SEM image of 
La0.7Sr0.3MnO3 NPs. The diameter of the LSMO 
NPs obtained by us varies in the 40-80 nm 
range. TEM and HRTEM images of 
La0.8Sr0.2MnO3 NPs are shown in figure 3. The 
images reveal that the surface of LSMO NPs is 
very clean without any sheathed amorphous 
phase. The HRTEM image exhibits a lattice 
spacing of NPs of about 0.38 nm which 
corresponds to the (100) plane. The inset shows 
the corresponding SAED pattern with [110]  
zone-axis and it indicates that LSMO NPs are 
single crystalline. The blurred rings are the 
electron diffraction patterns of copper grid. 

 
Figure 3. Typical TEM and HRTEM images of 
La0.8Sr0.2MnO3 nanoparticles. The inset shows 
the corresponding SAED pattern, and the 
blurred rings are the electron diffraction 
patterns of copper grid. 

Figure 4 shows the resistivity ρ depends on 
the temperature measured in the temperature 
range of 5 K - 300 K at zero field for three 
samples. All samples show the metal-insulator 
transition at the temperature Tp which is 
corresponding to the peak position of ρ(T). (Tp: 
vertical arrow). The Tp increases in conjunction 
with the increase of the doping level clearly 
observed. The magnitude of resistivity ρ 
decreases with increasing of the doping level. 
The largest ρ value of sample x = 0.1 also is 
very low comparison with bulk materials [7]. 
The insulator-metal transition temperatures Tp 
of our samples are 165 K, 248 K, and 264 K for 
x = 0.1, 0.2, and 0.3, respectively. 

Magnetization M as a function of 
temperature measured at 0.5 T magnetic field in 
the temperature range of 25 K - 400 K for the 
La1-xSrxMnO3 NPs is shown in figure 5.  
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Figure 4. Electrical resistivity vs temperature for 
samples (x = 0.1, 0.2, and 0.3). 

 
Figure 5. Magnetization M as a function of 
temperature measured at 0.5T magnetic field for 
three sample. 

The results show that all samples undergo a 
ferromagnetic transition. The Tc values of 
samples (x = 0.1, 0.2, and 0.3) are found to be 
321K, 349K, and 377K, respectively. These 
values are higher than that of previous reports 
for single-crystal LSMO NPs [7-9]. It is very 
interesting that with increase of the doping level, 
the ferromagnetic transition temperature Tc is 
increased closely to linear. The values of 
magnetization M at 25K for the different 
samples (x = 0.1, 0.2, and 0.3) are 56.7, 69.2, 
and 70.0 emu/g, respectively. 

CONCLUSION 

The single-crystal Ln1-xSrxMnO3 (x = 0.1, 
0.2, and 0.3) NPs were synthesized successfully 
by ultrasound wave and post annealing 
temperature. Ln1-xSrxMnO3 nanoparticles have 
diameters from 40 nm to 80 nm. TEM images 
show that NPs have clean surface without any 
sheathed amorphous phase. All samples show 

the metal-insulator transition at the temperature 
Tp. The Tp increases in conjunction with the 
increase of the doping level. The magnitude of 
resistivity ρ decreases with increasing of the 
doping level. The largest ρ value of sample x = 
0.1 also is very low comparison with bulk 
materials. Magnetization M as a function of 
temperature is measured at 0.5 T magnetic field 
in the temperature range of 25K - 400K for the 
La1-xSrxMnO3 NPs, the results show that all 
samples undergo a ferromagnetic transition. 
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ABSTRACT 

 
Various composites including (1-x-y)LiNi0.7Co0.3O2, xLi2MnO3 and yLiCoO2 systems were synthesized 
using the sol-gel method. Stoichiometric weights of the LiNO3, Mn(Ac)2∙4H2O, Co(Ac)2⋅4H2O, 
Ni(NO3)2⋅6H2O for preparing of 28 samples have been used. We exhibited the sample 
“Li1.167Ni0.117Co0.699Al0.017Mn0.167O2” with Al doped is the best composition for cathode material in 
LIBTs. Obviously, the used weight of cobalt in this sample is lower compared to LiCoO2 that is an 
advantage in view point of cost and toxic. Charge-discharge characteristics of the mentioned cathode 
materials were investigated by performing cycle tests in the range of 2.4 - 4.6V. Our results confirmed 
that these kind systems can help removing the mentioned disadvantage of cobalt with high efficiency. 
Keywords: Lithium ion battery, LiCoO2, Li2MnO3, sol-gel method. 
 

INTRODUCTION 

Transition elements of cathode materials 
including manganese, nickel cobalt (NMC), are 
especial metals for lithium ion batteries (LIBs) 
due to their potentials for operating in high 
voltages and large energy storing in a small 
space. Although the Ni in NMC gives a high 
capacity for storing energies, it is also passive 
and unstable, with a propensity towards 
destructive reactions with the electrolyte. There 
are both advantages and disadvantages factors 
for NMC of LIBTs [1-5]. A major disadvantage 
of cobalt is its cost and toxic and typically it is 
around two times more costly to manufacture 
than nickel. This is one important factor when 
considering its use in mass produced consumer 
items which any extra cost is a basic issue. 
Safety factor is also a matter of crucial 
importance to the lithium batteries which this 
problem appears in big size batteries as 
compared to the small size batteries i.e. batteries 
for electric vehicle would have more risk of 
catching fire as compared to batteries for cell 
phones. When mixed solid solution is used as 
cathode material, the explosion of batteries can 
be control, especially with doping of other 
elements such as Al. Moreover (1-x-

y)LiNi0.7Co0.3O2 doped with Al are environment 
friendly as compared to isolated cathode such as 
LiCoO2 [4,5]. 

The purpose of this study is to find a ternary 
solid solution of Li-based cathode material in 
NMC that is advantageous replacement for 
LiCoO2 which is expensive and toxic. Therefore 
a combination of ternary composition diagram 
including (1-x-y)LiNi0.7Co0.3O2, xLi2MnO3 and 
yLiCoO2 have been considered. NMC LIBTs 
were the most interest among the scientist to 
replace with LiCoO2 which firstly reported by 
Rossen et al in 1992 [6] for composition of 
LiNi0.5Mn0.5O2. 

Similar the work of Rossen [6], a study was 
reported in 1998 by Saphr et al [7] in view point 
of electrochemical behavior which indicate Ni as 
an active ion and Mn were present in “+2” and 
“+4” oxidation rather the “+3”. They exhibited 
in temperature of 750 there are a large falling 
capacity after 25 cycle from 150bmAhg-1 to 125 
mAhg-1 after 25 cycles and to 75 mAhg-1 after 
50 cycles. Nickel, which forms between +2 and 
+4 valences positions is active material in this 
cathode composition, meanwhile manganese is 
+4, which remain without Jahn-Teller distortion 
with the +3 valance (Mn+3). Makimura and 
coworkers [8] presented an initial discharging 
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around 150.5 mAhg-1 for 30 cycles at 4.35 V and 
again in 2003 [9] their results exhibited 200 
mAhg-1 of rechargeable capacity of 
LiNi0.5Mn0.5O2 among the voltages of 2.5-4.5 V 
after 30 cycles [9].  

Obviously, mixing proper mole fractions of 
various transition elements [8, 9] to get the 
advantageous efficiency of each led to the 
discovery of these kind materials. Therefore 
these materials are derived from Li(Ni1-x-

yMnxCoy)O2 categorize that were first published 
in 1999 and 2000 by Liu and Yoshio 
respectively [10, 11]. They exhibited that the 
enhancement of cobalt would stabilize the 
composition blocks the Ni from entering the 
lithium layers. Meanwhile nickel and manganese 
would provide the structural stabilities and high 
capacities respectively. As too much of cobalt 
causes decreasing capacities and large amount of 
nickel and manganese making problems in 
cation mixing and spinel structures, therefore 
mixing of these elements must be optimized 
with suitable mole fraction. 

Makimura and coworkers in 2001 synthesize 
the layered compound of LiNi1/3Mn1/3Co1/3O2 
[12] and exhibited that this cathode has about 
205mAhg-1 reversible discharge capacity in the 
range of 2.6–4.5 V including large rate 
capabilities and thermal stabilities. 

For appropriate stoichiometry of Li(NixCo1-

2xMnx)O2, x = 1/3,  the medium oxidation 
numbers must be +3 such as Mn+4 , Co+3, and 
Ni+2, with electrochemical flow in the ranges 
between 2.5 up to 4.4 volte versus lithium ions 
(through two electron transfer reaction between 
Co+3/Co+4 and Ni+2/Ni+4 ) [13]. In addition 
concerning of further electrochemical 
phenomenon some more studies of 
LiNi0.4Mn0.4Co0.2O2 [14], LiNi0.8Co0.2O2 and 
LiNi0.8Co0.15Al0.05O2 cathodes [15] have been 
shown. Although the rate capability of this 
material is smaller than that of LiCoO2, thermal 
stabilities are much better. 

In this work we focused on various 
composition of binary and ternary solid 
solutions containing Li2MnO3, LicoO2 and (1-x-
y)LiNi0.7Co0.3O2 doped with Al. Currently, 
Li2MnO3 has been distinguished for its suitable 
capacity, better safety, without toxic and 
inexpensive than LiCoO2 [16]. 

EXPERIMENTAL 

Stoichiometric weights of the LiNO3, 
Mn(Ac)2∙4H2O, Co(Ac)2⋅4H2O, 

Ni(NO3)2⋅6H2O as starting materials of lithium, 
manganese, cobalt and nickel, in 28 samples of 
{[(1-x-y)LiNi0.7Co0.3O2] doped with Al. These 
mixtures were first dissolved in 50 ml of DI 
H2O and then equivalence-molar weights of 
citric acid were added (the amount of citric acid 
was equal to the total molar of Co, Ni, and Al). 
The whole mixtures were heated through water 
bath at 90oC and during the heating process, a 
clear, pink solution without any precipitation 
formed. At last, the clear solution was slowly 
dried and turned into gel. This solution was 
continuously stirred for about 25 mins for the 
formation of a homogeneous mixture of gel and 
then is kept under a hot-plate for 12-14 hrs 
around 100ºC so that all the distilled water gets 
evaporated. Usually, acetate requires two 
heating temperatures (low and high) for the 
formation of a correct phase. The beaker 
containing the gel is then kept in a furnace and is 
heated to 450ºC for 3-5 hrs. The first heating is 
at a low temperature. Basically what happens 
during this stage is that all the acetates present 
would get burned off, but the desired phase is 
not formed. The heat-treated products were 
ground in an agate mortar to obtain powders and 
then the powder was calcined at 800-850∘C for 
10-12 hrs. 

  
RESULTS AND DISCUSSION 

This investigation is used for finding the best 
cathode material compositions including (1-x-
y)LiNi0.7Co0.3O2, xLi2MnO3, yLiCoO2 systems 
with high initial discharge capacity, grate 
cyclability and inexpensive cost compared to 
current lithium-ion cathode materials. Therefore, 
initially, 28 different composition points 
according to using the lever rule, stoichiometric 
weights and mole-fractions were chosen in order 
to find an optimized material with good 
electrochemical performance. These 28 points 
were extracted through the triangle phase 
diagram of the defined system (table 1&2) and 
synthesis through sol-gel method.  

Ni and Al amount are decreased towards 
down direction of triangle, meanwhile the 
compositions of 22, 24 have zero Ni and Al 
percentage. High Mn value is found at sample 
22 and its content decreases at the opposite end 
points of the triangle. Cobalt percentage is found 
in a wide region in the triangle and also 
decreases near Li(Li0.33Mn0.66)O2. It is predicted 
which capacities and cyclability of the 
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compositions are directly related to the amount 
of Mn, Co, Ni, and Al. It is notable, specific 
capacity is determined as the amount of energies 
which can be reserve in volume or mass (Ah), 

while the rate capability (which are related to 
their design and varies considerably between 
different manufactures), can be determined as 
the rate at which the cell is being charged. 

Table 1. 28 different composition points according to using the lever rule, stoichiometric weights and 
mole-fractions of the triangle diagram 

Sample Composition Al doped 

1 LiNi0.7Co0.3O2  LiNi0.7Co0.2Al0.1O2 

2 Li1.167Ni0.583Co0.25Mn0.167O2 Li1.167Ni0.583Co0.167Al0.083Mn0.167O2 
3 LiNi0.583Co0.417O2 LiNi0.583Co0.334Al0.083O2 

4 Li1.333Ni0.467Co0.203Mn0.333O2 Li1.333Ni0.467Co0.133Al0.067Mn0.333O2 

5 Li1.167Ni0.467Co0.366Mn0.167O2 Li1.167Ni0.467Co0.299Al0.067Mn0.167O2 

6 LiNi0.467Co0.533O2 LiNi0.467Co0.466Al0.067O2 

7 Li1.5Ni0.35Co0.15Mn0.5O2 Li1.5Ni0.35Co0.1Al0.05Mn0.5O2 

8 Li1.333Ni0.35Co0.317Mn0.333O2 Li1.333Ni0.35Co0.267Al0.05Mn0.333O2 

9 Li1.167Ni0.35Co0.483Mn0.167O2 Li1.167Ni0.35Co0.433Al0.05Mn0.167O2 

10 Li Ni0.35Co0.6O2 LiNi0.35Co0.6Al0.05O2 

11 Li1.667Ni0.233Co0.1Mn0.667O2 Li1.667Ni0.233Co0.067Al0.033Mn0.667O2 

12 Li1.5Ni0.233Co0.267Mn0.5O2 Li1.5Ni0.233Co0.234Al0.033Mn0.5O2 

13 Li1.333Ni0.233Co0.434Mn0.333O2 Li1.333Ni0.233Co0.4Al0.033Mn0.333O2 

14 Li1.167Ni0.233Co0.6Mn0.167O2 Li0.167Ni0.233Co0.567Al0.033Mn0.167O2 

15 LiNi0.233Co0.767O2 LiNi0.233Co0.734Al0.033O2 

16 Li1.835Ni0.116Co0.049Mn0.835O2 Li1.833Ni0.117Co0.033Al0.017Mn0.833O2 

17 Li1.667Ni0.116Co0.217Mn0.667O2 Li1.667Ni0.117Co0.199Al0.017Mn0.667O2 

18 Li1.5 Ni0.116Co0.384Mn0.5O2 Li1.5Ni0.117Co0.366Al0.017Mn0.5O2 

19 Li1.333Ni0.116Co0.551Mn0.333O2 Li1.333Ni0.117Co0.533Al0.017Mn0.333O2 

20 Li1.167Ni0.116Co0.717Mn0.167O2 Li1.167Ni0.117Co0.699Al0.017Mn0.167O2 

21 LiNi0.116Co0.884O2 LiNi0.117Co0.866Al0.017O2 

22 Li2MnO2 Li2MnO2 

23 Li1.833Co0.167Mn0.833O2 Li1.833Co0.167Mn0.833O2 

24 Li1.667Co0.333Mn0.667O2 Li1.667Co0.333Mn0.667O2 

25 Li1.5Co0.5Mn0.5O2 Li1.5Co0.5Mn0.5O2 

26 Li1.333 Co0.667Mn0.333O2 Li1.333Co0.667Mn0.333O2 

27 Li1.167Co0.833Mn0.167O2 Li1.167Co0.833Mn0.167O2 

28 LiCoO2 LiCoO2 

Therefore, the C-rate is the capacity of the 
battery divided by the hourly charging rate. The 
discharge capacity curves of this work have 
been compared with 18650-type “C/LiCoO2 
Sony battery” result which is modified by 
Ehrlich [21]. Since LiCoO2 cathode has an 
initial discharge capacity around 145mAhg-1 
[22], therefore any materials of these 
compositions with initial capacities more than 
this amount (of course with a suitable 
cyclability) might be considered. The samples 
were tested via a cycler (Arbin BT 2000 battery 
testing system), between 2.4 V and 4.6 V with 
low C-rate of C/12. The initial results indicate of 
a wide range and irregular of cyclability and 
capacities. The initial discharge capacities varied 
from 102 mAhg-1 to 248 “mAhg-1”. Both 

capacity and cyclability increase from 
LiNi0.7Co0.3Al0.1O2 towards the binary 
composition of Li2MnO3 and LiCoO2. 

Although sample 20 shows high capacity of 
“248.1” mAhg-1, it contains of a low cyclability. 
The sample 25 and 18 exhibit a good capacity of 
201.2 and 220.2 mAhg-1, respectively with high 
cyclability, meanwhile due to Mn4+ ion the 
sample 22 has a low capacity. Although these 
kinds of data are not sufficient for determining a 
suitable cathode material in view point of 
capacity and cyclability amount, the statistical 
analysis can be useful for finding the region of 
the best item from the data of the 28 
compositions. Therefor any testing with both 
capacity and cyclability relation in view point of 
the triangle regions is needed. In this work the 
SATISTICA software has been used for 
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analyzing the data which variable (1), variable 
(2) and variable (3), are Li2MnO3, LiCoO2 and 
LiNi0.7Co0.2Al0.1O2 mole-fraction respectively 
while the variable (4) alternately, are the 
capacity and cyclability (Table 2 and Figs 1&2). 

 
Figure 1. Ternary of capacity versus variable 
(1), variable (2) and variable (3) for 28 samples 
of (1-x-y)LiNi0.7Co0.2Al0.1, xLi2MnO3, yLiCoO2 
composites 

By this work various compositions are used 
for exploring the novel cathode materials with 
two-dimensional layered structure through the 
ternary composition’s diagram among Iso-
structural material. 

Although Li2MnO3 or Li[Li1/3Mn2/3]O2 has 
a structure similar to LiCoO2, there is super-
lattice ordering of Mn4+ and Li+ in transition 
layers. LiNi0.7Co0.2Al0.1O2 can be demonstrated 
as solid solution between LiCoO2 and LiNiO2 
with Al doped in Co site, is a promising cathode 
material because of its improved stabilities and 
electrochemical performances. Through an 
analyzing among these compositions, three 
samples were chosen and subsequently 
synthesized, characterized and tested 
consequently with high precisionist. Via initial 
discharge capacity and some extra results 
numbers 20, 27 and 28 are indicated as the best 
cathode material among those structures (Figs. 
3&4, table 1&2). As the number 28 is pure 
material (LiCoO2) and number 27 is binary, the 
number 20 
“Li1.167Ni0.117Co0.699Al0.017Mn0.167O2” is 
suggested as the best composition for cathode 
material by this work. Obviously, the used 
weight of cobalt in these samples is lower 
compared with LiCoO2 that is an advantage in 
view point of cost in this study.  

 
Figure 2. Ternary of cyclability versus variable 
(1), variable (2) and variable (3) for 28 samples 
of (1-x-y)LiNi0.7Co0.2Al0.1, xLi2MnO3, yLiCoO2 
composites 

The repeat of sample 20 was made into T-
Cells and subjected to electrochemical testing 
using the original conditions and the cycling was 
accomplished between 2.4-4.6 V with constant 
C-rate of C/12 at room temperature (Fig. 5). 

 
Figure 3. Three samples of (1-x-
y)LiNi0.7Co0.2Al0.1O2, xLi2MnO3, yLiCoO2 
composites with high precisionist of capacity 
and cyclability versus variable (1), variable (2) 
and variable (3) 
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Table 2. Summary capacity and cyclability for 28 samples, of the system [(1-x-y)LiNi0.7Co0.2 

Al0.1]O2   

Sample Blend Li2MnO3 LiCoO2 
LiNi0.7Co0.2Al0.1 

O2 
Capacity Cyclability 

1 Pure 0 0 1 82.5 51 
2 Binary 0.167 0 0.833 102.3 46 
3 Binary 0 0.167 0.833 112.2 49 
4 Binary 0.333 0 0.667 115.5 52 
5 Ternary 0.167 0.167 0.667 150.5 60 
6 Binary 0 0.333 0.667 78.5 80 
7 Binary 0.500 0 0.500 165.5 82 
8 Ternary 0.333 0.167 0.500 167.2 61 
9 Ternary 0.167 0.333 0.500 153.1 81 
10 Binary 0 0.500 0.500 159.2 79 
11 Binary 0.667 0 0.333 114.7 99 
12 Ternary 0.500 0.167 0.333 153.1 93 
13 Ternary 0.333 0.333 0.333 180.1 78 
14 Ternary 0.167 0.500 0.333 173.2 80 
15 Binary 0 0.667 0.333 110.6 91 
16 Binary 0.833 0 0.167 181.3 75 
17 Ternary 0.667 0.167 0.167 141.5 95 
18 Ternary 0.500 0.333 0.167 220.2 99 
19 Ternary 0.333 0.5 0.167 139.3 92 
20 Ternary 0.167 0.667 0.167 248.1 54 
21 Binary 0 0.833 0.167 189.5 92 
22 Pure 1 0 0 61.5 91 
23 Binary 0.833 0.167 0 143.5 90 
24 Binary 0.667 0.333 0 175.2 90 
25 Binary 0.500 0.500 0 201.2 90 
26 Binary 0.333 0.667 0 199.5 46 
27 Binary 0.167 0.833 0 245.5 78 
28 Pure 0 1 0 240.2 80 

 

The repeat sample exhibits better charge and 
discharge capacities (discharge capacity of 150, 
mAhg-1) than the original sample. This 
improvement in the capacities is attributed to the 
synthesis conditions. With the same method we 
used (1-x-y)LiNi0.7Co0.3O2, xLi2MnO3 and 
yLiCoO2 composites the sample 
Li1.167Ni0.116Co0.717Mn0.167O2 has been tested for 
comparing to 
Li1.167Ni0.117Co0.699Al0.017Mn0.167O2 (Fig. 5) in 
viewpoints of capacity and cyclability. The 
repeat sample exhibits in the same mole fraction, 
the system with Al doped has a better charge 
and discharge capacities (discharge capacity of 
155, mAhg-1) compare to non Al doped system 
(discharge capacity of 144, mAhg-1).   

 
Figure 4. Multiple variable combinations of 
capacities and cyclability based on mole-
fraction of variable (1), variable (2) and 
variable (3) in 28 composition 
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Figure 5. Charge and discharge capacity of (a): 
Li1.167Ni0.117Co0.699Al0.017Mn0.167O2 and (b): 
Li1.167Ni0.116Co0.717Mn0.167O2 

 
CONCLUSION 

 {[(1-x-y)LiNi0.7Co0.3O2] doped with Al for 
cathodes materials with submicron particles 
have been successfully synthesized by a sol-gel 
method. The structural and electrochemical 
properties have been systemically investigated 
to examine the effects of charge/discharge 
capacities and also capacity retention. The 
results show that all the prepared 
“Li1.167Ni0.117Co0.699Al0.017Mn0.167O2”  type 
layered structure regardless of the nickel content 
and Al doped improve the capacity retention 
significantly. The percentage of nickel and 
cobalt exhibit a good performance. Although 
these kind systems can help for removing the 
disadvantage of cobalt which mainly is its cost 
and toxic, the performance of these kind systems 
is similar to LiCoO2 cathode material. 
Therefore, fabrication of lithium-ion batteries 
using a few more transition elements such as Mn 
and Al are suggested for any further research. 
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ABSTRACT 
 

Nano gold and Fe3O4@Au core/shell nanoparticles have unique magnetic and optical properties. These 
nanoparticles are used for biomedical applications, such as magnetic resonance imaging, photothermal 
therapy, controlled drug delivery, protein separation, biosensors, DNA detection, and immunosensors. In 
this research, tetrachloroauric acid was prepared by using the known reaction of gold metal with chlorine 
gas. The straightforward procedure developed here allowed the resulting solution to be directly used for 
gold nanoparticle synthesis. The procedure involved bubbling chlorine gas through pure water containing 
the gold foils. After digestion, the given product was used to synthesize gold nanoparticles and magnetic 
core-shell gold nanoparticles. Depending on the specific controlled conditions, three different systems of 
nano Au, FexOy@Au nano, FexOy@Au nanostars have been synthesized. For each system, the size and 
shape were adjusted, allowing to tune the magneto-plasmonic properties. The impact of seed-growth 
method, nature of the reducing agent, seed amount, were analyzed and optimized. Nanoparticle products 
being characterized with TEM and UV-vis, were readily for further use in biomedical applications. 
Keywords: Magnetic gold nanostar, plasmonic characteristic, seed growth. 

 

INTRODUCTION 

Research involving gold nanoparticles has 
increased significantly over the last two 
decades[1, 2], creating with it the need for high 
purity gold chloride (generally in the form of 
tetrachloroauric acid) as a starting material for 
the nanoparticle synthesis[3]. Many synthetic 
methods utilize aqueous solutions of gold(III) 
chloride for this purpose. Here we report a 
straightforward method to produce highly stable 
aqueous solutions of gold(III) chloride using 
gold metal and molecular chlorine as starting 
materials. After digestion, the given product was 
used to synthesize gold nanoparticles and 
magnetic core-shell gold nanoparticles[4-6].  

EXPERIMENTAL  

Materials 
Gold metal (Au ≥99.99%), hydrochloric acid 

(HCl, 36%), potassium permanganate (KMnO4, 
99%), sodium borohydride (NaBH4, 99%), 
hexadecyl trimethyl ammonium bromide (CTAB, 

99%), sodium hydroxide (NaOH, 97%), ascorbic 
acid (AA, 99%), and sodium citrate (SC, 99%). 

Synthesis of Tetrachloroauric Acid 
 

 
 

Figure 1. Apparatus for the synthesis of aqueous 
tetrachloroauric acid 

A laboratory-scale reaction apparatus was 
assembled as shown in Figure 1. Hydrochloric 
acid (30 mL, 36%) was placed in a pressure-
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equalizing dropping funnel, and slowly added 
drop-wise to a side-arm flask containing 
potassium permanganate (6.0 g). The resulting 
chlorine gas was passed into a two-neck round-
bottom flask containing 100 mL water and one 
pellet of gold (~0,5g). Undissolved/unreacted 
chlorine gas was bubbled through a solution of 
NaOH. The reaction mixture was stirred at the 
selected temperature until all of the gold 
dissolved[3]. 

Synthesis of various Au seeds 

Small GNPs with a diameter of ∼5.0 nm were 
prepared by the following procedure: To 90 mL 
of deionized water, 1 mL of 1 wt % 
HAuCl4.3H2O was added, and the mixture was 
stirred for 1 min; then, 2 mL of 38.8 mM sodium 
citrate was added, and the reaction mixture was 
stirred for another minute. A volume of 1 mL of 
fresh 0.075 wt % NaBH4 in 38.8 mM sodium 
citrate was added, and the reaction mixture was 
stirred for 5 min[1, 4]. 

The second step involved the preparation of 
Au growth solutions, as described in the 
paragraphs that follow. Typically, 5 mL of 0.2 M 
CTAB solution, 0.25 mL of 0.01 M HAuCl4, and 
4.65 mL deionized H2O were evenly mixed in 
vial. Subsequently, 100 μL of the 0.04 M newly 
prepared AA solution was added to vial under 
vertical agitation. Under agitation, the color of 
the solution in vial changed from yellow to 
colorless, indicating that the Au3+ ions had 
reduced to Au+. The prepared growth solution 
should be used within a period of 1 h. The third 
step involved the growth of Au seeds. Typically, 
25 μL of the aged seed solution in step 1 was 
added to growth solution 1 in vial, under 
agitation. This was aged for 30 min without 
distribution. Finally, the color of the solution 
appeared a wine-red shade. Subsequently, 25 μL 
of aged growth solution 1 in vial first was added 
to growth solution 2 in vial second, under 
agitation; finally, the color of the solution 
became a dark-red shade over a long period of 
time compared with that in the case of growth 
solution 1. The final Au NPs could be obtained 
by centrifugation of the final growth solution 
under various rotation speeds. 

 
 
 
 
 
 

Synthesis of Fe3O4@Au NSs 

 
Figure 2. Synthesis of Fe3O4@Au core/shell 
nanoparticles 

In a 250 mL round-bottom flask 40 ml 
distillated water was added to 20 mL of aqueous 
solution of 0.1% HAuCl4. Then 28 mg dispersed 
Fe3O4 [7] nanoparticles in 10 ml distillated water 
were added into the flask. The reaction mixture 
was allowed to boil under reflux. Upon boiling, 4 
mL of 1 wt% trisodium citrate was rapidly added 
into this solution under stirring resulting in color 
change from brown to reddish[6, 8, 9].  

The solution was filtered through 0.45µm 
Millipore syringe filters to remove any 
precipitate, the pH was adjusted to 7 using dilute 
NaOH solution, and the filtrate was stored at 
room temperature. 

RESULTS AND DISCUSSION 

The oxidation of gold metal to form aqueous 
solutions of gold (III) chloride was prepared by 
using the bubbling chlorine gas through pure 
water containing the gold foils. The reaction is 
quantitative and no manganese-containing by-
products (which may have arisen from the 
chlorine production process) were detected by 
ICP-MS. The concentration of the gold (III) 
chloride solutions can be reasonably accurately 
calculated from results of ICP-MS analysis. 

To test the suitability of the gold (III) chloride 
solutions for direct use in nanoparticle synthesis, 
citrate-stabilized aqueous gold nanoparticles 
were synthesized. The UV-visible spectrum of 
the various Au seeds solution was shown in Fig 
3. 

 
Figure 3. UV-vis spectra of nano gold. 
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In Figure 3, the UV-vis spectrum of the 
corresponding nanoflowers in dependence on 
wavelength λ for particle diameters between 2.5 
and 100 nm were shown. The surface plasmon 
resonance (SPR) is clearly visible as a peak in the 
range between 520 and 580 nm. The peaks 
increase with increasing particle size. 

 
Figure 4.  a) UV-vis spectra and DLS of 
Fe3O4@AU c) XRD spectra of Fe3O4@Au, b,d) 
TEM pictures of Fe3O4, Fe3O4@Au 

The UV–vis spectra of the organosol were 
represented in Fig. 4 and characterized by broad 
band at 450–770 nm with maximum at 530 nm. 
The peak of Fig 4 relating to the absorption 
maximum of nano gold of Fig 3 indicated the 
formation of a gold shell on the surface of 
magnetite nanoparticles. 

The XRD spectra analysis result of 
Fe3O4@Au were shown in Figure 4. It was 
indicated that there were 6 characteristic peaks of 
Fe3O4 at 2θ = 30.1º; 35.5º; 43.3º; 53.4º; 57.2º; 
62.5º. It proved that after the synthesis process, 
Au didn’t change the structure of Fe3O4. In 
addition, XRD spectra have a characteristic peak 
of Au structure at 2θ ~ 38.1º and another peak at 
2θ ~ 44.3º; 64.5º; 77.7º. It proved that Fe3O4 and 
Au have been linked together. 

TEM was employed to observe the 
morphology and size of the Fe3O4, Fe3O4@Au 
(Fig. 4b–d). It was clearly seen that the NSs with 
Au shell coating onto the surface of Fe3O4 NPs 
possess well-defined core shell and a quite 
uniform size distribution. By measuring two 
maximal margins of the NSs, the mean diameter 
of Fe3O4 NSs was estimated to be 7 nm and 
Fe3O4@Au NSs was estimated to be 11 nm. The 
elemental composition of Fe and Au in the Fe3O4 
@Au NSs was quantified by ICP-MS, and the 
Fe/Au mass ratio was measured to be 2:1.6. 

 

CONCLUSION 

Here we have reported an original and simple 
route to synthesize nano gold particles from gold 
metal and molecular chlorine for biomedical 
applications. Aqueous solutions of gold (III) 
chloride of high purity and stability could 
reliably be obtained from gold metal and 
molecular chlorine via a straightforward 
procedure.  

Gold (III) chloride solutions prepared by this 
method did not have any metallic gold precipitate 
within at least twelve months of keeping. ICP-
MS analysis confirmed the absence of any 
manganese contamination that may have arisen 
from the chlorine production process, and the 
purity of the gold chloride solution was further 
demonstrated through its direct use in the 
synthesis of stable aqueous citrate-stabilized as 
well as various Au seeds.  

The Fe3O4@Au NPs were obtained using 
absorbed Au NPs on the surface of Fe3O4. As a 
result, the pink colloidal solution in octane and 
film at the interface were shown. Characterizing 
by TEM, XRD and UV–vis spectroscopy it was 
shown that the dispersed phase of the colloidal 
solution contained Fe3O4/Au core–shell 
nanoparticles. The main diameter of the 
Fe3O4/Au nanoparticles was equal to 11 nm with 
a gold shell thickness of approximately 2 nm 
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ABSTRACT 

 
Surface-enhanced raman scattering (SERS) is being developed for use as a method for identifying 
molecules. The development of this analytical technique is heavily dependent on the synthesis of SERS 
substrates. This report presents the results of the fabrication of gold nanostructures on copper foil for use 
as SERS substrates. Gold nanostructures are deposited directly on copper substrates by electrochemical 
method in HAuCl4 solution without using any other catalyst. The results showed that the gold 
nanostructures have have been uniformly formed on the surface of a large area copper substrate. The 
morphology of gold nanostructures has been controlled by changes in fabrication parameters. On SERS 
substrates obtained, malachite green (MG) is used as a test agent to record SERS spectra on these 
substrates. Results showed that, with the most optimal SERS substrate, the SERS spectrum of MG at 
concentration below 0.1 ppm can be recorded. This demonstrates that the gold nanostructures on copper 
foil fabricated by electrochemical deposition can be used as highly active SERS substrates. 
Keywords: SERS, gold nanostructures, electrodeposition, copper foil, malachite green 
 

INTRODUCTION 

Surface-enhanced Raman scattering (SERS) 
is increasingly being used as a method for 
detecting traces of contaminants in a variety of 
specimens. In this technique to maximize 
SERS's performance, the most important thing is 
to have highly active SERS substrates. Highly 
active SERS substrates are substrates capable of 
boosting the Raman scattering signal to several 
orders. In turn, this depends on how many "hot 
spots" there are in the substrate, i.e. the areas in 
which the great enhancement of the 
electromagnetic field exists. Normally, hot spots 
appear around the sharp edges or corners of the 
metal surface, or in the small gap (less than 10 
nm) between the two metal surfaces [1]. 

Although it is widely known that silver has 
the greatest Raman enhancement potential when 
used as a SERS substrate, gold has the 
advantage of being stable, very difficult to 
oxidize and therefore it is also used as a 
substrate for SERS in many cases [2]. Currently 

there are two main types of SERS substrates, 
namely the colloidal solution of metallic (mainly 
silver or gold) nanoparticles and metallic 
nanoparticles immobilized on a certain solid 
substrate (or metal structures with rugged 
surface at the nanoscale level). We chose to 
make the second type of substrates to avoid the 
agitation of the nanoparticles in the colloidal 
solution, which affects the stability and 
reproducibility of the Raman signal [3]. 

In this report we will present the fabrication 
of the arrays of gold nanopaticles on Cu plate 
(AuNPs@Cu) for use as SERS substrates and 
then provide an illustration of the effectiveness 
of this substrate. We have used electrodeposition 
for synthesizing AuNPs@Cu since this is a 
simple, powerful and convenient technique. In 
this method the morphology and size of the 
electrodeposited layer can be controlled by 
tuning the deposition conditions, such as the 
electrodeposition current density, electro-
deposition time, concentration and properties of 
electrolyte solution [4].   

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

359



EXPERIMENTAL  

Pure copper foil was purchased from Sigma-
Aldrich. First, each Cu plate (10 mm x 60 mm x 
0.2mm) were washed in absolute ethanol (5 
min), acetone (5 min), HNO3/H2O = 1/1 (10 
min) and deionized water (several times). The 
next step Cu plate was performed an 
electrodeposition process to produce an array of 
gold nanoparticles (AuNPs) on the surface. 
Electrodeposition was carried out under the 
constant current mode with current density in 
the range of 0.1-2.0 mA/cm2 for 10 min at room 
temperature in an aqueous solution of HAuCl4 
(0.1 mM). The electrochemical system consists 
of two electrodes, with a Cu plate sample serves 
as a cathode, while a platinum grid is the anode.  
After fabrication, the AuNPs@Cu samples were 
washed with deionized water several times and 
dried in air. 

The surface morphology of the AuNPs@Cu 
substrates was investigated using the S-4800 
field effect scanning electron microscope 
(Hitachi, Japan). X-ray diffraction 
measurements have also been performed on 
several representative samples to check whether 
the obtained nanoflowers are crystallized gold. 
This measurement was performed on a Bruker-
AXS D5005 X-ray diffraction system (Siemens, 
Germany). SERS measurements were performed 
by dripping 25 μl of aqueous malachite green 
(MG) at various concentrations on the 
AuNPs@Cu substrate. The samples were then 
allowed to dry naturally in air at room 
temperature. The Raman spectra of the samples 
were recorded by a portable i-RamanPro 
spectrometer (model BWS475-785H produced 
by B&W Tek, Inc., USA) with a 785 nm 
excitation laser. The full laser power at the 
probe excitation position is 427 mW and the 
laser spot size is 105 µm (for the objective lens 
magnification of 20x). This spectrometer 
provides a Raman spectrum over the range of 
65–2800 cm-1 with a spectral resolution of better 
than 3.5 cm-1. 

RESULTS AND DISCUSSION 

Gold electrodeposition under constant 
current mode with different current densities 
was prepared. The results show that the optimal 
AuNPs array is obtained when the current 
density is 1.0 mA/cm2. This array is illustrated 
in Figure 1, at here we can see that AuNPs are 
are fairly uniform in size in the 50-80 nm range, 

with an average size of about 70 nm, the 
distance between AuNPs is below ten of nm. In 
addition, the surface of gold nanoparticles is 
quite rugged. To test whether the AuNPs 
obtained were actually gold or not, and in what 
form, we conducted X-ray diffraction (XRD) 
measurements. The results show that AuNPs are 
formed in crystalline form with the face centered 
cubic (FCC) structure. 

 
Figure 1. Plan-view SEM image of AuNPs 
obtained by electrodeposition with 1.0 mA/cm2 
constant current for 30 min in the solution 
containing 0.1 mM HAuCl4 on the copper 
substrate 

Given the morphology and arrangement of 
gold nanopatices, we think that AuNPs array 
fabricated under optimal electrodeposition 
conditions can serve as a highly active SERS 
substrate. Indeed, when using such AuNPs 
arrays as the SERS substrates to record the 
Raman spectra of MG molecules, we obtained 
spectra with clearly distinct MG peaks in the 
concentration range of 10 to 0.1 ppm as shown 
in Figure 2. Curve (4) in Figure 2 shows the 
Raman spectrum of 25 μl of 10 ppm aqueous 
MG solution dripped on a 0.5cm2 AuNPs@Cu 
substrate. As previously reported [5], all well-
separated and strong peaks in Figure 2 are the 
Raman peaks of the MG molecule. Especially, 
signals observed at 914 cm–1 are attributed to 
ring skeletal radial vibration; signals at 1171 cm–

1 and 1294 cm–1 come from in-plane aromatic 
C–H bending vibration; signals at 1366 cm–1 are 
contributed by N–C stretch; signals at 1394 cm–1 
come from C–C and C–H in-plane motion 
(aromatic) and those at 1617 cm–1 are assigned 
to N–C (bond) and C–C stretch. We also 
recorded SERS spectra of AuNPs array after 
fabrication and were washed with deionized 
water (Curve (1) in Figure 2), the results showed 
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that there were no SERS spectra of any 
impurities on the sample. This result will 
increase signal to noise ratio during SERS 
spectral recording. 

 
Figure 2. SERS spectra of MG at different 
concentrations in the region from 10 ppm to 0.1 
ppm, which have been recorded using the 
identical AuNPs@Cu arrays electrodeposited at 
1 mA/cm2 constant current as SERS substrates 

The next result is that the intensity of the 
Raman peaks decreases with decreasing of the 
MG concentration in the solution dropped onto 
the substrate. In curve (2) some peaks 
disappeared (due to the weak intensity), but we 
still can use this curve to identify MG molecule. 
Thus, we can conclude the detection limit for 
MG molecules of AuNPs@Cu substrate is as 
low as 0.1 ppm. This result shows that the SERS 
substrates made from AuNPs synthesized 
according to the method we have presented can 
be used for rapid and accurate quantitative 
analysis of MG.  

It should be added that MG is an organic dye 
commonly used to test the activity of SERS 
substrates. In addition, it is a colorant used in the 
paper, textile and ceramics industries. MG 
recently has been reported to cause 
carcinogenesis, mutagenesis, chromosomal 
fractures and respiratory toxicity to animals 
exposed to it [6]. Consequently, the use of this 
dye in food processing is prohibited. However, 
at present in a series of countries it is still 
illegally used in food processing to produce 
bright green color. Due to the negative impact of 
MG on human health, rapid, sensitive and cost-
effective detection of MG residues in food itself 
is valuable and necessary. 

CONCLUSION 

By electrodeposition menthod, we have 
successfully fabricated arrays of gold 
nanoparticles on copper substrate (AuNPs@Cu). 
The gold nanoparticles are quite rugged, and 
they are fairly uniform throughout the array with 
an average size of about 70 nm. Reproducibility 
of nanoparticles for different production times is 
quite good. Arrays of AuNPs@Cu have 
demonstrated the ability to work as highly active 
SERS substrates. Specifically, Raman spectral 
results with the malachite green (MG) probe 
have shown that these SERS substrates allow for 
the detection of MG at concentrations as low as 
0.1 ppm. 
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ABSTRACT 
 

Gold nanoparticles offer variety of applications in chemical and biological fields. Intensity and position of 
surface plasmon resonance (SPR) band in gold nanoparticles can be modulated by size and shape of the 
nanoparticles or the dielectric properties of the surrounding environment. This feature provides a 
convenient way to control the SPR of gold nanoparticles for surface enhance Raman scattering 
applications. It was popularly reported that gold nanoparicle can be synthesized favorably by chemical 
method but such approach also bring some limitation to applications due to surfactant often used in the 
synthesis process. In this report, we present the results of preparation of gold nanoparticles by combining 
sputtering and thermal annealing method. Size of the as-prepared gold nanoparticles, observed by 
scanning electron microscopy, increases monotonically with increasing sputtering time. Gold 
nanoparticles with size from 30 to 100 nm at high density and homogenous distribution was obtained 
when sputtering time is increased from 10s to 50 s. Gold thin film prepared at longer sputtering time 
could not be converted to gold nanoparticles as pointed out by absorption spectra. Variation of 
nanoparticle size results in corresponding shift of the SPR band. 
Keywords: Gold nanoparticles; sputtering; thermal annealing; surface plasmon. 
 

INTRODUCTION 

Gold nanoparticles have shown its potential 
applications in various fields such as 
biomedical, electronics, photovoltaics … due to 
interesting properties such as: surface plasmon 
resonance, biocompatibility, excellent catalytic 
properties, multiple surface functionalities [1–5]. 
These applications have fostered research 
related to synthesis of gold nanostructures in 
general and gold nanoparticles in particular. A 
good synthetic process should provide gold 
nanoparticles of controllable morphology and 
shapes. Since its discovery, reduction method 
was broadly used as an effective way to prepare 
gold nanoparticles from solution phase [6,7]. 
Further modification of reduction method 
offered a convenient tool to obtain gold 
nanostructures of various shape including 
nanowires, nanorods, nanoflowers, nano-
urchins… and of narrow size distribution. 

However the organic compounds used in the 
synthesis process might limit the applicability 
because purity is a key factor in many biological 
or electronic applications.  

In this paper, we reported the fabrication of 
gold nanoparticles by a facile process with 
combining sputtering and thermal annealing 
methods. The obtained nanoparticles were 
characterized with different techniques such as: 
scanning electron microscope, diffuse 
reflectance spectroscopy. The results show that 
the products are of high quality. The major 
advantages of this approach are the homogeneity 
and uniformity of the nano products. The simple 
fabrication is also promising for scaling up for 
mass production. 

EXPERIMENTAL 

Sodalime glass was used as substrates for 
preparing gold thin films. The substrates were 
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first cleaned by ultrasonic bath in double 
distilled water, ethanol and acetone in sequences 
to remove any organic residue on the surface. 
The samples were then dried by air gun blowing. 
The substrates were then transferred into 
vacuum chamber of a DC sputtering system. The 
substrates were mounted onto an unheated 
copper plate. Thin films of gold were deposited 
on the prepared substrates by DC sputtering 
process at base pressure of 6 Pa. The used target 
is a gold disk (purity of 99.99%) of 2.5 inches. 
The current used in this research is fixed at 20 
mA. The sputtering time was changed from 10s 
to 50s while the thickness of prepared films was 
estimated by using extrapolating plot provided 
by the sputtering system supplier. 

 
(a) 

 
 
Figure 1. Image of DC sputtering system (a) and 
horizontal furnace (b) used to fabricate gold thin 
films in this research.  

In order to transform gold thin films into 
nanoparticles, heat treatment at 300oC in 2h was 
applied. Morphology of the obtained nano 
products were then characterized with scanning 
electron microscope Nova Nanosem while 
surface plasmon property was studied by diffuse 
reflectance spectroscopy.  

 

RESULTS AND DISCUSSION 

Figure 2 shows SEM images of gold thin 
films sputtered in 10 s and 40s. The images 
show that the films are smooth and 
homogeneous. It is likely that sputtering times 
does not change the morphology of surface 
morphology of thin films except thickness. 

 
(a) 

 
(b) 

Figure 2. SEM images of gold thin films 
sputtered in 10s (a) and 40s (b)  

After heat treatment at 300ºC in 2h, the gold 
layer was turned into array of gold nanoparticles 
of quite uniform size and shape. The 
nanoparticles has quasi spherical shape. The 
images also show that particle size is in a 
correlation with thickness of the as-prepared thin 
film. As the sputtering time increasing from 10s 
to 50s particle size increase accordingly from 30 
nm to over 100 nm. It is also noted that at long 
sputtering time, size distribution becomes 
broader.  

Figure 4 shows absorption spectra of the 
sputtered gold thin films. As can be seen that no 
plasmon peak was observed in the spectra which 
is in agreement with the fact that after sputtering 
gold was form as a continuous thin layer on 
substrates. 

After heat treatment, clear plasmon peaks of 
gold appear in the absorption spectra. As 
sputtering time increasing, gold nanoparticles 
becomes bigger and size distribution is broader. 

500nm 

500nm 
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As a result, plasmon peak becomes broader and 
shifts to longer wavelengths. At sputtering time 
longer than 50s, plasmon peaks is faded out 
because of the large particle size.  

  
(a) 

 
(b) 

Figure 3. SEM images of gold thin films 
sputtered in 10 s (a) and 40s (b) after being 
annealed at 300ºC in 2h.  
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Figure 4. Absorption spectra of gold thin films 
prepared by sputtering method.  

The results show that by controlling 
sputtering time, we can control the particle size, 
which in turn affect plasmon properties of the 
gold nano-particles. 
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Figure 5. Absorption spectra of gold thin films 
prepared by sputtering method after heat 
treatment.  

CONCLUSION 

We successfully prepared gold nanoparticles 
on sodalime glass by combining sputtering and 
thermal annealing method. Particles size and 
surface plasmon property of gold nanoparticle 
can be conveniently controlled by sputtering 
time. The results demonstrate that combination 
of sputtering and annealing is a promising route 
to prepare gold nanoparticles array on flat 
substrates for various applications.  
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ABSTRACT 

 
Coercivity and magnetization of magnetic nanoparticles Fe60Pd40 were measured as a function of 
temperature from 2 K to 300 K. The nanoparticles were prepared from iron acetate and palladium acetate 
by sonoelectrodeposition. After annealing at various temperatures from 450oC to 700oC the nanoparticles 
were found to have the ordered L10 structure and show hard magnetic properties. Coercivity and 
saturation magnetization of the nanoparticles are discussed in dependence of temperature.   
Keywords: FePd nanoparticles, coercivity, magnetization, sonoelectrodeposition 

INTRODUCTION 

FePd nanoparticles have attracted 
considerable attention due to their applicability 
in ultrahigh density magnetic recording media 
mainly because of their hard magnetic properties 
and chemical stability in the ordered face-
centered tetragonal (fct) L10 structure [1-5]. This 
L10 ordered FePd materials are normally 
obtained from the disordered face-centered 
cubic (fcc) materials via the disorder-order 
transition. Recently, Van et al. [6] have studied 
temperature dependence of hard magnetic 
properties of Fe60Pd40 nanoparticles prepared by 
sono-chemistry. In this work, we report 
coercivity and magnetization of FePd 
nanoparticles prepared by sono-electro 
deposition as a function of temperature.  

EXPERIMENTAL  

The synthesis of FePd nanoparticles was 
conducted by sono electro-deposition and 
described elsewhere [7]. The mixture of 0.15 M 
iron(II) acetate [Fe(C2H3O2)2], 0.1 M 
palladium(II) acetate [Pd(C2H3O2)2], and 0.5 M 
Na2SO4 were mixed under (Ar + 5%H2) 
atmosphere in  a electrolysis cell of 100 ml 
volume. The mixture was then sono electro-

deposited by using Sonics VCX 750 ultrasound 
emitter with power density of 100 W/cm2, on/off 
current pulse of 500 ms/800 ms to form FePd 
nanoparticles. The samples were washed and 
separated from the solution by using a Hettich 
Universal 320 centrifuge at 5000 rpm for 30 min, 
and were dried in air at 70°C for 30 min. The 
annealing under (Ar + 5%H2) atmosphere was 
carried out on as-prepared samples at various 
temperatures from 450°C to 700°C for 1 h.  

The chemical composition of our sample is 
Fe60Pd40 as revealed from energy dispersion 
spectroscopy (EDS) included in scanning 
electron microscope (SEM, JEOL 5410LV). The 
results show that the composition of samples is 
60:40 for Fe:Pd ratio as designed. The particle 
morphology was investigated by a transmission 
electron microscope (TEM) JEM1010, JEOL, 
indicating the size of as-prepared nanoparticles 
is around 7-10 nm and increases to around 15-20 
nm after annealing. The structure of the samples 
was characterized by X-ray diffractometer 
(XRD) D5005, Bruker. The average crystallite 
size, d, is calculated using Scherrer’s formula: d 
= 0.9λ/(Bcosθ), where λ is the wavelength of X-
rays and B is the half maximum line width. 
Magnetic properties of samples were 
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investigated with a magnetic field up to 50 kOe 
by using Quantum Design’s superconducting 
quantum interference device (SQUID) in the 
temperature range from 2 K to 300 K. 

RESULTS AND DISCUSSION 

Figure 1 shows the XRD patterns of the as-
prepared and annealed Fe60Pd40 nanoparticles. 
Before annealing, the XRD pattern showed 
diffraction peaks at 400, 46.50, 68.50 which can 
be assigned to (111), (200) and (220) reflections, 
respectively. The XRD pattern of the as-
prepared sample is characteristic of the 
chemically disordered fcc structure, showed the 
reflections of pure Pd structure. Meanwhile, as 
mentioned above, the sample exhibits the 
composition Fe:Pd as 60:40. For the as-prepared 
sample, Fe and Pd atoms appear with random 
probability at fcc lattice sites. This random 
distribution structure is called disordered 
structure. The reflections from Fe are very weak 
due to the fact that their atomic weight is much 
less than that of Pd which is similar to the XRD 
result of FePt nanoparticles prepared by sono 
electro-deposition [8]. From the diffraction 
peaks we obtained the lattice parameter a = 
3.805 ± 0.015 Å. The average crystallite size 
calculated by using Scherrer’s formula is found 
to be 10 nm, in agreement with the particle size 
obtained from the TEM measurements. Upon 
annealing, the formation of the ordered L10 fct 
phase happened. The diffraction peaks were 
shifted to a higher position with increasing 
annealing temperature. This shift is due to the 
structure transition from fcc to fct. The as-
prepared particles were not disordered FePd but 
may be formed by small Fe-rich- and Pd-rich 
domains. The ordered L10 fct phase of FePd was 
then formed after annealing by the diffusion 
process between the Fe-rich- and Pd-rich 
domains. By using Scherrer’s formula, the 
average crystallite size is estimated to be 20.1 
nm for the sample annealed at 600°C, for 
example, in agreement with that obtained from 
TEM measurements.  

 

 
Figure 1. X-ray patterns of as-prepared and 
annealed Fe60Pd40 nanoparticles. 

Figures 2 and 3 present the hysteresis curves 
of Fe60Pd40 nanoparticles annealed at various 
temperatures measured at 2 K and 300 K, 
respectively. The curves show typical hard 
magnetic hysteresis loops, indicating the effect 
of annealing. With measurements at 2 K, sample 
annealed at 450ºC shows small coercivity HC of 
424 Oe and saturation magnetization of 79 
emu/g. The coercivity then increases when the 
annealing temperature increases and have the 

 
Figure 2. Hysteresis curves measured at 2 K of 
Fe60Pd40 nanoparticles annealed at various 
temperatures. Inset shows the enlarged view 
about origin. 
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Figure 3. Hysteresis curves measured at 300 K 
of Fe60Pd40 nanoparticles annealed at various 
temperatures. Inset shows the enlarged view 
about origin. 

maximum value of 2311 Oe at the annealing 
temperature of 600ºC. The coercivity then 
dropped down to low value of 153 Oe and 158 
Oe when the annealing temperature increases to 
650ºC and 700ºC, respectively. The saturation 
magnetization, however, continuously increases 
with increasing annealing temperature and 
reaches around 150 emu/g at annealing 
temperature of 700ºC. When samples were 
measured at 300 K, the coercivities decrease 
compared to those at 2 K. The sample annealed 
at 450ºC has the coercivity of 271 Oe at 300 K. 
Similar as the sample measured at 2 K, the 
coercivity at 300 K increases with increasing 
annealing temperature and reaches maximum 
value of 1827 Oe at annealing temperature of 
600ºC.  Similar to results measured at 2 K, the 
coercivity dropped down to small value of 120 
Oe and 110 Oe when the annealing temperature 
increases to 650ºC and 700ºC, respectively. At 
300 K, the saturation magnetization also 
increases with increasing annealing temperature. 

The temperature dependence of the 
coercivity HC of Fe60Pd40 nanoparticles 
annealed at various temperatures from 450°C to 
700°C is shown in Figure 4. As can be clearly 
seen from this figure, for all annealing 
temperatures the coercivity of Fe60Pd40 
nanoparticles increases with decreasing 
measuring temperature and attains a maximum 
value of 2311 kOe at 2 K in the sample annealed 
at 600°C. For the samples annealed at 650°C 
and 700°C the coercivity shows less pronounced 
dependence on measuring temperature. This is 
probably due to existence of a soft phase in the 

samples, leading to slight increase of coercivity 
but strong increase of magnetization as evident 
in Figure 5. Watanabe et al. [5] have synthesized 
the Fe49.2Pd50.8 nanoparticles by the modified 
polyol process, i.e simultaneous reduction of 
palladium acetylacetonate (Pd(acac)2) and 
thermal decomposition of iron pentacarbonyl 
(Fe(CO5)) in a solvent. 

 
Figure 4. The temperature dependence of 
coercivity of Fe60Pd40 nanoparticles annealed at 
various temperatures. 

 
Figure 5. The temperature dependence of 
saturation magnetization of Fe60Pd40 
nanoparticles annealed at various temperatures. 
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These authors obtained the coercivity value of 
2.04 kOe at 5 K for the Fe49.2Pd50.8 samples 
annealed at 600°C for 1 h.  Van et al. [6] showed 
strong dependence of the coercivity of the 
Fe60Pd40 nanoparticles prepared by 
sonochemistry on annealing and measuring 
temperature. They reported that for all annealing 
temperatures the coercivity of the samples 
increases with decreasing measuring 
temperature and reaches a maximum value of 
2.43 kOe at 2 K for the sample annealed at 
550°C. 

Figure 5 shows the temperature dependence 
of saturation magnetization MS of Fe60Pd40 
nanoparticles annealed at various temperatures. 
As can be seen from this figure, saturation 
magnetization of all samples increases with 
decreasing measuring temperature. The Fe60Pd40 
nanoparticles annealed at 700°C exhibit the 
highest saturation magnetization. This behaviour 
is probably due to interaction between soft phase 
of fcc structure and hard phase of fct structure.   

CONCLUSION 

 Upon annealing at various temperatures 
from 450°C to 700°C the Fe60Pd40 nanoparticles 
prepared by sonoelectrodeposition show the 
disorder-order transition and hard magnetic 
properties. Temperature dependences of 
coercivity and magnetization of these 
nanoparticles were studied. The coercivity and 
magnetization increase with decreasing 
temperature down to 2 K for all annealed 
samples. The Fe60Pd40 nanoparticles annealed at 
600°C attain the highest coercivity whereas the 
nanoparticles annealed at 700°C exhibit the 
highest saturation magnetization.  
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ABSTRACT 

 
Ordered mesoporous carbon materials using  MCF silica as hard template (OMC(MCF)) were 
synthesized. The synthesized OMC(MCF) materials were characterized by different techniques such as 
XRD, TEM, BET. From obtained results, it revealed that the surface area, pore volume and pore size of  
OMC (MCF) were of 1,073 m2 /g, 1.35 cm3 /g and 5.7 nm, respectively.  The dye adsorption experiments 
were carried out through a batch test to evaluate synthesized OMC(MCF) materials. Methylene blue 
(MB) and direct blue 71 dyes (DB71) were chosen as adsorbates. Negatively charged surfaces 
OMC(MCF) materials have better adsorption capacity for positively charged methylene blue than that of 
negatively charged direct blue 71. OMC(MCF) materials could be used as a potential adsorbent for the 
removal of positive charged organic dyes. 
Keywords: Ordered mesoporous carbons materials, MCF template,  Methylene blue, Direct blue 71, dye 
adsorption. 

INTRODUCTION 

Porous carbon materials [1, 2, 3] are of 
scientific and technological importance due to 
their unique properties (high surface area, pore 
size and large porosity, high adsorption capacity 
of bulky large molecules, high chemical and 
thermal stability, etc.). Therefore, porous carbon 
is widely used in many applications such as gas 
separation [4], adsorbents [5-8], gas storage [9], 
catalysts [10], electrochemical energy storage 
[11]. Most porous carbons are usually obtained 
via carbonization carbon precursor. Porous 
carbons are synthesized by hard – temlating 
method using nanostructured silica as template 
to impregnate with an appropriate carbon 
source, followed by carbonization of the 
composite, and subsequent removal of the 
template [12]. 

In this paper, we report the synthesis of 
OMC(MCF) by hard template method using 
MCF as template. With our knowledge, this is 
first study about synthesis, characterization and 
MB and DB71 adsorption properties of 
OMC(MCF). 

 

 EXPERIMENTAL 

Synthesis of OMC(MCF) 

MCF silica were synthesized with a triblock 
copolymer, EO20PO70EO20 (Pluronic P123, 
Aldrich), as the surfactant, and liquid glass as 
the silica source. OMC(MCF) was synthesized 
by calcinations of MCF impregnated with an 
aqueous solution of carbon sources with sulfuric 
acid. Typically, 1g of sucrose was mixed with 
1g MCF and then added to a solution obtained 
by dissolving 0.14g of H2SO4 in 5g of H2O. The 
mixture was placed in a drying oven for 6h at 
100oC, and subsequently the oven temperature 
was increased to 160oC and maintained there for 
6h. The sample turned dark brown or black 
during the treatment in the oven. This step was 
repeated at 100 and 160oC using the same oven 
after the addition of 1 g of carbon, 0.14 g of 
H2SO4, and 5g of H2O. The carbonization was 
completed by pyrolysis with heating at typically 
800oC under nitrogen flow. The carbon-silica 
composite obtained after pyrolysis was 
immerged in HF 40% solution and then washed 
with H2O before being washed with a mixture of 
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50 vol% ethanol + 50 vol% H2O. The final 
product was dried at 100oC for 3h. 
Characterization.  

The powder X-ray diffraction (XRD) 
patterns of the samples were recorded on a 
Shimadzu XRD-6100 analyzer with Cu Kα 
radiation (λ = 1.5417Å). Transmission electron 
microscopy (TEM) was recorded using 
JEOL1010 instrument operating at 80 kV with a 
magnification of 25,000 – 100,000. The surface 
area of samples was determined on 
Quantachrome Instruments version 3.0 at 77K 
and using nitrogen as an adsorbent.  
Adsorption experiments.  

The methylene blue (MB - C16H18N3SCl) 
and direct blue 71 (DB71 - C40H23N7Na4O13S4) 
MB adsorption was performed in liquid phase at 
room temperature under stirring condition. 
Batch experiments were carried out in a set of 
250mL Erlenmeyer lacks, in which a 100mL 
aliquot of each MB solution with initial 
concentrations in the range of 100–300 ppm was 
added. Equal masses (m) of adsorbent were 
added to the MB solutions (V). Adsorption 
capacity (Qt) of MB is denied as follows: 

( )
m

VCC
Q t

t
.0 −=       (1) 

Where Qt is adsorption capacity of MB or 
DB71; V is solution volume (V = 0.1L); m is 
masses of OMC (MCF); C0 and Ct (ppm) are 
initial and time t MB or DB71 concentration. 
Equilibrium concentration of each adsorbate was 
determined by a UV-VIS spectrophotometer. 
Adsorption isotherms 

Langmuir and Freundlich isotherms models, 
were often used to analyze the experimental data 
[2]. The Langmuir equation is expressed as 
follows: 

e
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The Freundlich equation is expressed as 
follows: 

eFe C
n
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Where Qm and KL in the Langmuir equation 
represent the maximum adsorption capacity of 
adsorbents (mg/g) and Langmuir adsorption 
constant related to the free energy of adsorption, 
respectively. KF and n are Freundlich constants 

related to adsorption capacity and adsorption 
intensity, respectively. 

RESULTS AND DISCUSSION 

X-Ray Diffraction (XRD) 

XRD patterns of MCF and OMC(MCF) 
samples are shown in figure 1. From XRD 
patterns of MCF and OMC(MCF) showed that 
OMC(MCF) had the same structure with MCF. 

 
Figure 1. XRD patterns of MCF and 
OMC(MCF). 
Transmission Electron Microscopy (TEM) 

TEM images of OMC(MCF) are shown in 
figure 2. The ordered structures OMC(MCF) 
samples with hexagonal symmetry and uniform 
pore dimension were clearly observed.  

 
Figure 2. TEM images of OMC(MCF) 

Adsorption–Desorption Isotherms (BET) 

N2 adsorption–desorption isotherms and 
pore-size distribution of OMC(MCF) are 
presented in figure 3 and figure 4. OMC(MCF) 
showed the isotherm curves of type IV with the 
hysteresis loop, characteristic for capillary 
condensation which is typical for mesoporous 
material.  
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Figure 3. N2 adsorption–desorption isotherms of 
OMC(MCF) 

Textural properties of OMC(MCF) samples 
are showed in table 1. As observed in table 1, 
OMC (MCF) HAD high surface area of 1073 
m2/g, average pore size of 5.7 nm and pore 
volume of 1.35 cm3/g.  

 
Figure 4. Pore-size distribution of OMC(MCF) 

Table 1. Textural properties of OMC(MCF) 

Samples 

Textural properties 
Average 

pore width 
(nm) 

Pore 
volume 
(cm3/g) 

Surface 
area 

(m2/g) 
OMC(MCF) 5.7 1.35 1073 

Adsorption Isotherms 

MB and DB71 adsorption capacities of 
OMC(MCF) are given in table 2, Qm adsorption 
capacities of OMC(MCF) for MB (625 mg/g) 
were higher than for DB71 (370 mg/g).  
 

 
(a) 

 
(b) 

Figure 5. Experimental MB adsorption data 
fitted to different isotherm models (a) Langmuir 
and (b) Freundlich of OMC(MCF) 

 
(a) 

 
(b) 

Figure 6. Experimental DB71 adsorption data 
fitted to different isotherm models (a) Langmuir 
and (b) Freundlich of OMC(MCF) 

This can be explained that the average pore 
size of OMC (MCF) (5.7 nm) is greater than that 
of MB (1.7 nm) and DB71 (3 nm) [13]. 
Therefore, MB or DB71 molecules can be easily 
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diffuse into the pore of OMC(MCF). In water at 
neutral pH, OMC(MCF) with zero charged point 
pHo = 5.5 and DB71 are negatively charged, MB 
is positively charged. In addition, MB and DB71 
are adsorbed on OMC(MCF) by mainly 
electrostatic force. This is process of multi-
layered physical adsorption. That is why the 
adsorption capacity OMC(MCF) for MB is 
higher.  

Table 2. Langmuir and Freundlich adsorption 
isotherm parameters of OMC(MCF) for MB and 
DB71 

Langmuir and Freundlich adsorption isotherm 
parameters of OMC(MCF) for MB 

Langmuir isotherm Freundlich isotherm 
Qm (mg.g−1) 625 n 6.9 
KL (L.mg−1) 0.07 KF (mg.g−1) 1.76 

R2 0.9982 R2 0.8404 
Langmuir and Freundlich adsorption isotherm 

parameters of OMC(MCF) for DB71 
Qm (mg.g−1) 370 n 29 
KL (L.mg−1) 0.02 KF (mg.g−1) 34 

R2 0.9944 R2 0.9932 

As observed in figure 5, figure 6 and table 2, 
the value of  R2=0.9982 and 0.9944 in the 
Langmuir model,  R2=0.8404 and 0.9932 in the 
Freundlich model for adsorption of MB and 
DB71, respectively. These results were 
indicating that the Langmuir model fits much 
better than the Freundlich model for both 
adsorbates. 

CONCLUSION 

 Ordered mesoporous carbons OMC(MCF) 
were successful synthesized by using hard 
template methods using MCF silica as template. 
From XRD, TEM and N2 adsorption–desorption 
(BET) results, it revealed that the obtained 
OMC(MCF) had high surface area (1073 m2/g), 
large pore volume and pore size (5.7 nm). MB 
and DB71 are adsorbed on OMC(MCF) by 
electrostatic forces. Thus, negatively charged 
surfaces OMC(MCF) have better adsorption 
capacity for positive charged methylene blue 
(625 mg/g) than that of negatively charged 
direct blue 71 (370 mg/g) 
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ABSTRACT  
 

In this report, we present the effect of additional nanoparticles on magnetic properties of sintered Nd-Fe-
B magnets. Nanoparticles of Dy-Nd-Al, Dy-Nb-Al, Nd-Cu-Al, Cu-Al… with their size of 30 - 100 nm 
were prepared by using high energy ball milling method. The nanoparticles were then mixed to master 
micro-powder of Nd-Fe-B with different concentrations and subsequently sintered in various conditions. 
A heat-treatment was also applied to the magnets to improve their performance. The results show that, in 
nanometer scale the additional particles are easier distributed homogeneously to create pinning centers 
and to make grain boundary more smoothly resulting in high coercivity for the magnets. The coercivity of 
the magnets could be enhanced by adding a small amount of the nanoparticles to boundary of Nd-Fe-B 
grains. The coercivity Hc and maximum energy product (BH)max of the Dy40Nd30Al30-added magnets 
reaches a maximal value of 13 kOe and 34 MGOe, respectively. By this way, the content of heavy rare 
earth (Dy) can be reduced to lower cost of the high coercivity sintered Nd-Fe-B magnets. 

Keywords: Nanoparticles, Sintered Nd-Fe-B magnets, Rare-earth magnets, High coercivity, High energy 
ball milling method. 

INTRODUCTION 

Nowadays, the demand for high quality 
permanent magnets is significantly increased by 
the development of modern industry. Especially, 
the use of sintered Nd-Fe-B magnets in electric 
motors, hybrid electric motors, wind power 
generators... is rising [1]. However, requirement 
of sintered Nd-Fe-B magnets in such equipment 
is high coercivity. A coercivity of ~ 8 kOe at ~ 
200°C or ~ 25 kOe at room temperature is 
required to satisfy these applications [2]. One 
easy way to increase the coercivity is partial 
replacement Nd by Dy because the anisotropy 
field HA of Dy2Fe14B of 278 kOe at room 
temperature is much higher than that of 
Nd2Fe14B (2:14:1), HA = 75 kOe [3-6]. 
However, the Dy is expensive and scarce. Thus, 
improvement the quality of the sintered Nd-Fe-B 
magnets without using or using small amount of 
the heavy rare earth element is more and more 
concerned to study. Previous reports have 
showed that the coercivity of sintered Nd-Fe-B 

magnets can be enhanced by addition of some 
elements other than the main components of Nd, 
Fe and B such as Al, Cu… or by improving 
technological conditions [7-9]. Recently, the 
addition of compounds to grain boundary not 
only enhances coercivity but also reduces 
amount of heavy rare earth [10-13]. Each 
additional compound with different size and 
elements will differently affect on the magnetic 
properties of the magnets. X. G. Cui et al. 
indicated that nanoparticles are probably 
distributed on the surface of Nd2Fe14B grains 
more homogeneously than microparticles [14]. 
According to L. Liang et al. [15] the coercivity 
of Dy32.5Fe62Cu5.5-added Nd-Fe-B sintered 
magnets increases from 12.7 to 15.2 kOe by the 
formation of (Nd,Dy)2Fe14B shell surrounding 
2:14:1 grains. On the other hand, the continuity 
of intergranular phase and 2:14:1 grain size were 
improved. By this way, amount of heavy rare 
earth element Dy was significantly reduced in 
compare to the commercial sintered (Nd,Dy)-Fe-
B magnets. In another researches, smoothness of 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

375



  

grain boundaries, uniformity of the particles of 
the magnets, wettability between 2:14:1 phase 
and intergranular phase can be improved by 
adding free heavy rare earth compounds, leading 
to enhancing the coercivity [10, 11, 13, 16].    

In this work, we investigated the effect of 
the additional nanoparticles with different 
components on magnetic properties of the 
sintered Nd-Fe-B magnets.    

EXPERIMENTAL 

The pre-alloys of Nd16.5Fe77B6.5 were 
prepared from Nd, Fe and FeB by induction 
melting under Ar gas to avoid oxidation. The 
obtained ingots were pulverized for 8 h by ball 
milling method in industrial white gasoline. The 
addition alloys with components as in table 1 
were prepared by arc-melting furnace under 
argon atmosphere. After that the resulted alloys 
were pulverized by high energy ball milling 
method with milling time of 4 h to obtain 
nanoparticles with average size of about 30 - 
100 nm.. The solvent/material and ball/powder 
weight ratios are 1/1 and 4/1, respectively. The 
additional nanoparticles with various weight 
were mixed into the Nd-Fe-B powder 
thoroughly. The mixed powder was pressed 
under a pressure of 15 MPa in an oriented 
magnetic field of about 20 kOe. The pressed 
magnets were sintered at 1080oC for 1 h. A two-
stage heat treatment process was chosen and 
carried out using a vacuum furnace. At the first 
stage, the magnets were heat-treated at 820oC 
for 1 h and then rapidly quenched to room 
temperature by argon atmosphere. For the 
second stage, the magnets were heat-treated at 
540oC for 1 h and rapidly quenched by argon 
atmosphere. For both the stages, the heating and 
quenching rates were 30oC/min and 50oC/min, 
respectively. The crystalline structure of all the 
samples was checked by an X-ray 
diffractormeter (Equinox 5000 - Thermo 
Scientific) with the Cu-Kα radiation source (λ = 
1,5406 Å). A field-emission scanning electron 
microscope (FESEM, S4800 - Hitachi) 
technique has been used to analyze the size and 
shape of the nanoparticles. The specimens of 
cylinders with 3 mm diameter and 3 mm height 
were cut to investigate magnetic properties on a 
pulsed high field magnetometer (PFM) with 
magnetic field up to 90 kOe. In order to 
determine the maximum energy product (BH)max 
of the magnets, a demagnetization factor was 

estimated through a semi-experimental data 
sheet.  

Table 1. The component of addition compounds. 
Samples Components 

P1 Dy40Nd30Al30 

P2 Dy40Nb30Al30 
P3 Dy40Zr30Al30 

P4 Nd40Cu30Al30 
P5 Nb40Cu30Al30 
P6 Cu50Al50 

RESULTS AND DISCUSSION 

The SEM image and XRD pattern of 
Nd16.5Fe77B6.5 powder are presented in Fig.1. 
We found that the grain size of the master 
powder is smaller than 5 micrometer, Fig. 1a. At 
the same time, the sample reveals single phase 
of Nd2Fe14B structure.   
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Figure 1. SEM image (a) and XRD pattern (b) of 
Nd16.5Fe77B6.5 powder. 

  

  

  
Figure 2. SEM images of the compounds powder. 

Fig. 2 shows SEM images of the compounds 
powder. We can see all samples are 
nanoparticles with average size smaller than 50 
nm. However, particles create to clusters, 
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leading to difficultly to observe individual 
grains. 
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Figure 3. Hysteresis loops of the magnets added 
nanoparticles before heat treatment. 
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Figure 4. Hysteresis loops of the magnets added 
nanoparticles after heat treatment. 

Figs. 3 and 4 show hysteresis loops of the 
magnets added nanoparticles before and after 
heat treatment. We can realize that, the coercivity 
of the magnets depends on both the nanoparticles 
addition and heat treatment process. Before heat 
treatment, the Hc of the added magnet P1, P4 and 
P6 was improved in comparison with that of the 
un-added magnet (5.3 kOe) [17]. Meanwhile, the 
addition of P2, P3 and P5 have reduced the 
coercivity (< 4 kOe). The P1-added Nd-Fe-B 
sintered magnets have highest coercivity (Hc = 8 
kOe for the as-sintered magnets and Hc = 12 for 
the heat-treated magnets). The Hc and (BH)max of 
added magnets with the different additional 
compounds before and after heat treatment were 
determined and listed in Table 2. 
Table 2. Coercivity Hc of the added magnets 
with the different additional compounds before 
and after heat treatment. 

Condition Compounds Hc  
(kOe) 

(BH)max 

(MGOe) 

After heat 
treatment 

P1 8 35.5 
P2 4.3 28 
P3 1.8 6 
P4 7.3 33.5 
P5 0.4 5.5 
P6 7 35 

Before heat 
treatment 

P1 12 37.5 
P2 7.4 32 
P3 5.5 20.5 
P4 7.9 34 
P5 4.2 24 
P6 9.8 37 

The obtained results show that each addition 
compounds needs different optimal technological 
conditions. Because each additive compound 
have different elements which different effect on 
sintering temperature and time. The heat 
treatment step only enhances the coercivity but 
does not improve squareness of the hysteresis 
loops of the magnet. This can be explained that 
after heat treatment distribution of the grain size 
was increased. At the same time, the adding 
elements can change the structure and 
distribution of phases, leading to the 
inhomogeneity of demagnetization field. On the 
other hand, the grain boundaries are 
heterogeneous, leading to the formation of the 
soft magnetic α-Fe phase which plays a role as 
nucleation centre of reversal domains to cause 
magnetization of the magnets at lower external 
magnetic field [18].  
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After that, we change weight fractions of P1 
nanoparticles from 1 to 5%. Figure 5a shows the 
dependences of the coercivity Hc of the magnets 
on various weight fractions of P1 nanoparticles 
before and after heat treatment. We found that 
the Hc depends almost linearly on the 
concentration of P1 (Fig. 5a). Its value increases 
from 6 to 10 kOe for the as-sintered magnets and 
from 9.5 to 13 kOe for the heat-treated magnets 
when weight fractions of P1 nanoparticles 
increases from 1 to 5%. This is agreed with the 
result reported by Q. Liu et al. [19]. The 
coercivity enhancement of the magnets added 
with P1 compounds is due to Dy diffusion from 
the grain boundaries to the 2:14:1 grain during 
sintering and heat treatment process, leading to 
the formation of the (Nd,Dy)2Fe14B shell. With 
higher magnetocrystalline anisotropy field of 
Dy2Fe14B, the formation (Nd,Dy)2Fe14B shell 
might make magnetic anisotropy of the outer 
layer higher than that of the interior.  
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Figure 5. Dependence of coercivity Hc (a) and 
maximum energy product (BH)max (b) of 
magnets added with various weight fractions of 
P1 nanoparticles before and after heat 
treatment. 

The dependence of maximum energy 
product (BH)max of the heat-treated magnets on 
various additional fractions of the P1 
nanoparticles is shown in Fig. 5b. We can see 

that, the (BH)max decreases with increasing the 
fraction of P1, agreeing with the results reported 
in [15]. The additional of non-ferromagnetic 
nanoparticles can be decrease saturation 
magnetization, leading to the reduction of the 
(BH)max in comparison to the un-added magnet 
((BH)max = 40 MGOe). Although the (BH)max 
value is still high enough (> 30 MGOe) for 
practical application. Especially, the 
enhancement of the coercivity is necessary for 
application with high operating temperature. On 
the other hand, the less use or unuse of the heavy 
rare earth of Dy is important for lowering the 
cost of the magnets.   

CONCLUSIONS 

In summary we have been investigated the 
effect of the additional nanoparticles with 
different components on magnetic properties of 
the sintered Nd-Fe-B magnets. The effect of the 
Dy40Nd30Al30 nanoparticles on the coercivity 
enhancement for the magnets is stronger than 
that of another ones. The maximal Hc and 
(BH)max value of 13 kOe and 34 MGOe, 
respectively  with 5 wt% of Dy40Nd30Al30 
nanoparticles  addition. The obtained hard 
magnetic parameters of the magnets can be 
applied in practice. 
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ABSTRACT 

 
A simple design of a novel co-polarization wideband metamaterial absorber (MA) for C-band 
applications is proposed and numerical investigated. The unit cell of the proposed MA is designed by 
combining the haft-moon shaped resonator (HMSR) and interior circle resonator (ICR) structures, based 
on FR4 substrate. The absorption performances of the proposed absorber are numerical investigated. The 
proposed absorber achieves the co-polarization absorptivity higher than 90% covering the entire C-band 
from 3.95 GHz to 8.02 GHz under normal incidence for transverse electric (TE) and transverse magnetic 
(TM) polarizations. Moreover, the average absorption can be maintained above 80% even for incident 
angles up to 60o under both TE and TM polarizations. The physical mechanism of the proposed MA is 
investigated by using the electric and surface current distributions, which is also supported by the 
retrieved constitutive electromagnetic parameters. The design in this work is a compact structure (unit cell 
dimension of ~λ/6.5 and thickness of ~λ/11.8 at the center frequency), broadband, and wide incident 
angle insensitivity, which can be applications in the C-band defense and stealth systems. 
Keywords: Metamaterials, Single layer, Ultrathin absorber, Perfect absorption. 

INTRODUCTION 

Metamaterial absorber (MA) has attracted 
considerable interest in both fundamental 
research and device applications, since Landy et 
al. reported a thin perfect microwave MA based 
on electric and magnetic resonances in 2008 [1-
3]. However, the realizing MA structures having 
a simple design, thin thickness, easy fabrication 
process and broadband absorption features for 
practical applications in microwave range such 
as radar cross section reduction (RSC), stealth 
technology and EM interference (EMI) 
reduction remains truly challenging. 
Furthermore, the design of broadband 
microwave MAs have been mostly focused on 
the frequency band above C-band, but very few 
design of MA for lower frequency absorption 
band, such as C-band, has been reported [2,4]. 

In this paper, we propose a simple design of 
a novel co-polarization wideband metamaterial 
absorber (MA) for C-band applications. The unit 
cell of the proposed MA is designed by 
combining the haft-moon shaped resonator 
(HMSR) and interior circle resonator (ICR) 
structures, based on FR4 substrate. 

EXPERIMENTAL  

Fig. 1 shows the unit cell of the proposed 
broadband MA. The broadband MA is formed 
by the periodic arrangement of the unit cells in 
the lateral directions and the vertical thickness 
consists of two metallic films separated by a 
dielectric layer. The metallic layers are made of 
copper with an electric conductivity of and 
thickness (t) of 0.035 mm. The dielectric layer is 
made of FR4 with a relative dielectric constant 
of 4.3, a loss - tangent of 0.025, and thickness 
(h) of 4.2 mm. The front layer is constituted by 
the combination of haft-moon shaped resonator 
(HMSR) and interior circle resonator (ICR) 
structure. The geometrical dimensions of the 
unit cell are R1=6.3 mm, R2=3.35 mm, r=3.65 
mm, and a=15.4 mm. The center of the circles 
with radii R1 and R2 are O1(0,0) and O2(1.775,-
1.175), respectively. For back layer of the 
structure, copper is used in order to block all 
transmission.  
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Figure 1. A unit cell geometry of the proposed 
MA: (a) top-view and (b) side-view. 

In order to investigate the absorption 
performance of the proposed MA, the numerical 
simulation is performed by using frequency 
domain solver in a Computer Simulation 
Technology (CST) Microwave Studio. In the 
boundary condition set up, z-direction and x-y 
plane are for the direction of propagation and the 
E-H fields, x and y axes are fixed to the unit cell 
and z axis is open, the plane waves are normally 
incident to the structure along the z direction. 

The absorption is defined by A(ω) = 1 - T(ω) 
- R(ω), where T(ω)  and R(ω) are transmission 
and reflection, respectively. The A(ω) and T(ω) 
are determined from the frequency-dependent S-
parameters S11(ω) and S21(ω), where T(ω) = 
|S21(ω)|2   and R(ω) = |S11(ω)|2. The reflection is 
calculated as R(ω) = |ryy(ω)|2+|rxy(ω)|2, where 
ryy(ω) = |Eyr|2/|Eyi|2 and rxy(ω) = |Exr|2/|Eyi|2 are 
reflection coefficients for co-polarization and 
cross-polarization for y (or TE) polarized wave, 
respectively. In the conventional absorber 
model, the back layer acts as physical barrier to 
block the transmittance. Since T(ω) is 
eliminated by the ground plane, thus, the 
absorption is simplified to A(ω) = 1 – R(ω). 

RESULTS AND DISCUSSION 

The absorption performances of the 
proposed absorber are numerical investigated. 
The proposed absorber achieves the co-
polarization absorptivity higher than 90% 
covering the entire C-band from 3.95 GHz to 
8.02 GHz under normal incidence as seen in 
Fig.2. Moreover, the average absorption can be 
maintained above 80% even for incident angles 
up to 60o under both TE and TM polarizations.  

 
Figure 2. Absorption spectra of two components 
of the combined proposed MA structure. 

To investigate the mechanism absorption of 
the proposed MA, the distributions of electric 
field and surface current at three resonance 
frequencies of 4.19 GHz, 5.63 GHz, and 7.58 
GHz are performed as shown in Fig. 3. 

 
Figure 3. Distributions of (a),(b),(c) electric 
field, and surface current on (d),(e),(f) the front 
layer and (g),(h),(k) back layer of a unit cell 
under TE polarization with various resonant 
frequencies of 4.19 GHz, 5.63 GHz, and 7.58 
GHz, respectively. 

It can be seen from Figs. 3(a-c), the electric 
field with a specified frequency is concentrated 
at a certain part of MA. At lower frequencies of 
4.19 GHz and 5.63 GHz, electric field tends to 
accumulate at inner top and bottom part of the 
HMSR, respectively. Meanwhile, at higher 
frequency of 7.58 GHz, the electric field is 
concentrated not only the outer of ICR mainly, 
but also in inner the top and bottom part of the 
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HMSR. The top and bottom surface current 
distributions are illustrated in Figs. 3(d-k). At 
the three resonance frequencies, the surface 
currents are mainly contributed by HMSR, while 
a significant amount of current flows through 
the ICR at higher frequency of 7.58 GHz. At the 
frequency of 7.58 GHz, the surface currents on 
the ICR and the HMSR are anti-parallel to that 
on the bottom layer. This means the peak at the 
higher frequency is not only mainly contributed 
by the magnetic resonance of the ICR, but also 
rather weak anti-parallel currents between the 
ICR and HMSR. However, at the lower 
resonance frequencies of 4.19 GHz and 5.63 
GHz, the surface currents are strong coupled 
along the edges of HMRS. Thus, the strong 
induced electric field is created and it reverses to 
the incident electric field, which confirms the 
excited electric field is stronger than the incident 
electric field. It is clear that the electric 
resonance is excited at 4.19 GHz and 5.63 GHz. 
At the same time, the surface current distribution 
on the HMSR is anti-parallel with the current 
distribution in the ground layer, thus the 
circulating current is created and formed the 
induced magnetic field. The induced magnetic 
field is reverse with incident magnetic field, 
indicating that the strong magnetic resonance is 
also contributed in these resonant frequencies. 
Therefore, both the magnetic and the electric 
resonances are excited simultaneously at the 
lower frequencies of 4.19 GHz and 5.63 GHz.  

CONCLUSION 

A simple design of a novel co-polarization 
wideband MA based on asymmetric structure is 
proposed and investigated using numerical 
method. The unit cell of the proposed structure 
consists of metallic shape created by the 
combination of HMSR and ICR structure and 
ground plane separated by a dielectric layer. The 
effect of the structural parameters on the co-
polarization absorption is thoroughly 
investigated. The proposed MA shows a co-
polarization absorptivity of higher than 90% in 
wide bandwidth from 3.95 GHz to 8.02 GHz, 
which covers the entire C-band. The total 
average absorption can be retained above 75% 
for the wide incident angle up to 60o under both 
TE and TM polarizations. The electric and 
surface current distributions at three distinct 
absorption peaks are analyzed to explain the 
absorption mechanism. Also, the physical 
mechanism, which is confirmed by the retrieved 

constitutive electromagnetic, is mainly 
contributed by the magnetic resonance. In 
addition, the proposed MA presents an excellent 
practical feasibility in term of compact structure 
(unit cell dimension of ~λ/6.5 and thickness of 
~λ/11.8 at the center frequency) and wide 
incident angle insensitivity. The proposed MA 
in this work may find applications in the C-band 
defense and stealth systems that require only co-
polarization.  
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ABSTRACT 

 
We report a numerical study of a broadband metamaterial absorber in visible light region by utilizing a 
single layer of metal-dielectric-metal configuration. The absorption bandwidth and absorption 
performances are tailored by varying the resonator shapes and metal materials. The absorption bandwidth 
of the proposed MA structure is enhanced significantly with decreasing the order of rotational symmetry 
of the resonator shape. Using gold configuration, the 2-fold symmetry MA structure based on the double-
sized axe (DSA) shaped resonator exhibits the broadband absorption response over the entire visible light 
and apart of infrared spectrum range from 320 nm to 982 nm with absorptivity above 90% for both 
transverse electric and transverse magnetic polarizations. The physical mechanism of broadband 
absorption is explained by the current, electric and magnetic distributions, significantly affected by the 
propagating surface (PSP) and localized surface plasmon (LSP) resonances. Furthermore, the high 
absorber performances of the 2-fold symmetry MA structure can be obtained over entire visible light 
region (400 nm - 700nm) for both noble metal of gold and low-cost metal of nickel configurations, 
indicating the proposed absorber is a promising candidate for low-cost and large-scale fabricate device 
operated in visible light region.  
Keywords: Metamaterials, Visible light, Perfect absorption, Absorber. 

INTRODUCTION 

Metamaterial absorber (MA) has been 
intensively studied for both theoretical research 
and practical applications since Landy et al. 
proposed the microwave MA with near-unity 
absorbance in 2008 [1]. Generally, the 
metamaterial absorbers are designed based on 
the metal-insulation-metal (MIM) configuration 
because MIM configuration can be improved the 
absorption intensity of the MA [2]. By the 
turning the shape and size of metal patch 
resonator, the MA was designed for different 
operation frequencies ranging from microwave 
to optics frequencies. However, the controllable 
design of MA to obtain a wide operation 
bandwidth, insensitivity to light polarization, 
omni-directionality, and a considerable 
reduction in overall thickness has remained a 
challenging issue. Recently, many efforts have 
been recently focused on the extension of 
absorption band and control of absorption 
frequency range in visible light regime for 
practical applications like photovoltaic device, 

photo-detector, thermal emitter, and pulse 
generation, etc. [3,4,5,6].  

In this paper, we report a numerical study of 
a broadband metamaterial absorber in visible 
light region by utilizing a single layer of metal-
dielectric-metal configuration. The absorption 
bandwidth and absorption performances are 
tailored by varying the resonator shapes and 
metal materials. The absorption bandwidth of 
the proposed MA structure is enhanced 
significantly with decreasing the order of 
rotational symmetry of the resonator shape. 

EXPERIMENTAL  

The proposed MA is shown in the inset of 
Fig. 1. MA structure consists of a periodic array 
of various surface geometries from asymmetry 
to symmetry shapes (DSA to cross, square, and 
circle), respectively. The top and bottom layers 
are made of metal materials. The different metal 
materials are chosen to design the MA structure 
including noble metals (gold and silver) and 
common metals (nickel and aluminum). The top 
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metallic layer is placed directly on the surface of 
a homogeneous silicon dioxide substrate. 
Meanwhile, the backside of dielectric layer is 
coved the same metallic material with the top 
layer acting as the ground to block the 
transmission. Thicknesses of the layers from top 
to bottom are 15 nm (t1), 55 nm (h) and 15 nm 
(t2), respectively. The geometrical dimensions of 
the DSA unit cell are optimized using the 
numerical simulation based on frequency 
domain solver in a Computer Simulation 
Technology (CST) Microwave Studio. Based on 
the simulated results, the optimized dimensional 
parameters of the unit cells for designing of the 
broadband MA are as follows: P = 160 nm, R = 
50 nm, R1 = R2 = 30 nm, and W = 40 nm. The 
centers of the circles are O (x=0 nm, y=0 nm), 
O1(x=35 nm, y=-35 nm), O2(x=-35 nm, y=35 
nm). The influence of structural parameters such 
as different structure shapes and metallic 
materials on the absorption characteristics of the 
MA is simulated and evaluated. 

 
Figure 1. Absorption spectra of the proposed 
MA with various resonator shapes under normal 
incidence. The insets show the schematic of the 
proposed MA and top-view of various resonator 
shapes including circle, square, cross and 
double-sided axe (from left to right). 

The absorption of the MA can be calculated 
by A(ω) = 1 - T(ω) - R(ω), where A(ω), R(ω) 
and T(ω) are the absorption, reflection, and 
transmission of the absorber, respectively. The 
transmission T(ω) and reflection R(ω) are 
determined from the frequency-dependent S-
parameter S11(ω) and S21(ω), where T(ω) = 
|S21(ω)|2 and R(ω) = |S11(ω)|2. Because the 
thickness of the metal slab is thick enough to 
forbid the transmission of the incident wave 
(T(ω) = 0), the absorption could be simplified to 
be A(ω) = 1 - R(ω). 

RESULTS AND DISCUSSION 

The absorption spectra of the MAs designed 
with various resonator shapes under normal 
incidence for both transverse electric 
(TE) polarization are shown in Fig. 1. The 
absorption range of the proposed MAs can be 
controlled by varying the order of rotational 
symmetry of the resonator shapes. The largest 
and lowest RAB values are obtained in the MAs 
with DSA and circle resonator shapes, 
respectively. We note that the DSA shaped MA 
exhibits an absorption intensity higher than 90% 
in a wide wavelength range of 320-982 nm, 
covering from UV, visible to near-infrared 
regions and peak absorbilities of 98.97%, 
99.68%, and 99.18% in UV (~450 nm), visible 
(~546 nm) and near-infrared regions (~938 nm), 
respectively. The RAB of the DSA shaped MA 
reaches about 102%, which indicates a good 
wideband property. 

The physical mechanism of MA is generally 
based on the localized surface plasmon (LSP) 
resonance, the propagating surface plasmon 
(PSP) resonance, and the combination of both 
the LSP and PSP resonances. The distributions 
of current density, electric and magnetic fields 
are used to explain the absorption mechanism of 
the MA structure. Fig. 2 shows the current 
density and the distributions of electric and 
magnetic field of the DSA-shaped MA under the 
TE polarization at various resonant wavelengths 
of 450 nm, 546 nm and 938 nm in the YOZ 
plane. As seen in Figs. 2(a)-(c), the current 
density is mainly concentrated in the metallic 
resonator and on top of the metallic ground 
plane, which confirms the surface plasmon 
resonance. It was reported that the surface 
plasmon resonance can be attributed to the 
wideband absorption phenomenon. Furthermore, 
the electric current distributes in the top and 
bottom metal layers that means the origins of the 
energy loss in the dielectric layer which result in 
the broadband absorption. The electric field 
distribution is localized around the metal corners 
between the neighbor unit cells, as seen in Figs. 
2(d)-(f). Furthermore, the electric field is a 
strong coupled in to air-slot at that resonant 
wavelength of 938 nm, indicating that surface 
plasmon polaritons (SPPs) are excited in the 
structure. The distributions of the magnetic field 
at these resonant wavelengths are shown in Figs. 
2(g)-(k). The distributions of the magnetic field 
of the MA for various resonant wavelengths are 
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significantly different. It was reported that the 
different distributions of the magnetic field is 
due to different types of resonances such as LSP 
and PSP. At the resonant wavelength of 938 nm, 
the localized magnetic field within the gap 
between the top metallic resonator and the 
metallic ground plane results in LSP resonance. 
Meanwhile, the magnetic field is not only 
accumulated in the metallic resonator but also 
spread through the neighbor unit cells at the 
resonant wavelength of 450 nm, indicating that 
the absorption around 450 nm results from PSP 
resonance. Both the LSP and PSP resonances are 
excited at the resonant wavelength of 546 nm as 
evidenced by the distribution of magnetic field 
in Fig. 2(h). Both the LSP and PSP resonances 
are excited at the resonant wavelength of 546 
nm as evidenced by the distribution of magnetic 
field in Fig. 2(h).  

 
Figure 2 (a), (b), (c) Current density and 
distributions of (d), (e), (f) electric field and 
magnetic field on the YOZ plane of a unit cell at 
various resonant wavelengths of 450 nm, 548 
nm, and 938 nm, respectively. The y-direction is 
taken form -80 nm to 80 nm. 

Besides the order of rotational symmetry of 
resonator shape, the metal materials are also 
found to be affected on absorption performance 
of the MA as shown in Fig. 2. It can be observed 
that the variation of the metals not only 
influences the absorption range and bandwidth 
but also affects the absorption efficiency the 
DSA shaped MAs. Meanwhile, the absorption 
properties are almost unchanged for both TE and 
TM polarizations. The MA designed based on 
gold configuration shows the widest operating 
absorption band along with a high average 
absorption over both that band and visible light 

range, though these highest absorbencies are 
obtained for nickel configuration. We note that 
the DSA-shaped MAs give the average 
absorbance higher than 90% for both noble 
metals (gold and silver) and common metals 
(nickel and aluminum), and the nearly perfect 
absorbance (99%) for nickel and gold in the 
visible light range.   

 

 
Figure 3.  Absorption efficiencies of the 
proposed MAs designed with various metals 
under normal incidence for (a) TE and (b) TM 
polarizations. 

CONCLUSION 

A tailoring design of a broadband MA in 
visible light region based on a single layer of 
metal-dielectric-metal configuration was studied 
numerically. The absorption bandwidth and 
absorption performances were controlled by 
turning the shape and metal material of 
resonator shape. The absorption band was 
significantly increased with decreasing the order 
of rotational symmetry of patch resonator. Using 
the gold configuration, the broadband absorption 
response of the MA structure based on the 2-fold 
symmetry of the DSA shaped resonator over the 
entire visible light and apart of infrared 
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spectrum range from 320 nm to 982 nm with 
absorptivity above 90% for both TE and TM 
polarizations was obtained. The physical 
mechanism of broadband absorption was 
investigated by the current, electric and 
magnetic distributions, contributed by 
propagating surface plasmon (PSP) and 
localized surface plasmon (LSP) resonances. In 
addition, the high absorber performances of 
DSA shaped MA structure over entire visible 
light region (400 nm - 700nm) can be achieved 
for both noble metal of gold and low-cost metal 
of nickel configurations, suggesting that the 
proposed absorber is a promising candidate for 
visible light applications.  
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ABSTRACT 

 

Physicochemical characteristics of the nano-catalysts based on Nickel supported on -Al2O3-MgO, CeO2 

and SBA-15 prepared by impregnation method were determined by N2 physisorption measurements, 

powder X-ray diffraction, H2 temperature-programmed reduction, CO2 temperature-programmed 

desorption, and transmission electron microscopy. Kinetics of methane dry reforming (DRM) on catalysts 

was carried out in gradientless circulating micro-flow system at atmospheric pressure and temperature 

range of 600750 oC. The results showed that the carriers not only changed the specific surface area of the 

catalyst but also changed the active state of nickel. It was shown that on Ni/Ce and Ni/SBA samples nickel 

exists mainly in the form of small- and medium-sized NiO particles, while on the NiMg/Al sample-in the 

form of the mixed metal oxide phase MgxNi1-xO that should greatly affect the activity of the catalysts. The 

kinetic equation of the dry reforming of methane on three catalysts was writed by fractional equation, 

describing the dependence of the reaction rate on the concentration of CO2, CH4, and reaction products. 

The obtained kinetics show that the reaction takes place on two different types of centers. The order in the 

activity, apparent rate constant as well as adsorption constants of raw materials (H2, CO2) was observed as 

follows: NiMg/Al << Ni/Ce <Ni/SBA, while the activation energy (E) is in the opposite order. The highest 

activity was observed on the catalyst containing 40 wt.% NiO supported on SBA-15. 

Keywords: DRM, CeO2, SBA-15, MgO--Al2O3, Ni catalyst, CH4. 

INTRODUCTION 

Dry reforming of methane (DRM) is a 

promising way to convert greenhouse gases into 

valuable product, synthetic gas. Among metals, 

Nickel has been used frequently in researches. 

However, catalytic performance and stability of 

the Ni-based catalysts make them inapplicable 

commercially. So, many ways have been 

proposed to improve the Ni-based catalysts for 

reforming CH4. 

The most commonly used support for dry 

reforming of CH4 is Al2O3 while other supports 

such as MgO, TiO2, SiO2 and La2O3 are also used 

[1]. Studies have shown that the effect of the 

support could be attributed to direct activation of 

CH4 or CO2 by metal oxides and differences in 

particle size. Both Ni/α-Al2O3 and Ni/γ-Al2O3 

were unstable with time on feed stream for CH4 

reforming. While Ni/α-Al2O3 has been reported 

to be unstable due to carbon formation, phase 

change of γ-Al2O3 at 973K was the reason for 

instability of Ni/γ-Al2O3 catalyst [2]. The 

excellent thermo-stability of CeO2 and SBA-15 

materials  with unique properties such as flexible 

oxygen of CeO2 [3] and well-ordered structure 

with high surface of SBA-15, are assessed as 

potential supports for DRM reaction. 

To widely apply this process in simulation 

and industry, designing reactors and finding the 

optimal conditions for reaction, as well as the 

mechanism and kinetics of the process were 

extremely important. Kinetics research of DRM 

has been studied for many years. Many kinetic 

models were proposed, including the Power Law, 

EleyRideal and Langmuir-Hinshelwood model. 

Power Law model was used quite universally to 

calculate the kinetics for dry reforming. The main 

advantage of this model is the simplicity of 

applying and estimating parameters as the 

reaction order. However, it cannot fully explain 

the various steps in the reaction mechanism that 

occur on the catalyst surface [4]. 

Langmuir-Hinshelwood model received 

much attention from scientists [5] due to the 
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concordance between mechanisms and 

experimental results. For this model, both 

reactants were firstly adsorbed on the catalyst 

surface before proceeding the reaction between 

adsorbed species to form product. According to 

this mechanism, adsorption of raw substances 

could take place on one type or two different 

types of catalytic sites, resulting in the 

corresponding kinetic equations. 

Although there have been many studies on 

kinetics and mechanism of DRM reaction, but no 

agreement on the kinetic model of this reaction 

has been released. Furthermore, most of studies 

were still focused primarily on NiO/Al2O3 

catalyst, the kinetic studies for NiO catalyst 

supported on CeO2 and SBA-15 support was 

limited. This study is carried out to investigate 

property and activity of nickel catalysts supported 

on different support (Al2O3-MgO; CeO2 and 

SBA-15) as well as kinetics of DRM reaction on 

given samples. On these results, the effect of 

various supports would be clarified.  

EXPERIMENTAL  

CeO2 nanorods were obtained by following 

procedure outlined before [6]. SBA-15 was 

prepared by hydrothermal method, described in 

detailed in our previous paper [7]. 

The NiO catalysts supported on CeO2, SBA-

15, and MgO + α-Al2O3 were prepared by 

impregnation method. Physicochemical 

properties of catalysts were determined by 

several methods, detailed in [7]. Activity for 

methane reforming of the prepared catalysts was 

tested in a micro-flow reactor according to our 

published study [7]. The kinetics of CO2 

reforming of CH4 was studied in a gradientless 

flow-circulating system at 600750oC.  

RESULTS AND DISCUSSION 

Physicochemical characterization 

The XRD patterns of NiMg/Al, Ni/Ce and 

Ni/SBA samples were shown in Fig.1a. It could 

be seen that diffraction peaks characterizing NiO 

phase in Ni/Ce and Ni/SBA appear at 2θ = 37.2°, 

43.3°, 62.9°, 75.4°, and 79.6° corresponding to 

(101), (200), (220), (311), and (222) plans with 

high intensities [8]. Meanwhile, NiO diffraction 

peaks in NiMg/Al catalyst showed weak 

intensity. This would lead to differences in the 

active state of Nickel in these two catalyst groups, 

as observed in TPR analysis. 

  
Figure 1. XRD patterns (a) and TPR patterns (b) 

of NiMg/Al, Ni/Ce and Ni/SBA catalysts. 

H2-TPR pattern of NiMg/Al catalysts (Fig. 

1b) showed the main reduction peak with maxima 

at about 875 oC, corresponded to Ni2+ reduction 

in the mixed metal oxide phase (MgxNi1-xO) and 

weak peak at 325 oC, assigning to the reduction 

of the relatively free NiO species. Meanwhile, 

Ni/Ce catalyst (Fig. 1b) showed the peaks in the 

temperature range of about 300 to 400 °C, 

assigning to the reduction of weakly and strongly 

interactive NiO species with CeO2 supports while 

the peak at 450 oC is attributed to reduction of 

oxygen adsorbed on CeO2 surface. The broad 

weak peak at around 810 °C is the reduction of 

lattice oxygen in bulk CeO2. Meanwhile, H2-TPR 

profile of Ni/SBA catalyst exhibited two 

reduction zones: Treduction = 300–500oC with 

higher intensity and Tmax ~ 620oC. They were 

ascribed to the reduction of Ni2+ in NiO clusters 

with small, medium size and reduction of NiO 

dispersed deeply in pores or large-sized NiO 

sintered. From the above analysis, it is shown that 

on Ni/Ce and Ni/SBA catalysts nickel exists 

mainly in the form of small- and medium-sized 

NiO particles, while on the NiMg/Al sample-in 

the form of the mixed metal oxide phase MgxNi1-

xO, reducing at high temperature.  

Table 1. Structural properties of NiMg/Al, Ni/Ce 

and Ni/SBA catalysts 

Catalyst 
SBET 

(m2/g) 

Pore diameter  

(nm) 

Pore volume 

(cm3/g) 

NiMg/Al 7.1 2.02 0.002 

Ni/Ce 24.7 2.14 0.018 

Ni/SBA 232.6 6.08 0.273 

As it was followed from Tab.1, the specific 

surface area and the pore volume of the three 

catalysts are in the same decreasing order as 

Ni/SBA > Ni/Ce > NiMg/Al. The biggest value 

was attributed to Ni/SBA due to typical 

hexagonal structures along the channel system of 

SBA-15. Pore diameter of all three catalysts was 

ranging from 5.2 to 6.1 nm being suitable for 

diffusion of CH4 and CO2 into pores.  

SEM images (not shown) indicated that the 

particles in Ni/Ce are uniform and have diameter 
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of almost 40–50 nm. Meanwhile, the small 

particles (50–100 nm) doped on surface of bigger 

lumps is observed in Ni/SBA. Agglomeration of 

catalyst particles is observed in the three 

catalysts. On the other hand, in NiMg/Al catalyst, 

50–100 nm particles are attached to the surface as 

seen in both SEM and TEM images. 

CO2-TPD pattern of the three catalysts (not 

shown) reflected that there was one main 

desorption zone appearing at 60–250°C, 

corresponding to weak and mediate basic sites.  

Catalytic performance for DRM 

Figure 2 showed that Ni/SBA catalyst has the 

best activity among the three catalysts supported 

on different supports. While CH4 conversion on 

Ni/Ce catalyst is higher than that on NiMg/Al 

catalyst, CO2 conversion shows an inverted 

pattern. This is related to the high basicity of the 

catalyst promoted by MgO. The best activity of 

Ni/SBA catalyst could be explained by higher 

surface area for dispersing a bigger number of 

active sites and good reducibility. 

 
Figure 2. The conversion of a) CH4 and b) CO2 

in DRM over NiMg/Al, Ni/Ce, Ni/SBA catalysts. 

The kinetics of dry reforming of methane  
The results showed that there was no effect of 

internal diffusion when particle size of catalyst is 

less than 0.75 mm. Moreover, the external 

diffusion did not affect the reaction when total 

gas flow was changed from 6 to 36 L.h-1. 

 
Figure 3. Variation of reaction rate (r) with 

methane conversion extent (X) at different 

reaction temperatures on Ni/SBA catalyst.  

The plot of reaction rate (r) versus methane 

conversion extent (X) (Fig. 3) on three catalysts 

is in concave curve shape, implying that the 

reaction rate is inhibited at least by one of the 

products [9]. 

 
Figure 4. The dependence of logarithm of 

reaction rate (lgr) on (1 𝑇⁄ ) over NiMg/Al, Ni/Ce 

and Ni/SBA catalysts. 

The temperature dependence of the rate of 

DRM in the Arrhenius coordinates (lgr–1/T) at a 

constant composition of the reaction mixture 

(Fig.4) was nonlinear, indicating a fractional 

rational rather than exponential form of the rate 

equation.  

The partial pressure of CH4 and CO2 entered 

both the numerator and the denominator of the 

kinetic equation due to concave form of plot r–

𝑃𝐶𝐻4  and r–𝑃𝐶𝑂2. 
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Figure 5. Variation of reversed values of reaction 

rate (1/r) with partial pressure of hydrogen (𝑃𝐻2) 

on the catalyst. 

The dependence of reversed values of 

reaction rate (1/r) vs partial pressure of hydrogen 

(𝑃𝐻2) (Fig. 5) and carbon oxide (𝑃𝐶𝑂) (not shown) 

is nearly linear, that means, 𝑃𝐻2and 𝑃𝐶𝑂must 

appear in the denominator of the kinetic equation 

in power may be unit. 

From the experimental data, it follows that, 

the rate of DRM on NiMg/Al and Ni/Ce catalysts 

is described by equation (1) and on Ni/SBA 

catalyst is presented in equation (2). 

4 2

4 2 2

CH CO

' '

1 CH 4 2 CO 3

k P .P
r = 

(1+ k .P + k P )(1+ k .P + k P )H CO


 (1) 

4 2

4 2 2

CH CO

'

1 CH 3 CO 4 2 CO

k P .P
r = 

(1+ k .P + k .P  + k P )(1+ k .P )H

  (2) 

Where: 2

4 2

2 2

CO H

CH CO

P .P
= 1

Κ .P .PEq

   (3)

 
The values of the kinetic constants in the 

equation (1) and (2) have been indicated in Table 

2.  

Table 2. Constants of Eqs. (2), (3) and the root-

mean-square deviations (∆) of calculated 

reaction rates from experimental values 

Kinetic 

constants 

Catalysts 

NiMg/Al Ni/Ce Ni/SBA 

k, 

mmol.g-

1.h-1hPa-2 

28000

21.38 10 RTx e


 

2550

23.82 10 RTx e


 

1180

85.79 10 RTx e


 

k1,hPa-1 25800

71.16 10 RTx e  
3970

31.72 10 RTx e  
21500

31.12 10 RTx e  

k3,hPa-1 0 0 
1010

6.30 RTe  

k4, hPa-1 

16300

74.22 10 RTx e  
5070

51.19 10 RTx e

 

3630

64.28 10 RTx e  

𝑘2
′ , hPa-1 

3530

27.28 10 RTx e  
15100

32.79 10 RTx e  
449

34.39 10 RTx e  

𝑘3
′ ,hPa-1 5800

41.39 10 RTx e  
3180

55.10 10 RTx e  

3530

27.28 10 RTx e

 

∆, % 28.8 19.6 25.2 

From the kinetic equations (2) and (3), it is 

shown that the reaction followed the Langmuir – 

Hinshelwood mechanism. The inhibition of raw 

materials was stronger than that of products. The 

reaction takes place in the medium coverage area 

as  = 0.5. The order of the apparent rate constant 

(k) coincides with the order of the adsorption 

constants of H2 (k1) and CO2 (𝑘2
′ ): NiMg/Al << 

Ni/Ce <Ni/SBA, indicating that to have a high 

activity, the catalyst needs a high adsorption 

affinity with both feed substances. The value of 

the activation energy (E) is in the opposite order, 

showing that, by using different carriers, the 

reaction activation energy can be changed, and 

that changed the reaction rate.  

CONCLUSION 

Possessing specific physico-chemical 

properties NiO catalyst on various supports 

owned a difference in their catalytic activity and 

kinetic characteristics. Over three catalysts the 

general kinetic equation for DRM, following the 

Langmuir–Hinshelwood mechanism, has been 

found. In which both CH4 and CO2 participate the 

reaction in form of adsorbed molecules. The 

adsorption and inhibiting reaction of products is 

weaker than the raw material. The activation 

energy of the DRM reaction can be reduced by 

using new carriers such as CeO2 and SBA-15, 

thereby greatly increasing the activity of the NiO 

catalyst. The highest activity was observed on the 

catalyst 40 wt.%/SBA-15 thank to its high surface 

arear, high reductivity and high adsorption 

ability. 
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ABSTRACT 
These day, environmental pollution in general and water pollution in particular are becoming more 
serious than before. Heavy metal ions in wastewater from various industries such as electroplating, 
tanning, weaving, processing steel and coating... When discharged into the environment and infiltrating 
into domestic water sources will greatly affect to the living body in general and human health in 
particular. Lead ion (Pb2+) is one of them, their toxicity is not acute, but they are very common in the 
water and their concentration must be limited. Clinical medicine proves Lead is one of the trace elements 
that accumulates in brain and bone by the time, which is difficult to be eliminated from the human body. 
New materials based on magnetic materials for water treatment, which are not only focused on research 
but also widely apply in practice. In this paper, we will report on the characteristic properties and 
adsorption capacity lead ions of Fe3O4@Poly(glycidyl methacrylate) nanocomposite material. Analytical 
methods such as XRD, FTIR, SEM ... have been used and the Langmuir adsorption isotherm model has 
been considered. 
Keywords: SPION, hydrogel, nanocomposite, water treatment, Pb(II) ions. 

INTRODUCTION 

Water is a necessary condition of life, the 
explosion of human population has led to 
narrowing of surface water and increasing water 
pollution. In addition, negative effects from 
urbanization and industrialization have led to 
increasingly serious pollution of water, amount 
of wastewater from factories is not thoroughly 
treated. Therefore, the content of heavy metals is 
still abundant, which are metals with a density 
of > 5 mg/cm3, a group of highly toxic heavy 
metals such as Mercury (Hg), Chromium (Cr), 
Lead (Pb), Cadimi (Cd), Arsenic (As), 
Manganese (Mn), Cobalt (Co)... they are not 
toxic in free-form elements but very toxic in 
ionic form. The accumulation of these metal 
ions in the body will disrupt the synthesis of 
hemoglobin, vitamin D metabolism, kidney 
dysfunction, spinal cord destruction and cancer.  

Lead ion is a cause of lung cancer, stomach 
and glioma. Besides, lead poisoning can cause 

infertility or miscarriage… The U.S EPA 
(United States Environmental Protection 
Agency) set the maximum lead concentration 
allowed in public drinking water at 15 µg/l. 
Therefore, the removal of lead ion (Pb2+) from 
water sources living, especially drinking water is 
an urgent issue to protect health of human. 

Using nanocomposite materials with 
magnetic nanomaterials Fe3O4 (for separating 
and recycling heavy metal ions after adsorption) 
and background materials are biodegradable 
polymers (safe for organisms), which is solution 
we think be reasonable at the present time. 

EXPERIMENTAL  

1. Materials and characterizations  
Materials 
Monomer Glycidyl methacrylate (GMA) 

(2,3 Epoxypropyl), 2,2’ Azobis-isobutyronitrile    
(AIBN), poly-vinyl pyrrolidone (PVP), Iron (III) 
chloride hexahydrate (FeCl3. 6H2O), Iron (II) 
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chloride tetra hydrate (FeCl2. 4H2O), 
ammonium hydroxide (25%) (NH4OH), 
Deionized water and ethanol. 

Characterizations  

X-ray diffraction (XRD) diagram of patterns  
were measured by a D8 Advance –Bruker 
(Germany) diffractometer, using (Cu Kα   
radiation with  λ=1.5406 Å) in the 2θ  range 
from 20 to 70 degrees at room temperature, due 
to confirm component phase of materials. 

Scanning Electron Microscopy (SEM, JSM-
5500) was used to survey the surface 
morphology of microspheres at voltage of 15 kV 
. The average size (ED) and root mean square 
deviation (Cv) for size distribution were 
determined by evaluation of the SEM image: 
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Where d i was microsphere size; ni was the 
number of micro-spheres with size of di. 

Fourier transform infrared spectroscopy 
(FTIR) were recorded on a Brucker-Model IFS 
28 spectrometer at room temperature. The 
samples were thoroughly milled with KBr and 
pressed into pellets. 

Magnetic hysteresis loop shows detailed 
parameters about the magnetic properties of 
materials by using vibrating sample 
magnetometry (VSM) (MicroSense USA-Model 
029349-A01 6MM) at room temperature. 

Pb (II) ions absorption capacity of the 
material is determined by the atomic absorption 
spectra (AAS) on Perkin Elmer 3300 system at 
pH~5.5 and room temperature, maximum 
adsorption concentration is calculated from the 
Langmuir isotherm equation: 

 
Where  qe is the equilibrium adsorption capacity 

(mg/g). 
Ce is the equilibrium concentration of 
lead ion in solution (mg/l). 
qmax (mg/g) is the maximum Langmuir 
monolayer adsorption capacity.  
b is the Langmuir equilibrium constant.  

2. Preparation of multifunctional 
microspheres          

Overview diagram of the experimental is 
shown in Figure 1. 

 
Figure 1. Overview diagram of the 
experimental.                           

Polymerization of monodisperse poly 
(glycidyl  methacrylate) microspheres (PGMA):   

3g PVP, 152.7 (ml) ethanol and 13.5ml H2O 
was given  into the reaction flask and stir, giving 
11.2 ml monomer glycidyl methacrylate (GMA) 
and 0.24 (g) AIBN were added into the flask. 
Nitrogen gas (N2) was bubbled through the 
solution to remove oxygen from the system 
during 16 hour at 700C and then by cooling. 
Begin stirring, we obtained a colorless solution. 
After one hour, that solution was transfered to 
white colour. Then, the sample was washed 
several times by ethanol and DI water. At the 
end, the sample was dried, we obtained PGMA 
sample. 

Synthesis and functionalized poly(glycidyl 
methacrylate) microspheres with super 
paramagnetic iron oxide nanoparticles (M-
PGMA): dried PGMA was dispersed into DI 
water and cooled down to 100C. FeCl3.6H2O  
and FeCl2.4H2O was dissolved in 40 ml of 
water and cooled down to 100C - fabricated 
super paramagnetic iron oxide nanoparticles 
(SPION), and then mixed with the latex in a 
rotating container which was rapidly evacuated 
down to 10 mmHg. After 20 minutes, ammonia 
solution (25%) was added by suction. The 
reaction continued for 30 minute at 800C, the 
mixture was cooled and the particles were 
swashed several times with water to remove 
excessive ammonia. The particles were then 
dried by lyophilization.  

RESULTS AND DISCUSSION 

X-ray diffraction (XRD) spectra was used to 
analyze the crystalline characteristic information 
of the super paramagnetic nanoparticles Fe3O4. 
Figure 2 shows the XRD pattern of samples 
fabricated under the same experimental 
conditions- pure Fe3O4 nanoparticles and Fe3O4 

coated with PGMA polymer (M-PGMA). The 
position of the diffraction peaks at the lattice 
planes (2 2 0), (3 1 1), (4 0 0) and (4 4 0) on the 
XRD spectrum is tied to the standard spectrum 
of pure Fe3O4 material. 
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Figure 2. XRD pattern of the Fe3O4 
nanoparticles and Fe3O4@Poly(glycidyl 
methacrylate). 

SEM images of  PGMA microspheres (a1 
and a2) and M-PGMA microspheres (b1 and b2)  
at different scales is shown in Figure 3. It was 
found that particles of PGMA are spherical and 
have smooth surface. The beads of M-PGMA 
are spherical but the surfaces seem not so 
smooth, because the swollen reagent chloroform 
changes the morphology of microspheres and 
some nanoparticle Fe3O4 were conglutinated 
into the surfaces of microspheres. 

 
Figure 3. SEM images of (a1 and a2) PGMA,  
(b1 and b2) M-PGMA. 

The average sizes of microspheres are shown 
in Table 1 

Table 1: The average size and size distribution of 
microspheres PGMA and M-PGMA 

 
 

The FTIR spectra of the two samples, 
(a).PGMA, (b).M-PGMA are shown in Figure 4.  

The absorption peak at nearly identical 
position such as the band at 3001 cm-1,2944 cm-1 
, 2943 cm-1 corresponds to C-H bending, 
absorption peak at wave number 1730 cm-1, 
1724 cm-1, 1722 cm-1, 1723 cm-1 corresponds to  
C=O and characteristic of carbonyl group, the 
band at around 1486 cm-1, 1454 cm-1 were 
assigned to aliphatic O-H stretching. The 
samples M-PGMA appear a band at 592 cm-1 
was assigned to the vibration of the Fe-O bond 
of the iron oxide. 

 
Figure 4. FTIR spectrum of PGMA and M-
PGMA. 

The magnetic properties of Fe3O4 
nanoparticles and M-PGMA microspheres was 
analyzed with VSM as shown in Figure 5. 

 
Figure 5. Hysteresis loop of Fe3O4 nanoparticles 
and  M-PGMA microspheres. 

The saturation magnetization value of 
superparamagnetic microspheres M-PGMA was 
5.6 (emu/g) and Fe3O4 nanoparticle was 42,16 
(emu/g) at the room temperature. S-like curves, 
the magnetic hysteresis curve of Fe3O4 
nanoparticles show which have super 
paramagnetic properties. The saturation 
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magnetization of M-PGMA material compared 
to Fe3O4 nanoparticle being significantly 
reduced, caused by influence of polymer coating 
on magnetic properties of materials. In addition, 
the hysteresis loop of M-PGMA material has a 
small delay, reason is Fe3O4 nanoparticles being 
fixed by the polymer matrix. 

 Survey results show that the time to reach 
adsorption equilibrium is about 120 minutes. 
The maximum adsorption capacity at 300C. The 
linear form of the Langmuir equation is shown 
in Figure 6. 

 
Figure 6. The Langmuir adsorption isotherm 
linear of M-PGMA for lead ion (Pb2+). 

From Figure 6, we can see that the Langmuir 
isothermal adsorption model describes quite 
precisely the Pb2 + ion adsorption of M-PGMA 
(R2 = 0.99523). Maximum adsorption capacity 
qmax of M-PGMA for Pb2 + ions, it is 78.2 mg/g 
and the constant b = 0.0822 (l/mg). 

CONCLUSION 

In this paper, we have successfully 
synthesized Fe3O4@Poly(Glycidyl 
Methacrylate) nano composite material, which is 
homogeneous dispersion microspheres have 
1.39 µm in size with a combination of super 
paramagnetic properties of super paramagnetic 
iron oxide nanoparticles Fe3O4 (the saturation 
magnetization value was 5.6 emu/g). Lead ion 
adsorption capacity in water of the material has 
been surveyed, applying Langmuir adsorption 
isotherm model to determine the maximum 
adsorption capacity qmax of Fe3-
O4@Poly(Glycidyl Methacrylate) material is 
78.2 mg/g, and Langmuir equilibrium constant b 

is 0.0822 (l/mg). From the results achieved, we 
can see that M-PGMA material is capable to 
removing lead ions (Pb2+) in water treatment 
applications. 
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ABSTRACT 

 
ZnSe:X luminescent nanoparticles doped with X such as manganase, copper and silver that emit light 
were synthesized in aqueous media. Blue and orange emission of as-prepared nanoparticles is a result of 
doping transition metals. Especially, the various capping agents were applied to control the size of 
luminescent nanoparticles. In this study, the mercaptopropionic acid (MPA), polyethylene glylcol (PEG), 
Poly vinylalcohol (PVA) and starch were used as capping agents, respectively. Photoluminescence from 
the obtained nanoparticles was tuned from 450-600 nm by regulating feeding molar ratio [Zn]/[X]. the 
nanopartilces emit various light with a quantum yield about 35-45%. The sizes of nanoparticles are 20-
100 nm and the physical-chemical, structural properties were mentioned. 
Keywords: Luminescent nanoparticles, green synthesis, capping agents, aqueous phase synthesis

INTRODUCTION 

Colloidal semiconductor nanocrystals (NCs) 
have attracted great attention in recent years for 
their unique electrical and optical properties. 
Interestingly, direct band gap semiconductor 
NCs are inorganic lumophores that have high 
quantum efficiencies, color-tunable and narrow 
emission spectra, and excellent chemical 
stability [1, 2, 3]. So far, these properties have 
created many applications for NCs in light-
emitting diodes (LEDs), lasers, biological and 
chemical sensing, and solar cells [4, 5, 6]. 
Doping with atomic impurities is an efficient 
way to generate luminescent NCs, due to their 
strong dopant emission. To date, colloidal NCs 
have successfully been doped with transition 
metals (such as Fe, Ni, Mn, Cu) and lanthanides 
(such as Eu, Er, Tm, Tb) to alter their electronic, 
optical or magnetic properties [5]. Light 
emission is independent of the band gap of the 
host materials and largely immune to the 
thermal and chemical variations of the 
surrounding medium [6]. In order for these 
doped NCs to be luminescent at the colours of 
the dopant, the excitation energy of the dopant 
needs to be smaller than the band gap of the host 
material to enable energy transfer of an exciton 
in the NC core to the impurity dopant. In this 

vein, procedures for doping of high band gap 
materials, such as zinc selenide or zinc sulfide 
with manganese (ZnSe:Mn, ZnS:Mn NCs), were 
developed, which result in visible 
phosphorescence from the Mn2+ 4T1 →  6A1 
transition centered at 580 nm[5,10]. Either the 
various capping agents concentrations can 
change the PL QYs or the emission colors under 
UV light (365 nm). 
In this paper, we report the synthesis of low 
toxicity ZnSe:Mn NCs in the aqueous phase is 
presented using various capping agents such as 
starch, PVA, PEG AND MPA as a stabilizer at 
low temperature (80–100 ºC). 

EXPERIMENTAL  

1. Chemicals  
Manganese (II) acetate (Mn(OAc)2) (Mn 
(CH3COO)2.4H2O, 99.99%), zinc acetate  
(Zn(OAc)2) (Zn (CH3COO)2.2H2O, 99.99%)  
and sodium sulfide  (Na2S),  2-propanol (HPLC 
grade), 3-mercaptopropionic acid (MPA, 99+%), 
sodiumborohydride (NaBH4,  96%), selenium 
powder (99.5%), polyethylene glycol – (PEG 
1500), poly vinylalcohol (PVA) and starch.  All 
the chemicals are of analytical grade and 
purchased from Sigma-Aldrich. Deionized water 
(DI water) used in all synthesis was high purity 
grade with a conductivity of 18.2 MΩ cm.  
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2. Characterization.  

Fluorescence measurements were performed 
using WGY-10 fluorescence spectrophotometer. 
All optical measurements were carried out at 
room temperature. The photoluminescence 
quantum yield (PL QY) of NCs was measured 
according to the method described in Crosby 
and Demas [1,2]. PL QYs were determined by 
comparing the integrated emission of the NCs 
samples in water with that of fluorescent dye 
rhodamine 6G (PL QY = 95% in ethanol) with 
identical optical density (0.05-0.1) at the 
excitation wavelength. X-ray diffraction 
measurements were performed on a D/Maxrint 
2000 powder X-ray diffractometer with Cu Kα 
radiation (λ = 1.5418 Å). The X-ray 
photoelectron spectra (XPS) were taken on a 
Thermo Scientific K-alpha electron energy 
spectrometer using Al Kα (1486.6 eV) as the X-
ray excitation source (VG Multi-lab ESCA 200 
System model).  The samples used for XRD, 
TEM were prepared as follows: the NCs 
solution was firstly concentrated to one-tenth of 
the original volume, and then the NCs were 
precipitated with 2-propanol and collected via 
centrifugation, finally the colloidal precipitate 
was dried in a vacuum drying oven. 
Transmission electron micrographs (TEM) 
images were acquired using a JEM 2100F 
transmission microscope with acceleration 
voltage of 200 kV.  TEM samples were prepared 
by dropping the samples dispersed in water onto 
carbon coated copper grids with excess solvent 
evaporated. The average size of NCs was 
determined using ImageJ software from TEM 
images.  

3. Synthesis 

Using Starch, PVA, PEG and MPA, as capping 
ligand in the preparation of ZnSe or other II-IV 
semiconductor NCs in the aqueous route due to 
its preferable binding capacity [1, 2]. NaHSe 
was produced by reaction between NaBH4 and 
Se powder as previous report [2]. An aqueous 
colloidal ZnSe solution was prepared using the 
reaction between Zn2+ and NaHSe solution 
following the literature method.  The Zn2+ 
precursor solution was prepared by dissolution 
of 10 ml of zinc acetate 0.1 M in 90 ml of DI 
water, and 40 ml of capping agents (starch, 
PVA, PEG, MPA) 0.1 M in three-neck flask, 
then the pH of this system was adjusted to pH = 
6.5 using NaOH 2 M with vigorous stirring. This 

three-neck flask was degassed by N2 bubble in 
30 mintutes, and the NaHSe solution was 
injected into the Zn2+ precursor solution at room 
temperature under oxigen-free. The color of the 
solution changed immediately upon addition of 
selenide ion solution, indicating the formation 
ZnSe nanoparticles. The mixture was further 
stirred to 50-100 ºC relating to the capping agent 
and refluxed for 3 hours for complete ZnSe:Mn 
crystals growth and age for 24 h followed by 
filtration. The precipitate was washed several 
times and dried at room temperature to give a 
material which readily disperses in water.  

RESULTS AND DISCUSSION 

1. Photoluminescence (PL) 

Fig. 1 shows that the ZnSe:Mn NCs produce 
light blue-emission at 400–420 nm. 
Furthermore, Mn2+ centered emission at 580–
600 nm is increased dramatically from surface 
passivation as seen in the ZnSe:Mn spectra. The 
importance of doping Mn in ZnSe shell using 
different capping agents is that the space effect 
of agents could affect the size and the amount of 
Mn2+ ions in ZnSe crystals. 

 
Figure 1. PL spectra of ZnSe:Mn(5%) with 
various capping agents. 

The starch-capped ZnSe:Mn nanoparticles 
has the highest photoluminescence intensity at 
580 nm, the PEG-capped ZnSe:Mn has the 
lowest PL intensity due to the different capping 
agents, which prevents the nanoparticles to 
aggregate and give the various amount Mn2+ 
ions doped into the ZnSe crystals. The higher 
the doped Mn2+ concentration is, the higher the 
PL intensity is. It is proved that the prevention 
of aggregation of nanoparticles in the presence 
of the surfactant is more effective. This capping 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

400



  

agent’s molecules bind to the surface of the 
particle by stabilizing the nuclei and larger 
nanoparticles against aggregation, hence 
controlling the growth of nanoparticles. The 
PEG has the long polymer chains which prevent 
the entrance of Mn2+ ions into the ZnSe crystals. 
[7-11] The MPA has small molecule, but the 
nanocrystals may have the high aggregation. So 
it may cause the low PL intensity. The PLQY of 
obtained emitting nanoparticles could be 35-
45%. 

 
Figure 2. The FT-IR spectra of ZnSe:Mn with 
various capping agents.  

FT-IR spectra confirm the capping of the 
particles by capping agents (Fig. 2). The strong 
band at 3298cm−1was attributed to the O–H 
stretching of starch and it width was ascribed to 
the formation of inter and intra-molecular 
hydrogen bond. The band at 2921cm−1 was 
ascribed to the asymmetric stretching of C–H 
while the band at 1630cm−1 was attributed to 
tightly bound water present in the starch. The 
two characteristic bands at the fingerprint region 
of spectra at 1146 cm−1 and 1075 cm−1 were 
attributed to the C–O, C–C stretching and C–O–
H bending of starch respectively while the band 
at 1330 was attributed to the angular  
deformation of C–H. The prominent band at 992 
was attributed to the skeletal mode vibration of 
α 1–4 glycosidic linkage (C–O–C) while the 
band at 757 was attributed C–C stretching [8-
10]. 

 
 
Figure 3. XRD patterns of ZnSe:Mn powders 
synthesized in various capping agents.  

Figure 3 shows the diffraction patterns of 
ZnSe:Mn synthesized in various capping agents 
possess zinc-blende crystal structures, due to the 
display of XRD patterns at the (111), (220) and 
(311) planes. The MPA-capped ZnSe:Mn 
nanocrystals has the cubic crystals, while PVA-
capped, PEG-capped and starch-capped 
ZnSe:Mn have wurtzite crystals. This supports 
the longer polymer chains that ZnSe:Mn can be 
more easily incorporated in wurtzite ZnSe NCs 
in cubic crystals [1,2]. In addition, we can 
conlude that doping Mn2+ into the host ZnSe of 
the shell NCs does not bring about a phase 
transformation of the crystal structure. 

Transmission Electron Microscopy (TEM) 

  Figure 4 show that the TEM image and 
particle size distribution of the various capped 
ZnSe:Mn nanoparticles. This TEM image 
indicates the monodispersed spherical 
crystallite. The nanoparticles are clearly well 
identified and no effective aggregation of bulk 
particle is formed. The particle range is 20 nm to 
100 nm. The MPA-capped ZnSe:Mn and starch-
capped ZnSe:Mn nanocrystals have 15-25 nm 
spheres. However, the PVA-capped, PEG-
capped ZmSe:Mn have larger sphere diameters 
such as 40-100nm. This can be explained 
according to XRD patterns as well. It could be 
assessed that the size chains of polymer as a 
stabilizer causes the number of doped emission 
ions (Mn2+) and the size of nano crystals [1,9-
11]. 
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Figure 4. The TEM images of ZnSe:Mn capped 
with Starch (A), PVA (B), PEG (C) and MPA 
(D) . 

CONCLUSION 
  The present study outlines the synthesis of  

nanaostructured zinc selenide doped Mn2+ by 
hydrothermal method using poly vinylalcohol 
(PVA), starch, poly ethylene glycol (PEG) and 
mercaptopropionic acid (MPA) as capping 
agent. The physico-chemical characterization 
involved XRD, TEM and PL spectroscopy. The 
XRD studies showed that the polymer ZnSe 

nanoparticles exihibit hexagonal crystal 
structure. The capping agent modifies the size 
and the electro-optic properties of  ZnSe:Mn the 
nanoparticles.  

The maximum efficiency was observed in the 
UV light irradiation. This nanoparticles exhibits 
excellent photo-optonic activity and can be 
considered as a promising detection for 
treatment of various bacteria.  
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ABSTRACT 
 

In this study, pristine multi-walled carbon nanotubes (p-MWCNTs) are functionalized by wet chemical 
oxidation methods with a 1:3 mixture of nitric acid and sulfuric acid solutions. The influence of different 
concentrations of nitric acid solution on the characteristics of MWCNTs are systematical investigated for 
the first time. Different techniques such as FE-SEM, EDX, Raman and TGA are employed to explore the 
effect of functionalization on the MWCNTs. The FE-SEM images show that the functionalized MWCNTs 
are significant improved dispersibility in comparison to p-MWCNTs. EDX measurements indicate that the 
oxygen content of pristine MWCNTs is 8.27 at%, the percentage increases up to 19.75 at% when MWCNTs 
is treated with a 1:3 mixture of 4.0M HNO3/10.0M H2SO4 for 20h. Thermal gravimetric analysis 
demonstrates that the highest weight loss of 30.69% is obtained for the treatment with the 1:3 mixture of 
4M HNO3/ 10M H2SO4 for 20h. The oxidation condition of a 1:3 mixture of 4M HNO3/10M H2SO4 
demonstrates to be the most effective for functionalization of the MWCNTs with no destruction of the 
nanotubes 
Keywords: Multi-walled carbon nanotubes, wet chemical oxidation, surface functionalization, Raman 
spectroscopy, thermalgravimetric analysis 

INTRODUCTION 

Multi-walled carbon nanotubes (MWCNTs) 
are one of the most promising materials for many 
applications due to its excellent properties such 
as unique electrical, mechanical, optical and 
chemical properties [1,2]. However, dispersion, 
solubility and processability still limit their 
applications [3]. To improve dispersion of 
MWCNTs, wet chemical oxidation is considered 
as one of the most widely employed methods due 
to its versatility and efficiency [4,5]. The most 
common reagents used for oxidation treatment 
are HNO3, H2O2, H2SO4 and KMnO4 or mixture 
of them [6,7]. After the oxidation treatment, a 
variety of functional groups such as carboxylic, 
carbonyl and hydroxyl groups are formed on the 
surface of MWCNTs [8].  

Oxidation of MWCNTs is considered to be 
the first step that allows further functionalization 
by molecular structure or nanoparticles [9]. 
Therefore, knowledge the influence of the 
oxidation processes on the nanotubes could allow 
better controlling the ultimate structure and 
property of MWCNTs. The main goal of this 
work is to perform a systematic study of the 

influence of different concentrations of nitric acid 
solution on the properties of multi-walled carbon 
nanotubes. 

EXPERIMENTAL  

Materials and chemicals 
The pristine multi-walled carbon nanotubes 

(p-MWCNTs) used in this study have a purity of 
95% and outer diameter of 10-40 nm. 65% nitric 
acid (HNO3) and 95% sulfuric acid (H2SO4) are 
purchased from Merck, Geman. Distilled water 
are used as solvent. 
Preparation of oxidized MWCNTs 

Oxidized MWCNTs (MWCNTs-COOH) is 
prepared by wet chemical oxidation of p-
MWCNTs in a mixture of nitric acid and sulfuric 
acid solutions. A volume of 20 ml is prepared 
from a 1:3 mixture of HNO3 and H2SO4. 100 mg 
of p-MWCNTs is added in the mixture of acids 
and sonicated at room temperature for 1h, 
followed by magnetic stirring for 20h at 80°C. 
The MWCNTs in the acid solution is then 
repreated several times of dilution with distilled 
water and filtration until the pH ∼ 6. The oxidized 
MWCNTs are collected and dried at 70°C for 
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24h. To investigate the effects of different 
concentrations of nitric acid solution on the 
nanotubes, we have carried out the 
functionalization of MWCNTs with different 
concentrations of 4M, 7M and 14M. The details 
of these prepared samples and their codes are 
given in Table 1. 
Table 1. Oxidative treatments conducted on the 
MWCNTs 

Samples Oxidation conditions 
S0 No treatment (pristine MWCNTs) 
S1 14M HNO3, 80°C, 20h 
S-4M 4M HNO3/ 10M H2SO4, 80°C, 

20h 
S-7M 7M HNO3/ 10M H2SO4, 80°C, 

20h 
S-14M 14M HNO3/ 10M H2SO4, 80°C, 

20h 
Characterization techniques. 

The surface morphology of nanotubes is 
observed by Field Emission Scanning Electron 
Microscope (Hitachi FE-SEM SU8010) using 
secondary electron and backscattering modes 
with an accelerating voltage of 10 kV. Energy 
dispersive X-Ray (EDX) spectrometer attached 
to the FE-SEM is employed to determine the 
elemental compositions in the MWCNTs. 
Thermal Gravimetric Analysis (TGA) is carried 
out on a TGA/ EVO2G-TG instrument at a 
heating rate of 10°C/ min in air to determine the 
contents of functional groups and thermal 
stability of nanotubes. Raman spectra is recorded 
by a Jobin Yvon LabRaman Instrument at a He-
Ne laser of wavelength at 632.8 nm. 

RESULTS AND DISCUSSION 

Fig. 1 illustrates the FE-SEM images of the 
pristine MWCNTs (S0) and functionalized 
MWCNTs: S1, S-4M, S-7M, S-14M. We use FE-
SEM images to compare the dispersion behavior 
of p-MWCNTs and oxidized MWCNTs. As 
shown in figure 1(a), the p-MWCNTs tend to 
agglomerate and are poorly dispersed because of 
strong interaction between MWCNTs. In 
addition, the p-MWCNTs contain amorphous 
carbon. We can see that the sidewall of oxidized 
MWCNTs (Fig.  1(b-e)) can be observed more 
clearly due to the removal of the amorphous 
carbon after acid treatment. As observed in figure 
1(b-e), every individual MWCNTs are hollow 
and tubular in shape and oxidized MWCNTs 
exhibits the best dispersion. With regard to 
sample S-14M, there is cutting on the nanotubes 

under the oxidation treatment with a 1:3 mixture 
of 14M HNO3/10M H2SO4 for 20 h. 
 

 
Figure 1. FE-SEM images of (a) pristine 
MWCNTs (S0) and oxidized MWCNTs: (b) S1, (c) 
S-4M, (d) S-7M and (e) S-14M. 

Energy dispersive X-Ray analysis (EDX) 
analysis is conducted on several zones of the 
MWCNTs samples in order to identify the 
elements present on the surface as shown in 
figure 2. The elemental composition reported in 
table 2 shows the atomic percentage (at %). As 
seen in table 2, the carbon and oxygen are 
detected in all the samples [7]. EDX analysis also 
exhibits the presence of a small amount of Al 
(0.38 at %) in the p-MWCNTs. As seen in figure 
2(c, d, e), Al is removed after acid treatment, 
carbon is the major element, followed by oxygen 
and with a small content of sulfur [7]. In this 
work, the oxygen content is of particular interest. 
According to EDX results in table 2, the oxygen 
content of S0, S1, S-4M, S-7M and S-14M 
samples is determined to be 8.27, 12.16, 19.75, 
18.23 and 18.85 at%, respectively. It is 
interesting to notice that the oxygen content 
increases after chemical oxidation treatment. 
Particularlly, the oxygen contents of the 
MWCNTs samples treated with a mixture of 
HNO3/ H2SO4 are much higher in comparison to 
the samples treated with HNO3. In addition, the 
sulfur content in the samples S-4M, S-7M, S-
14M is determined to be 0.56, 1.59 and 0.45 at%, 
respectively. 
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Figure 2. EDX spectra of (a) pristine MWCNTs 
(S0) and oxidized MWCNTs: (b) S1, (c) S-4M, (d) 
S-7M and (e) S-14M.  

Table 2. Chemical compositions of pristine and 
oxidized MWCNTs 

Samples Elemental compositions (at%) 
 C O Al S 
S0 91.56 8.27 0.18 - 
S1 87.83 12.16 - - 
S-4M 79.69 19.75 - 0.56 
S-7M 80.18 18.23 - 1.59 
S-14M 80.61 18.85 - 0.45 

The structure differences between p-
MWNCTs and oxidized samples are 
characterized by Raman spectroscopy as 
indicated in Figure 3. As can be observed in Fig. 
3, there are two characteristic peaks in all spectra 
[5,6,9]. The D band is identified at 1323, 1334, 
1338, 1335 and 1341 cm-1 for samples S0, S1, S-
4M, S-7M and S-14M, respectively. The G band 
is located at 1579, 1583, 1590, 1587 and 1592 cm-

1 for samples S0, S1, S-4M, S-7M, S-14M, 
respectively. It can be seen that the position of the 
D and G band is shifted to higher wave numbers 
for oxidized MWCNTs compared to the pristine 
MWCNT [7-9]. The ratio between the intensity 
of the D and G bands, noted ID/IG, has been 
calculated for the different samples from the 
Raman data, and the values are listed in Table 3. 
The ID/ IG ratios of the samples S1, S-4M, S-7M 

and S-14M corresponding to 1.22, 1.26, 1.24 and 
1.37 are slightly increased in comparison to the 
S0 sample (1.15), indicating the attachment of the 
carboxylic acid groups [7-9].  

 
 
Figure 3. Raman spectra of (a) pristine MWCNT 
and oxidized MWCNTs: (b) S1, (c) S-4M, (d) S-
7M and (e) S-14M. 

Table 3. D and G-bands, ID/IG ratios for the 
pristine (S0) and oxidized MWCNTs (S1, S-4M, 
S-7M and S-14M) 

Samples D band 
(cm-1) 

G band 
(cm-1) 

ID/ IG 
ratios 

S0 1323 1579 1.15 
S1 1334 1583 1.22 
S-4M 1338 1590 1.26 
S-7M 1335 1587 1.24 
S-14M 1341 1592 1.37 
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Figure 4. TGA (A) and DTG analysis (B) of the 
MWCNT samples: (a) S0, (b) S1, (c) S-4M, (d) S-
7M and (e) S-14M.  

The thermal stability of the surface functional 
groups of the MWCNTs is investigated by TGA. 
Fig. 4(A) presents the TGA curves of different 
MWCNT samples. The derivative weight (DTG) 
curve associated to the TGA analyses is given in 
Fig. 4(B). It can be seen in Fig. 4(A) that the 
thermal degradation of oxidized MWCNTs 
occurs through a multistep process. The first 
stage, up to a temperature of 150°C, a weight loss 
corresponds to the evaporation of adsorbed water 
[4,7]. In the second stage, the weight loss in a 
temperature range of 150°C-350°C for oxidized 
samples S1, S-4M, S-7M, S-14M are measured to 
be 8.2, 30.6, 27.9 and 21.1 wt%, respectively. It 
is attributed to the decomposition of the 
carboxylic groups introduced onto the surface of 
MWCNTs [4-7]. It can be seen that the weight 
loss of the sample S1 (~8.20 wt%) is less than that 
of the other oxidized samples. It should be 
attributed to the less of carboxylic groups of 
sample S1 as compared to S-4M, S-7M and S-
14M. From the DTG curves in Fig. 4(B), the 
decomposition of functional groups for the 
samples S-4M, S-7M and S-14M is found to be at 
218, 227 and 228°C, respectively. 

 

CONCLUSION 

 In this work, the MWCNTs are 
functionalized using mixtures having different 
solutions of nitric acid and 10M H2SO4.  The 
samples are characterized by FE-SEM, Raman 
spectroscopy, TGA. After chemical oxidation 
treatment, the oxygen content increased is 
confirmed by EDX measurements. The thermal 
stability of the nanotubes is investigated by TGA 
decomposition. The oxidation condition of a 1:3 
mixture of 4M HNO3/10M H2SO4 promotes an 
increase in the -COOH groups (~ 30.68 wt%) 
onto the nanotube surface and demonstrates to be 
the most effective for functionalization of the 
MWCNTs with no destruction of the nanotubes.  
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ABSTRACT 

CePO4:Tb3+ nanocrystals with monoclinic structures were successfully synthesized by hydrothermal 

method. The result of X-ray diffractions (XRD) showed that all of the diffraction peaks were well indexed 

to the monoclinic phase of CePO4 host (JCPDS, No. 32-0199). Morphology of prepared samples was also 

studied by Field emission scanning electron microscopy (FE-SEM). All nanorods morphology with 

CePO4:Tb3+ sample synthesized at 120oC for 5 hours with molar ratio of PO4/Ce at 70 and concentration 

of Terbium doped at 5% Tb3+ and pH controlled at 2. The average length of CePO4:Tb3+ nanorods was 

around 80 - 110 nm. Energy dispersive spectroscopy (EDS) provided a measure for the composition of 

sample. CePO4:Tb3+ nanorods was determined by photoluminescence at 278 nm,  showed the high 

intensity of green emission at 543 nm wavelength which was correspond to 5D4-7F5 transition of Tb3+.

INTRODUCTION 

In recent years, much interest has been 

focused on the synthesis and luminescence of 

nano-sized rare earth orthophosphates for their 

potential application in optoelectronic devices 

and biological fluorescence labeling.6 

CePO4:Tb3+ and its solid solutions can be used 

in luminescent lamps as a highly efficient 

emitter of green light [1-8]. Also, a few recent 

studies on the synthesis and properties of 1D 

cerium orthophosphate nanostructured materials 

have been reported. Hexagonal CePO4:Tb3+ 

could be easily obtained at low temperature, and 

the corresponding nanorods/nanowires with a 

variable size have been hydrothermally 

synthesized [8–11]. Monoclinic CePO4:Tb3+ 

generally exists as natural monazite, bulk 

materials of which could be prepared via the 

solid state reaction and hydrothermal method at 

high temperature [12, 13]. So far, nano-sized 

monoclinic CePO4:Tb3+ are mainly synthesized 

in a liquid phase under higher temperature. 

Nanowires of monoclinic CePO4:Tb3+ were 

synthesized through a hydrothermal reaction at 

200oC. Very recently, Haase et al [14] reported 

the synthesis of monazite-type CePO4:Tb3+ 

nanoparticles controlled by liquid-phase 

synthesis in high boiling coordinating solvents at 

200oC. Up to now, there is no report about the 

synthesis of monoclinic CePO4:Tb3+ at low 

temperature. Our purpose is to synthesize 

CePO4:Tb3+ nanorods at small size with high 

luminescent intensity for use as luminescent 

substance in security ink. In this paper, we use 

hydrothermal method to synthesize CePO4:Tb3+ 

nanorods, without using surfactant. The average 

length of CePO4:Tb3+ nanorods was around 80 - 

110 nm. CePO4:Tb3+ nanorods was determined 

by photoluminescence at 278 nm,  showed the 

high intensity of green emission at 543 nm 

wavelength which was correspond to 5D4-7F5 

transition of Tb3+. 

EXPERIMENT 

Meterials 

Ce(NO3)3.6H2O (99.8%, Aldrich), 

Tb(NO3)3.5H2O (99.9%, Aldrich), H3PO4 

(Aldrich) were used as starting materials. 
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Sodium hydroxide (NaOH, 99%, Aldrich) was 

used to control pH.  

Synthesis of CePO4:Tb3+ nanorods 

CePO4:Tb3+ nanorods were synthesized by 

chemical method. Dissolving 1.5 mmol of 

Ce(NO3)3.6H2O and 0.078 mmol of 

Tb(NO3)3.5H2O (Tb3+ doping molar 

concentration is 5%) with 15 ml DI water in 15 

minutes. After that, H3PO4 were added into the 

solution. The pH value of mixture was adjusted 

to 2 by 5M of NaOH. And then the mixture was 

poured in Teflon, then sealed tightly. Place the 

Teflon in Autoclave, and then put it in the oven 

at 120oC in one hour. 

Characterization 

Particle size and morphology of CePO4:Tb3+ 

is determined by Field emission scanning 

electron microscopy (FE-SEM). The crystallite 

structure of CePO4:Tb3+ is analyzed by X-ray 

diffraction spectroscopy. The emission spectra 

are recorded at room temperature using a Hitachi 

F-4500 spectrophotometer.  

RESULTS AND DISCUSSION 

Hydrothermal method is applied in all 

experiments, however there is difference in 

different PO4/Ce molar ratios. The doping 

concentration of Tb3+ was 5 mol% that of Ce3+ 

in CePO4 host, which had been optimized 

previously by Jinrong et al; Yao yao et al; 

Mingyun et al [19-21]. 

In all of the following experiments, molar ratio 

of Europium ion is fixed at 5% and pH is fixed 

at 2. The molar ratio of PO4/Ce is adjusted in 

turn at: 10; 70; 140 and reaction time for 

hydrothermal is one hour.

  

  

Figure 1. The FE-SEM micrographs of CePO4:Tb3+ nanorods synthesized with different PO4/Ce molar 

ratios 

Figure. 1 shows the FE-SEM micrographs of 

CePO4:Tb3+ nanorods synthesized with different 

PO4/Ce molar ratios: 10; 70; 140. According to 

Figure. 1, the morphology of particles is in 

PO4/Ce = 10 PO4/Ce = 70 

PO4/Ce = 140 

PO4/Ce = 70 

sample 
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nanorods in all samples. The length distributed 

from 85 nm to 110 nm with PO4/Ce=70 and 140 

samples. When the PO4/Ce ratio is too low, the 

nanorods morphology of CePO4:Tb3+ is not clear 

with lager length. 

The detailed elemental analysis of nanorods is 

done using energy dispersive X-ray analysis 

(EDX), which is shown in Figure 1 (EDX 

spectrum of sample PO4/Ce=70). The EDX 

study reveals the presence of cerium, terbium, 

and oxygen, indicating that Tb3+ ions were 

doped into the CePO4 nanocrystals.  

  

Figure 2. The photoluminescence emission spectrum of CePO4:Tb3+ nanorods synthesized with different 

PO4/Ce molar ratios

Figure 2 shows the photoluminescence 

emission spectrum excitation at 280 nm of 

CePO4:Tb3+ nanorods synthesized with different 

PO4/Ce molar ratios. All samples reveal the 

characteristic emission peaks associated with 

Tb3+ ions.  

The main emission is at 543 nm based on 
5D4-7F5 with the strongest emissivity 

comparatively to the others. The luminescent 

intensity at 543 nm, green-emitting, which 

increases by PO4/Ce molar ratios, shows that the 

crystal structure of CePO4:Tb3+ nanorods 

becomes better.  However have a low emission 

peak of Ce3+ in Figure 2, this is due to 

incomplete energy transfer from Ce3+ to Tb3+. 

 

Figure 3. The photoluminescence emission spectrum of CePO4:Tb3+ nanorods synthesized with different 

reaction time of hydrothermal. Inset shows the UV-Vis spectra of CePO4:Tb3+ nanorods synthesized with 

1h of hydrothermal  
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In the present investigation, the formation of 

Tb3+ doped CePO4 nanorods is investigated with 

different hydrothermal reaction time, as follow: 

1 hour, 5 hours and 9 hours. With hydrothermal 

temperature at 120oC, PO4/Ce molar ratio is 70 

and the other conditions remain unchanged for 

other samples. Figure 3 shows the emission 

spectra under excitation at 280 nm of 

CePO4:Tb3+ nanorods synthesized with different 

reaction time of hydrothermal. Inset is the UV-

Vis spectra of CePO4:Tb3+ nanorods synthesized 

with 1h of hydrothermal. The optical emission 

mechanism is the absorption of ultraviolet light 

by Ce3+ and transfer of energy to Tb3+, which 

energy is released in the form of fluorescence. 

Hence, the absorption of Ce3+ is displayed in 

Figure 3 (inset). There is an absorption in the 

Ce3+ related to the peaks at 275 nm of 1 h 

samples. The 5-hours reaction time synthesized 

sample has highest peak intensity. The most 

intense line at ∼543 nm corresponds to the 

transition between the 5D4 and 7F5 level of the 

Tb3+ ions. We believe that with 9 h reaction time, 

defect in the crystal appear, leading to a decrease 

in emission intensity. 

 

Figure 4. XRD patterns of CePO4:Tb3+ nanorods synthesized at PO4/Ce = 70 

Figure 4 shows the XRD patterns of the 

CePO4:Tb3+ nanorods synthesized at PO4/Ce = 

70. CePO4 monoclinic phase (JCPDS, No. 32-

0199) attributes in all diffraction peak, 

indicating the existence of crystalline structure 

in all nanoparticles [15-20]. The absence of 

additional peaks for another phases indicated 

that Tb3+ions have been effectively built into the 

CePO4 host lattice. 

CONCLUSION 

The CePO4:Tb3+ nanorods were synthesized by 

hydrothermal method. All nanorods morphology 

with CePO4:Tb3+ sample synthesized at 120oC 

for 5 hours with molar ratio of PO4/Ce at 70 and 

concentration of Terbium doped at 5% Tb3+ and 

pH controlled at 2. The average length of 

CePO4:Tb3+ nanorods were around 80 - 110 nm. 

CePO4:Tb3+ nanorods were well indexed to the 

monoclinic phase of CePO4 host (JCPDS, No. 

32-0199). CePO4:Tb3+ was determined by 

photoluminescence at excitation of 278 nm,  

showed the high intensity of green emission at 

543 nm wavelength which was correspond to 
5D4-7F5 transition of  Tb3+. 
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ABSTRACT 

 
Improving the photoresponse of TiO2 to visible light while maintaining its high photocatalytic activity 
has been a challenge. Herein, we report our recent efforts to improve the photoelectrochemical (PEC) 
activity of TiO2 nanorod arrays by doping with iron (Fe) through two approaches of ex-situ and in-situ 
doping processes using a hydrothermal method. The results show that the doping treatments have impacts 
on the morphology and optical properties of TiO2 nanorods. Moreover, the effect of ex-situ and in-situ 
Fe-doping approaches on the PEC performance of TiO2 nanorods was investigated. The in-situ Fe-doped 
TiO2 sample exhibited a significant enhance in the photocurrent density, as high as 2.88 mA/cm2 at 0.5 V, 
which are two times higher than that of the undoped TiO2 sample. Our results revealed that Fe-doped 
TiO2 nanorods can serve as promising photoelectrode materials for PEC applications. 
Keywords: Fe-doped TiO2 nanorods, ex-situ doping, in-situ doping, hydrothermal, photoelectrochemical 

INTRODUCTION 

Owing to strong photocatalytic activity, 
excellent photo- and chemical-stability and cost 
savings, titanium dioxide (TiO2) has been 
emerged as one of the most used materials for 
solving environmental concerns including air 
and waste-water purification, sensors and solar 
energy conversions [1]. In recent years, TiO2-
based photoelectrodes have been considered as 
superior candidates for photoelectrochemical 
(PEC) water splitting. However, the 
performance of pristine TiO2 semiconductors is 
restricted due to its wide band gap (∼3.0 eV and 
∼3.2 eV for rutile and anatase phases, 
respectively) and fast recombination of the 
photoexcited electron-hole pairs. To address 
these drawbacks, nanostructuring, surface 
modification, and impurity ion doping of TiO2 

have been explored to improve its electronic 
properties, optical sensitivity, and activity [2]. 
Among these, impurity ion doping of TiO2 is an 
effective strategy for improving the 
photoresponse of TiO2 to visible light, 
consequently enhancing the PEC activities. It 
has been determined that one-dimensional (1D) 
TiO2 nanostructures such as nanorods, 
nanowires, nanotubes, and nanofibers have 

better properties than other structures, including 
large intrinsic specific surface area and creating 
an offered directional pathway for transporting 
of electrons. Among their different 1D 
nanostructures, TiO2 nanorods have more 
advantages in the transporting properties 
because of fewer defects related to barriers 
blocking the charge carrier transport [3]. 

In this study, we report our recent efforts to 
improve the PEC performance of TiO2 nanorod 
array photoelectrodes by doping with Fe3+ ions 
through two approaches of ex-situ and in-situ 
doping processes. The synthesized TiO2 
nanorod arrays on fluorine-doped tin oxide 
(FTO) glass substrates have average size and 
length of ∼200 nm and ∼3 µm, respectively. The 
results show that doping treatments have 
impacts on the morphology and optical 
properties, which narrowing the optical band 
gap of TiO2 nanorods. The in-situ Fe-doped 
TiO2 sample exhibited the highest photocurrent 
density in comparison with that of undoped and 
ex-situ Fe-doped TiO2 samples. These results 
suggested effective carrier separation and 
transportation in the Fe-doped TiO2 nanorods. 
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EXPERIMENTAL  

TiO2 nanorod arrays were synthesized on 
FTO glass substrates in a Teflon-lined stainless-
steel autoclave by a hydrothermal method. 
Typically, 0.3 ml of titanium butoxide 
(C16H36O4Ti, >97%, Sigma Aldrich) was added 
to a mixture of 9 ml hydrochloric acid (HCl, 
37%, Sigma Aldrich) and 9 ml deionized (DI) 
water and then was heated at 160 °C for 8 h. 
After that, the TiO2 nanorod substrates were 
rinsed extensively with DI water and dried under 
N2 gas. For the in-situ doping, 10 mM of 
iron(III) nitrate nonahydrate (Fe(NO3)3.9H2O, 
>98%, Sigma Aldrich) was added in the above 
as-prepared solution and heated at 160 °C for 8 
h. For the ex-situ doping, the TiO2 nanorod 
substrate was immersed in a Teflon-lined 
autoclave containing 15 ml solution of 10 mM 
Fe(NO3)3.9H2O and then was heated at 160 °C 
for 2 h. 

The morphologies and structures of the 
synthesized samples were investigated by using 
scanning electron microscopy (SEM, Hitachi 
4800) and X-ray diffraction (XRD, Siemens 
D5000). The sample optical property was 
characterized via an ultraviolet-visible (UV-Vis) 
spectrophotometer (Jasco V-670). The PEC 
measurement was performed in 1 M KOH 
solution using a three-electrode system with an 
electrochemical analyzer (DY 2300) and a 150 
W Xenon solar simulator (Newport 94021A) as 
a light source. A Pt coil and Ag/AgCl were used 
as counter and reference electrodes, 
respectively. 

RESULTS AND DISCUSSION 

Doping treatments have an impact on the 
morphology of TiO2 nanorods. SEM images of 
undoped TiO2 nanorods and Fe-doped TiO2 
nanorods with ex-situ and in-situ doping 
processes are shown in Figure 1. It can be seen 
from Figure 1(a) that the nanorod arrays are 
uniformly formed in high density with a large 
space between each nanorod. These nanorods 
appear in tetragonal shapes with a square base. 
The inset in Figure 1(a) reveal that vertically 
aligned nanorods were uniformly grown on the 
FTO substrate. The typical nanorod diameters 
and lengths about 200 nm and 3 µm, 
respectively. After doping with Fe via the ex-situ 
doping process, the nanorods were maintained in 
the same tetragonal shapes in comparison with 
the undoped sample (Figure 1(b)). However, 

there are small nanoparticles formed that cover 
the surface of the nanorods, as seen in the inset 
in Figure 1(b). SEM image of the sample 
synthesized with the in-situ doping process 
shows that there are no obvious changes in 
morphology by comparing with the SEM image 
of the undoped sample (Figure 1(c)). 

 
Figure 1. SEM images of (a) undoped TiO2, (b) 
ex-situ Fe-doped TiO2 and (c) in-situ Fe-doped 
TiO2 nanorod arrays on FTO substrates. The 
insets in (a) and (b) show cross-sectional view 
and high-resolution SEM images of undoped 
and ex-situ Fe-doped TiO2 nanorods, 
respectively. 

Figure 2 shows the XRD patterns of 
undoped and Fe-doped TiO2 nanorods. All 
samples possess similar diffraction patterns with 
strong characteristic peaks at 2θ angles of 36.4° 
and 63.2°, which can be assigned to (101) and 
(002) planes of tetragonal rutile TiO2 structure 
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(JCPDS No. 88-1175). It is found that Fe doping 
has no obvious impact on the XRD pattern of 
TiO2 nanorods. In addition, it is notable that no 
iron oxides or metallic iron peaks could be 
observed in the XRD spectra of both samples 
using ex-situ and in-situ Fe doping processes. 
This can be explained by the so low 
concentration of Fe doping that under the limit 
of detection by XRD. On the other hand, due to 
similar in the ionic radii of Fe3+ (0.79 Å) and 
Ti4+ (0.75 Å) [4], the Fe3+ ions can integrate into 
the crystal lattice of TiO2 and can be located at 
interstices or at some Ti4+ lattice sites. 

 
Figure 2. XRD patterns of undoped TiO2 (black 
curve), ex-situ Fe-doped TiO2 (blue curve) and 
in-situ Fe-doped TiO2 (red curve) nanorod 
arrays on FTO substrates. 

Figure 3(a) shows the UV-vis absorption 
spectra of undoped and Fe-doped TiO2 
nanorods. As can be seen, there is absorption 
around the wavelength of 410 nm for all 
samples. This clearly confirms the transitions of 
electrons from the valence band to the 
conduction band of TiO2. It is also found that 
the absorption intensity of the Fe-doped TiO2 

samples is stronger than that of the undoped 
TiO2 sample. In addition, Fe-doped TiO2 

samples have a red-shift in the absorption edge 
compared with the undoped TiO2 sample. 
Therefore, it is suggested that doping Fe3+ ions 
can enhance the absorption intensity in the UV-
vis light region and make the red-shift in the 
band gap transition, which causes the narrowing 
in the band gap of TiO2. To evaluate the optical 
band gap, we use Tauc’s equation [5]: 

 (αhν) = A(hν – Eg)1/2  (1) 
where A is a constant, α is molar extinction 

coefficient, Eg is the average band gap of the 
material. The average band gap was estimated 
from the intercept of the linear portion of the 

(αhν)2 vs. hν plots on hν axis as shown in Figure 
3(b). The band gap values Eg have been 
estimated to be 3.06;  3.02 and 2.94 eV for 
undoped, ex-situ Fe-doped and in-situ Fe-doped 
TiO2 samples, respectively. The narrowing in 
the band gap of TiO2 under doping Fe3+ ions can 
be explained by the formation of a dopant 
energy level within the band gap of TiO2 [6]. 

 
Figure 3. (a) UV-vis spectra and (b) (αhν)2 

versus hν plots of undoped TiO2 (black curve), 
ex-situ Fe-doped TiO2 (blue curve) and in-situ 
Fe-doped TiO2 (red curve) nanorod arrays on 
FTO substrates. 

To evaluate the PEC activity of the 
synthesized samples, linear sweep voltammetry 
(LSV) was recorded under illumination of a 
solar light simulator, as shown in Figure 4(a). 
Under illumination, the photocurrent density of 
ex-situ Fe-doped TiO2 sample is 1.48 mA/cm2 at 
0.5 V, which is the same value of undoped TiO2 
sample. However, the onset potential of ex-situ 
Fe-doped TiO2 sample (–0.9 V) exhibited a 
cathodic shift in comparison with undoped TiO2 
sample (–0.6 V). This could be attributed to the 
built-in potential across the interfaces between 
TiO2 nanorods and nanoparticles on its surfaces, 
as observed in Figure 1(b). The in-situ Fe-doped 
TiO2 sample exhibited a highest photocurrent 
density of 2.88 mA/cm2 at 0.5 V while 
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possessing the negative onset potential of –0.6 
V, which indicates more electrons are collected 
from the PEC reaction. This significant 
increment in the photocurrent density value can 
be explained through the enhanced absorption 
due to narrowing the band gap and the energy 
transfer mechanism from the energy band of 
Fe3+ ions to the conduction band of TiO2.  

 
Figure 4. (a) Photocurrent density - potential 
curves of undoped TiO2 (black curve), ex-situ 
Fe-doped TiO2 (blue curve) and in-situ Fe-
doped TiO2 (red curve) nanorod arrays on FTO 
substrates. (b) Photocurrent versus time of in-
situ Fe-doped TiO2 nanorods at an applied 
potential of 0.5 V (vs Ag/AgCl). 

The photocurrent of the in-situ Fe-doped 
TiO2 sample also exhibited outstanding long-
term stability of PEC reaction, as seen in Figure 
4(b). In addition, the instantaneous increase or 
decrease in the photocurrent according to the 
light-on and light-off indicated that the electron-
hole pairs immediately generated then separated 
in the TiO2 nanorods, respectively. Thus, these 
results suggested effective carrier separation and 
transportation and relatively long electron 
lifetime in the Fe-doped TiO2 nanorods. 

CONCLUSION 

In summary, the ex-situ and in-situ Fe-doped 
TiO2 nanorods were synthesized on FTO 

substrates via the hydrothermal method. Due to 
the formation of a dopant energy level within the 
band gap of TiO2, the optical band gap of TiO2 
nanorods was narrowed under doping 
conditions, which are of 3.02 and 2.94 eV for 
ex-situ and in-situ doping approaches, 
respectively. The in-situ Fe-doped TiO2 sample 
exhibited a significant enhance in the 
photocurrent density, as high as 2.88 mA/cm2 at 
0.5 V, which are two times higher than that of 
the undoped TiO2 sample. Our results revealed 
that Fe-doped TiO2 nanorods can serve as 
promising photoelectrode materials for PEC 
applications. 
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ABSTRACT 

 
In this paper, europium-doped gadolinium orthovanadate (GdVO4:Eu3+) nanoparticle phosphors were 
successfully obtained by a straightforward combustion method. The morphologies, crystal structure and optical 
characteristics were modified by different annealing temperatures (500, 600, 700, 800 and 900oC), and dopant 
concentration of Eu3+ ions (1, 3, 5, 7, 9 mol %). The GdVO4:Eu3+ nanoparticle phosphors were characterized 
by X-ray diffraction (XRD), scanning electron microscopy (SEM), photoluminescence (PL) and lifetime. X-
ray patterns show the tetragonal phase and the average particle size was about 30-50 nm. Photoluminescent 
emission spectra were recorded under excitation wavelength at 312 nm. As a result, the GdVO4:Eu3+ 
nanoparticles show strong characteristics emission of Eu3+ ions. Therein, the 5D0→7F2 transition was 
dominated with pure red emission.The best concentration of Eu3+ ions was investigated to be 5 mol %. 

INTRODUCTION 

Orthovanadates actived with rare earth ions 
have been extensively studied for along time due to 
their interesting physical and chemical properties. 
These materials could be applied in optical devices 
such as solid-state lighting, lasers, cathode ray 
tubes (CRTs), electroluminescent, field emission 
and flat panel display devices[1-3]....In GdVO4: 
RE3+ family, GdVO4 doped with Eu3+ ions was an 
excellent red emitter[4]. Moreover, the −3

4VO groups 
have a strong absorption of ultraviolet light due to 
a charge transfer process from O to V in −3

4VO
groups. In 1992, Zaguniennyi and co-working 
introduced GdVO4 as a host material for RE3+ 
activators which had more desirable properties than 
YVO4 [5-6]. In the past, there were many methods 
to preparation of Eu3+-doped GdVO4, such as co-
precipitation, solvothermal, molten salt [4,6-9]... In 
this research, GdVO4:Eu3+ nanoparticles were 
synthesized via a straightforward combustion 
method because efficient, environmentally friendly 
and low-cost. 

 

EXPERIMENTAL 

All beginning chemicals were analytical grade 
reagents. Gadolinium (III) oxide (Gd2O3 99.9%), 
Europium(III) oxide (Eu2O3 99.99%), NH4VO3 
(Merck), Urea (Merck) were used as starting 
materials. Firstly, Gd2O3 and Eu2O3 were treated 
by concentrated nitric acid to obtain the rare earth 
nitrate solutions with a defined concentration. The 
secondly, the mixture of Gd(NO3)3, Eu(NO3)3 and 
urea with a defined mole ratio was stirred in 30 min 
to a transparent solution. Then, add slowly the 
solution of NH4VO3 into the aforementioned 
solution with strong stirring in 1 hour. After that, 
the solution was heated until a yellow gel was 
formed that called precursors. These precursors 
were dried at 80ºC in air for 24 hours, then annealed 
at 500, 600, 700, 800, 900ºC for 2 hours.  

The crystalline structure was obtained on an 
Advance-Bruker D8 x-ray diffractometer using Cu 
Kα radiation resource (λ=1.5406 A°) and the scan 
range was set from 20 to 80 (2θ) with a step of 
0,03°s-1. The morphology of the final product was 
examined using a scanning electron microscope 
(SEM) (HITACHI S-4800). Excitation and 
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emission spectra were determined by aCary Eclipse 
fluorescence spectrophotometer equipped with an 
80Hz xenon lamp as the excitation source. 

RESULTS AND DISCUSSION 

Fig.1 show the XRD pattern of GdVO4:5%mol 
Eu3+ annealed at 900ºC. The phase of this material 
was identified to tetragonal with lattice constants a 
= b= 7.2126Å, c =6.3483Å and it matched well 
with JCPDS No 17-1260. Beside, no impurity 
peaks were found. Some characteristic peaks 
centered at 2θ =24.6º, 31.11º, 33.3º, 35.16º, 37.7º, 
40.02º, 44.6º, 47.6º, 49.2º, 50.62º, and 58.05º 
corresponding to the (200), (211), (112), (220), 
(202), (301), (103), (321), (312), (400), and (420) 
reflection of crystalline GdVO4:Eu3+ [11,12]. 
These proved that the sample was well crystallized. 
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Figure 1. XRD pattern of GdVO4:5%mol Eu3+ 
annealed at 900ºC. 

The average size of the phosphors were 
calculated by Debye-Scherrer equation: 𝐷𝐷 =
0.89𝜆𝜆
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

.  Therein, D is the average crystallite size, λ 
is the wavelength of the Cu Kα radiation, θ is the 
Bragg angle and β is the full-width at half 
maximum (FWHM) in radians of the peak at 2θ = 
24.6º.When the reaction temperature was from 
500ºC to 900ºC, the average crystallite sizes , 
calculated from the (200) diffraction peak, were 
24.76, 27.36, 33.1, 33.24, and 34.1 nm, 
respectively. It can be observed that the crystallite 
size increased with increasing annealed 
temperature. 

The surface morphology of GdVO4:5mol% 
Eu3+ annealed at 900ºC nanoparticles was 
investigated by SEM are provided in Fig. 2. The 
obtained phosphor powders showed almost similar 
spherical and consisting of strong agglomerated 
nanoparticles. The average size of nanoparticle was 
about 30-40 nm. This result was also consistent 
with the one of XRD measurement. 

 
Figure 2. SEM image of GdVO4:5mol% Eu3+ 
annealed at 900ºC phosphor powder. 

The photoluminescence excitation (PLE) 
spectra of GdVO4:5mol%Eu3+ nanoparticles 
annealed at 900ºC was shown in Fig 3.The spectra 
exhibited a broad absorption band in the range at 
shorter wavelengths (260-350 nm) and some sharp 
lines at longer wavelengths (350–500 nm) 
corresponding to europium 4f transitions. There 
was a overlapping between both excitation bands.  
The strong broad band consisted two charge 
transfer bands. The first broad band around 315 nm 
attributed to the absorption of −3

4VO  vanadate group, 
namely an electron is transferred from the oxygen 
2p orbitals to the vanadium 3d orbitals [6]. The 
second broad band around 280 nm was the Eu–O 
charge transfer band. The the f–f transitions of Eu3+ 
ions (4f6 electron configuration) in the longer 
wavelength region can be observed in the spectrum 
above 350 nm. Several sharp lines centered at 363, 
377, 395, 417, and 466 nm correspond to 
the 7F0→5D4, 

7F0→5G4, 7F0→5L6, 7F0→5D3, 

and 7F0→5D2transition. 
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Figure 3. Excitation spectra of GdVO4:5 mol% 
Eu3+ sample annealed at 900ºC. 

The red emission spectrum of Eu3+-doped 
GdVO4 nano-powders annealed at different 
temperatures was given in Fig.4. The emission 
spectra of these samples were taken in an identical 
condition, by exciting the V-O charge transfer band 
at 313 nm. Generally,  all emission spectra had 
similar shapes and showed the characteristics of 
the 5D0→7FJ (J = 1–4) transition of Eu3+ ions such 
as the peak located at 594 nm can be 
attributed 5D0→7F1 transition, while the emission 
peak around 614 - 620 nm correspond to 
the 5D0→7F2 transition. Besides, two emission 
lines around 650 nm and 700 nm correspond to 
the 5D0 →7F3 and 5D0→7F4 transition, respectively 
[6,9,10,12].However, the 5D0→7F0 transition was 
completely forbidden by the multipolar and Judd-
Ofelt selection rules. The 5D0 → 7F1 transition is 
magnetic dipole and its intensity is independent of 
the host matrix. The 5D0→7F2 transition becomes 
electric dipole type. It was known as a 
hypersensitive transition because it is easily 
affected by the local environment around Eu3+ ions.  
Theoretically, when the Eu3+ ions occupied the 
noncentro symmetric sites, the red 
emission 5D0→7F2 was dominant[6,13].The inset 
of Fig. 4 showed that the intensity of 5D0→7F2 
transition increased strongly with increasing 
annealing temperature from 500 to 900ºC.  The 
enhancement of luminescence may be due to the 
crystal improvement or particle size leading to 
higher oscillating strengths for the optical 
transitions. 
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Figure 4. PL emission spectra of 
GdVO4:5mol%Eu3+ nanoparticles annealed at 
different temperatures. Inset: the dependence of the 
intensity of 5D0→7F2 transition on temperatures. 

The dependence of the emission intensity on  
different Eu3+ ions concentrations in GdVO4 
samples annealed at 900ºC was shown in Fig. 5.The 
concentration dependence on the optical intensity 
was observed clearly at the peak centered around 
620 nm. It can be observed that the red emission of 
the5D0→7F2 transition increased significantly 
when the concentration of Eu3+increased from 
1mol% and reaching maximum at 5mol%. Then, 
the intensity of this transition decreased at 
7mol%.This can be explained as when the 
concentration of Eu3+ ions increased, the number of 
luminescence centers increased leading to the 
improvement of fluorescence intensity. However, 
when the Eu3+ concentration was too high, the 
distance of two inter-nuclear would be decreased. 
That would cause the probability of non-radiative 
energy migration between Eu3+ ions leading to non-
radiative de-excitation, also known as the 
quenching concentration [14]. 
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Figure 5.Emission spectra of GdVO4: x mol%Eu3+ 
(x = 1,3,5,7,9). Inset: Effects of Eu3+ concentration 
on the intensity of the 5D0→7F2 transition. 

The normalized luminescence decay curves of 
GdVO4:xmol%Eu3+ were shown in Fig 6. The 
excitation and emission wavelength were fixed at 
313 and 620 nm, respectively.  All decay curves 
could be well fitted into a double-exponential 
function as in the equation: I= A1exp(-t/τ1) + 
A2epx(-t/τ2). Where I is the intensity at time t, A1 
and A2 are the fitting parameters, τ1 and τ2 are the 
fast and slow components of the luminescence 
lifetimes [7,13]. The average lifetime τ is calculated 

as the formula:
2211

2
22

2
11

ττ
τττ

AA
AA

+
+

=  and listed in 

Table 1. 

Table 1. Decay time of GdVO4:x mol% Eu3+(x = 
1,3,5,7,9) samples 

Concentration of 
Eu3+ ions 1 % 3% 5% 7% 9% 

Lifetime (𝜏𝜏) 
(λex=313nm)(ms) 0.96 1.00 1.33 1.02 1.89 

As the inset of Fig 6, GdVO4:5mol%Eu3+ had 
the longest lifetime and decrease when the Eu3+ 
concentration was over 7 mol%. Similar to the 
result of emission spectra, as the Eu3+ ions 
concentration was too high, the extent of Eu3+–Eu3+ 
interaction would be increased. This leaded to the 
energy transfer among different Eu3+ ions, also 
known as the non-radiative decay of the excited 

state. Thus, these interactions could cause the 
decrease in the excited state lifetime. 
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Figure 6. Luminescence decay curves of 5D0→7F2 
transition (λem = 620 nm, λex = 313 nm) for 
GdVO4:x mol% Eu3+ (x = 1,5,9). Inset: the decay 
times with different concentrations of Eu3+). 

CONCLUSION 

In summary, GdVO4 powders doped Eu3+ ions 
were synthesized successfully via combustion 
method. XRD result showed that all materials were 
crystallized with a pure tatragonal phase. The 
average grain size was about 30-40 nm. The 
photoluminescence emission increases with 
annealing temperature. In this study, the optimal 
temperature for next researches was 900ºC. The 
emission intensity of the 5D0→7F2 was improved 
clearly with increase in doped concentration of Eu3+ 
from 1to 5mol% and then decreased for the higher 
concentration. Therefor, the quenching 
concentration was determined as 5mol%. 
Moreover, the lifetime of5D0→7F2transition 
increased from 0.96 to 1.33 ms with the increase of 
Eu3+ concentration from 1 to 5 mol% and then 
decreased gradually. Finally, the best doping 
concentration of Eu3+ in GdVO4 was 5 mol%. 
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ABSTRACT 

 

In this work, we present our results of investigation of nanostructure and magnetic properties of 

Nd3Tb1Fe71Co5Cu0.5Nb1B18.5 and Nd10.5Fe80.5Nb3B6 bulk nanocomposite magnets prepared by spark 

plasma sintering (SPS). The powder alloys were fabricated by high energy ball milling from melt-spun 

ribbons of the same composition. The X-ray diffraction (XRD) results manifest the formation of the 

Nd2Fe14B and α-Fe magnetic phase. The magnetic properties of the magnets were investigated on pulsed 

field magnetometer (PFM). The coercivity, Hc, higher than 6 kOe, and maximum energy product, 

(BH)max, above 10 MGOe, can be obtained for the Nd-Fe-B bulk nanocomposite alloys with appropriate 

SPS conditions. 

Keywords: Hard magnetic materials, Nanocomposite magnets, Exchange-spring magnets, Nd-Fe-B 

magnets, Spark plasma sintering. 

INTRODUCTION 

Currently, nanocomposite hard magnetic 

materials are widely researched by scientists in 

the world. This kind of material consists of soft 

and hard magnetic phases in nanometer scales 

[1]. The exchange-spring interaction between 

the hard and soft magnetic phases allows to 

combine both the high coercivity of the hard 

magnetic phase and the high saturation 

magnetization of the soft magnetic phase leading 

to high maximum energy product (BH)max of the 

materials [2]. These materials use lower content 

of rare earth than that in the sintered magnets. 

Therefore, they can increase mechanical and 

chemical durability and significantly reduce 

costs [3-6]. Besides, manufacturing technology is 

also simple and easy to create magnets with a lot 

of different shapes. However, nanocomposite 

hard magnetic materials only give (BH)max about 

20 MGOe, which is far from the theoretical value 

(> 100 MGOe), low Curie temperature TC and 

unstable manufacturing technology. That sets the 

goal of research to find out the technology to 

improve the magnetic properties and stabilize the 

parameters of the materials. Nowaday, many 

scientists are trying their best to overcome this 

challenge. By using the SPS method we can 

creat exchange-spring magnets with high density 

from alloy powder [8-9]. A big question is how 

to improve the magnetic parameters for the 

materials, increase mechanical and chemical 

durability, reduce costs, and stabilize technology 

for manufacturing materials. This paper presents 

some research results of manufacturing Nd-Fe-B 

based hard magnetic nanocomposite materials 

by SPS method.  

EXPERIMENTAL  

Raw materials of Nd, Tb, Fe, Co, Cu, Nb, 

Fe-B with high purity were used for 

manufacturing Nd-Fe-B based alloys. These 

materials were weighed with the designed 

nominal compositions, then melted by an arc-

melting furnace to create pre-alloys. The pre-

alloys were used to fabricate ribbons on a melt-

spinning system. Ribbons are crushed by high 

energy  milling ball SPEX 8000D under 

alcoholic environment. The SPS equipment of 

Labox-210 - Sinter Land was used for 

fabricating the Nd-Fe-B based nanocomposite 

bulk alloys. We used graphite die and punch 

with diameter of 10 mm for SPS (Fig 1). 
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Structure of the material was examined by X-ray 

diffraction (XRD) method. Magnetic properties 

of the materials were investigated by 

magnetization measurements on a pulsed field 

magnetometer (PFM). The demagnetization 

effect, which depends on shape of measuring 

specimens, was taken into account in 

determining (BH)max of the materials. 

 

 
Figure 1. Image of graphite die, punch and Nd-

Fe-B based bulk samples prepared by SPS 

method. 

RESULTS AND DISCUSSION 

In our previous study [10], we showed that 

the material of Nd3Tb1Fe71Co5Cu0.5Nb1B18.5 has 

many advantages such as low conten of rare 

earth, high saturation magnetization Ms and its 

Curie temperature TC is higher than other hard 

magnetic Nd-Fe-B based ones.  
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Figure 2. XRD pattern (a) and hysteresis loops 

(b) of the ribbon and bulk samples of 

Nd3Tb1Fe71Co5Cu0.5Nb1B18.5. 

In this study, we created alloy powder from 

Nd3Tb1Fe71Co5Cu0.5Nb1B18.5 melt-spun ribbons  

and manufacture bulk alloys by SPS method. 

Fig. 2a presents XRD pattern of the ribbon (1) 

with copper wheel velocity of v = 40 ms-1  and 

bulk alloy (2) after SPS at 700oC for 5 minutes. 

In the XRD pattern of the ribbon, we do not see 

any diffraction peak of the crystalline hard phase 

of (Nd,Tb)2Fe14B, but only see α-Fe peaks with 

weak intensity. However, we see that the bulk 

sample has sharp diffraction peaks. It proves that 

after SPS, the crystalline phases were formed in 

the bulk sample. Fig. 2b is hysteresis loop of 

Nd3Tb1Fe71Co5Cu0.5Nb1B18.5 samples.  The result 

shows that, the ribbon sample does not show 

hard magnetic behavior at room temperature. 

The ribbon sample has coevercity Hc less than 

0.5 kOe. 

In order to increase the hard magnetic 

property of the bulk alloy, an SPS process with 

varying sintering temperature (Tsps) and time 

(tsps) was applied. For the mentioned alloy, the 

sintering temperature was varied around the 

crystalline temperature of the (Nd,Tb)2Fe14B 

hard magnetic phase in the range from 650 to 

750oC. The sintering time was chosen as 10 

minutes. Hysteresis loop of the sample sintered 

at 700oC is shown in Fig. 2b. The effects of 

sintering conditions on the magnetic properties 

were obviously observed. The hysteresis loop 

was expanded after sintering. This probably is 

due to the crystallization of the (Nd,Tb)2Fe14B 

phase with high magnetocrystalline anisotropy. 

In addition, the saturation magnetization was not 

achievable at high external magnetic field, even 

at about 30 kOe. This is due to highly 

anisotropic property of the sample. Hard 

magnetic parameters including Hc, Mr, Ms and 

(BH)max were 6.3 kOe, 90 emu/g, 114 emu/g and 

10.9 MGOe, respectively. Although Hc was as 

high as 6.3 kOe the (BH)max was still low 

because of low Mr. 

One of critical factors reducing the hard 

magnetic properties of Nd-Fe-B nanocomposites 

is the existence of crystalline phases of different 

sizes within the composites because they reduce 

(BH)max by reducing the exchange-spring 

interactions. Some research groups have showed 

that these effects could be minimized by 

separation of heteovalent atoms such as Nb, Cr, 

Zr and V, among which Nb has been emerged to 

give the highest efficiency [11-12]. In addition, 

the separation of Nb reduces the formation of 

Fe-rich phases, induces the formation of domain 
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wall pinning sites that increases coercivity as 

well as the squareness of hysteresis loop. 

Therefore, we investigated the fabrication of 

nanocomposite Nd10.5Fe80.5Nb3B6 by SPS 

method. 
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Figure 3. XRD pattern (a) and hysteresis loop 

(b) of the ribbon sample of Nd10.5Fe80.5Nb3B6. 

XRD pattern of Nd10.5Fe80.5Nb3B6 (Fig. 3a) 

indicates the existence of Nd2Fe14B and -Fe 

crystalline phases. From the hysteresis loop 

shown in Fig. 3b, it is clearly that 

Nd10.5Fe80.5Nb3B6 exhibits low hard magnetic 

properties and multi-magnetic phases. Hard 

magnetic parameters including Hc, Mr and Ms of 

Nd10.5Fe80.5Nb3B6 were quite low to be of 1.34 

kOe, 69.2 emu/g and 108.7 emu/g, respectively.   
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Figure 4. Hysteresis loops of the Nd10.5Fe80.5Nb3B6 

bulk sample after SPS at various temperatures 

for 5 minutes. The inset shows the SPS 

temperature (Tsps) dependence of coercivity Hc. 

In order to stabilize the structure as well as 

to increase the hard magnetic properties of the 

materials, we applied SPS method with varying 

Tsps from 600 to 750oC for a tsps of 5 or 10 

minutes. Apparently, samples became harder after 

sintering as shown in Fig. 4 and Fig. 5. 

Table 1. Hc, Mr, Ms and (BH)max of the 

Nd10.5Fe80.5Nb3B6 bulk sample after SPS at 650, 

700 and 750oC for 5 minutes. 

Tsps 

(oC) 

Hc 

(kOe) 

Mr 

(emu/g) 

Ms 

(emu/g) 

(BH)max 

(MGOe) 

650 3.0 83.3 103.7 9.7 

700 2.5 81.4 107.4 7.5 

750 1.6 70.3 100.0 4.9 

When the sintering time was maintained for 

10 minutes, Hc increased from 4.2 to 4.9 kOe as 

the sintering temperature increased from 600 to 

625oC. It could be due to the size of crystalline 

phase reached more optimal conditions for the 

hard magnetic properties of materials. However, 

the hysteresis loop indicates multi-magnetic 

phase characteristics. 
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Figure 5. Hysteresis loops of the 

Nd10.5Fe80.5Nb3B6 bulk sample after SPS at 

various temperatures for 10 minutes. The inset 

shows the SPS temperature (Tsps) dependence of 

coercivity Hc. 

Table 2. Hc, Mr, Ms and (BH)max of the 

Nd10.5Fe80.5Nb3B6 bulk sample after SPS at  

various temperatures for 10 minutes. 

Tsps 

(oC) 

Hc 

(kOe) 

Mr 

(emu/g) 

Ms 

(emu/g) 

(BH)max 

(MGOe) 

600 4.2 87.2 118.6 8.4 

625 4.9 73.4 107.4 5.6 

650 3.3 77.5 111.7 6.3 

700 4.4 88.0 113.2 10.9 

750 1.4 71.8 101.4 4.8 
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The separation of Nb increases the 

coercivity as well as the squareness of hysteresis 

loop or (BH)max. Bulk samples exhibited multi-

magnetic phases and Hc value that decreased 

with increasing sintering temperature. 

CONCLUSION 

Successfully fabricated nanocomposite hard 

magnetic materials Nd3Tb1Fe71Co5Cu0.5Nb1B18.5 

and Nd10.5Fe80.5Nb3B6 in bulk form by spark 

plasma sintering (SPS) method. The trends of 

the influence of SPS process on the magnetic 

properties of Nd-Fe-B based nanocomposite 

materials were determined. Both the coercivity 

Hc and the maximum energy product (BH)max 

have greatly changed with varying the SPS 

conditions. The Hc increases from 0.04 kOe in 

the ribbons to 6.3 kOe for the bulk sample of  

Nd3Tb1Fe71Co5Cu0.5Nb1B18.5 by using the SPS 

conditions of Tsps = 700oC, Psps = 100 MPa. The 

hard magnetic parameters were also improved 

for the Nd10.5Fe80.5Nb3B6 alloy by using SPS. 

The (BH)max > 10 MGOe was achieved for  the 

Nd10.5Fe80.5Nb3B6 bulk SPS samples. The 

obtained nanocomposite magnets have high 

density and mechanical strength, which can meet 

the requirements of practical applications. 
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ABSTRACT 

 

A simple method for the preparation of magnetic precursors Fe3O4, Fe2MnO4, Fe2NiO4 immobilized on 

activated carbon from coconut shell (AC) in the presence of carbon modifying agent HNO3 followed by 

calcination at 600oC have been proposed. The samples are characterized by BET, X-ray diffraction (XRD), 

Scanning electron microscopy (SEM), and vibrating sample magnetometer (VSM). The prepared magnetic 

materials exhibited high surface areas (about 1000 m2/g) with the average crystallite nano sizes (16 – 

20nm). Catalytic activity has been evaluated in Fenton – like oxidation of Methyl Orange (MO). The result 

showed that the catalytic activity of modifying Fe3O4 with the Mn, Ni was higher than Fe3O4. After 1 

hour of treatment, degradation MO reached 99 %. The leaching test at pH = 3 showed that the magnetic 

nanoparticles was very stable under low pH condition only very small amount of metals was found in the 

solution after reaction. Immobilization of magnetic nanoparticles allowed facile separation of the catalyst 

out of the reaction mixture by external magnetic field and can be reused. 

Keywords: Magnetic activated carbon; Fenton reaction; Methyl orange; Heterogeneous catalysts; 

Degradation. 

INTRODUCTION 

Advanced oxidation processes (AOPs) based 

on Fenton and Fenton like catalyst seem to be a 

promising method for the treatment 

environmental pollution. However, the 

application of homogenous Fenton process using 

ferrous or ferric salts usually have some 

drawbacks such as: low effective pH range (<3) 

and the wast sludge after treatment becomes 

exhausted discharge resulting secondary 

pollution and need to be removed [1,2]. To 

overcome this problem, the heterogeneous 

Fenton- like catalysts immobilized on different 

supports such as zeolite, clay, activated carbon 

have been developed and employed [3-16]. Costa et 

al [17,18] reported that the present of Co and Mn 

in magnetite compound to form Fe3-xCoxO4 and 

Fe3-xMnxO4 may strongly promote the oxidation 

of organic contaminants. 

The textile industry produces large volume of 

wastewater containing many organic pollutants 

and azo dyes are the most important contaminant 

found in textile wastewater. Consequently dye 

need to be removed from wastewater before 

discharge into environment. To solve this 

problem many classical physical  method have 

been developed such as coagulation/flocculation, 

membrane separation, adsorption [19-21] but the 

mechanism of this physical processes lead one 

point pollutant from water to the another point 

sludge. The organic contamination cannot to be 

destroyed easily. The effective Fenton-like 

heterogeneous catalysts are promising material 

for complete removal of pollutant in water. 

The powdered activated carbons (AC) from 

coconut shell is well used in variety of areas such 

as support for catalysts, adsorbents in air and 

pollution control, purifiers in food industries [6]. 

However powdered AC with small size is very 

difficult to be separated by the traditional method 

like filtration because of the blockage of filters. 

To solve the separation problem, the activated 

carbon with magnetic particles is favorite 

material that can be used as Fenton like catalyst 

to remove pollutant in water and easy to be 

separated by external magnetic technology. 

To immobilize magnetic particles on AC, 

several methods [18-20,22,23]  have been 
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developed such as reducing impregnation [21], 

ultrasonic assisted impregnation[24], chemical 

coprecipitaion [23,25]  but these methods usually 

lead to a significant decrease in the surface area 

and pore volume compared to pure activated 

carbon .  

In the present work we propose a simple 

method for the fabrication of magnetic 

nanoparticles Fe3O4, NiFe2O4, MnFe2O4 based on 

activated carbons from coconut shell of Vietnam 

in the present of acid promoting agent (HNO3) to 

obtain high surface area material The 

characterization of the materials have been 

investigated by different method and the catalytic 

activity was evaluated in Fenton-like oxidation of 

methyl orange. 

EXPERIMENTAL 

1. Materials 

The commercial activated carbon powder 

(AC) from coconut shell was provided by Tra 

Vinh Company of Viet Nam. The salts of MnSO4, 

Ni(NO3)2 and Fe(NO3) (Merck) were employed 

as the magnetic precursors. Nitric acid (HNO3 

65%), was purchased from Merck. Hydrogen 

peroxide solution (>30% w/w) (Shanghai 

Chemical Company).Methyl Orange (MO) from 

Merck. All chemicals were used directly without 

purification. 

2. Preparation of Carbon supported magnetic 

Fe3O4, NiFe2O4, MnFe2O4. 

The carbon supported magnetic particles 

(20% mass of MeFe2O4/AC with the Me/Fe ration 

of 1:2) were prepared using impregnation method 

as follows: The activated powdered carbon was 

added into 100 ml of acid solution (HNO3 – 10%) 

containing Fe(NO3)3.9H2O (26.12g) or mixture of  

Fe(NO3)3.9H2O (17.21g) and 

Ni(NO3)2.6H2O(6.19g) or Fe(NO3)3.9H2O 

(17.49g) and MnSO4.H2O (3.66g) The mixture 

was heating at 80oC  under vigorous magnetic 

stirring  when the water was evaluated. After that 

the samples were treated at 600oC for 1h in the 

presence of nitrogen. The materials obtained are 

denoted as Fe3O4/AC, NiFe2O4/AC and 

MnFe2O4/AC respectively.  

The XRD measurement was carried out on an 

XRD diffractometer (D8 Advance, Bruker, 

Germany). The patterns with the Cu-Kα radiation 

(λ= 1.54051 Å) were recorded in the region of 2 

from 5 to 70o. SEM was carried out by Hitachi S-

4800 Scanning Electron Microscope (Hitachi 

Co., Japan). BET surface measurement was 

determined by a surface analyzer (BET-201A, 

US). The magnetic properties were studied with 

a VSP (PPMS 6000, US) at room temperature. 

3. Catalytic oxidation and analytical method 

The heterogeneous Fenton oxidation of MO 

was carried out in a cylindrical Pyrex vessel with 

a stirrer at the room temperature with initial pH 

solution of 4 dosage of solid (1 g/L). A typical 

run as following: the amount of catalyst was 

introduced into 200ml Methyl Orange solution 

with stirring and pH was adjusted to the desired 

value using HNO3 or NaOH (0.01M). The 

mixture was agitated during 15 min to reach 

equilibrium adsorption of MO, and then desired 

H2O2 concentration (3.2mM/L) was added to the 

solution. Throughout the reaction, the pH reactant 

solution was kept constant. Samplings were taken 

at a given time intervals during the reaction and 

filtrated through 0.2 mm Millipore membrane 

filters. The concentration of MO was analyzed 

immediately using UV-VIS spectrophotometer 

(UV 1800 Shimadzu, Japan) with absorption 

band at 465 nm.  

The leaching amount of Fe and Ni, Mn in the 

solution after reaction was determined by AAS 

method (Spectrometer GBC, Avanta, Australia). 

The catalytic performance was determined by 

ratio (C/Co) concentration of MO at reaction(C) 

and initial time (Co). 

RESULTS AND DISCUSSION 

1. Characterization of samples 

The characteristics of the AC, Fe3O4/AC, 

NiFe2O4/AC-H and MnFe2O4/AC-H are given in 

Table1.  

Table 1.  The characteristic properties of the 

samples 
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XRD patterns for the Fe3O4/AC-H, 

NiFe2O4/AC-H and MnFe2O4/AC-H samples are 

reported in Fig. 1. By comparison with JCPDS 

file 251042 for Fe3O4 , 100319 for MnFe2O4 and 

0862267 for NiFe2O4, it was shown that the 

formation of the ferrite Fe3O4 at 2θ = 18.3o, 30.1o, 

35.5o, 37.1o, 43.1o, 53.4o, 56.9o, 62.4o, Nickel 

ferrite NiFe2O4 at 2 = 43,5, 45,51  64,1, 

metallic nickel at 2: 43,2, 51,6, 76 and 

manganese ferrite Fe2MnO4 spinels at 2: 18.1o, 

29.8o, 35o, 36.8o, 42.5o, 52.8o, 56.2o, 61.7o were 

observed in the XRD patterns. The average 

crystalline size calculated according to Debye-

Scherrer’s equation listed in Table 1 showed the 

values about 20 nm 

 
Figure 1. XRD of the samples: Fe3O4/AC (a); 

MnFe2O4/AC (b); NiFe2O4/AC (c). 

The morphologies of the samples was 

investigated by SEM and shown in Fig.2. Fig.2a 

shows the views of the pure activated carbon, fig. 

2b-d shows the views of the activated carbon with 

magnetic particles  

It can be seen that that the pure activated 

carbon (a) ferrite particles Fe3O4 /AC (b) , nickel 

ferrite(c) NiFe2O4/AC and Mn ferrite particles 

MnFe2O4./AC (d) (which appear brighter) are 

deposited mainly on the surface of AC, only the 

fine particles incorporated in side the pore of AC. 

Some aggregates of magnetic tended to cover a 

parts of activated carbon they have own porosity. 

This observation can explain why the high 

surface of magnetic composite was obtained  

 
Figure 2. SEM of the AC (a); Fe3O4/AC (b); 

NiFe2O4/AC (c); MnFe2O4/AC (d) 

The typical room-temperature magnetization 

curve of the NiFe2O4/AC is shown in Fig.3 (the 

other samples are not shown) and the 

magnetization properties data are listed in Table 

2. The saturation magnetization (Ms), coercive 

field (Hc) and remanent magnetization (Mr) of 

the samples are lower than those reported for bare 

Fe3O4 nanoparticles (Ms= 58.94 emu g-1, Hc = 

160.1 Oe, Mr = 7.4 emu g-1). The low values for 

both Hc and Mr suggest that the magnetic 

materials are essentially super paramagnetic. The 

lower Hc and Mr values implied that they can be 

separated and re-dispersed easily by an applied 

magnetic field (Fig. 3). These results show that 

the magnetic materials and provide a potential 

advantage for the separation, recovery and reused 

of catalysts. 

Table 2. The magnetic properties of Fe3O4/AC 

and MnFe2O4/AC, NiFe2O4/AC samples 
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Figure 3.  Hysteresis loops of NiFe2O4/AC. 

2. Degradation of MO by magnetic supported 

Fenton catalyst MFe2O4/AC 

The Fenton oxidation behavior of MO was 

shown in fig. 4. The absorption spectra of MO 

were scanned in the range 190-700 nm. From fig. 

4 we can see that the characteristic absorption 

band of MO at 465 nm and 270 nm decreased 

rapidly following reaction time and the former 

disappeared after 120 min of reaction. This 

reflects, unequivocally, the breakdown in both 

the –N=N– bond and the conjugated π* systems. 

  The catalytic oxidation of MO was carried out 

on the magnetic materials. The result is shown in 

fig. 5. It is indicated that MO degradation 

efficiency for the both modified Fenton 

MnFe2O4/AC and NiFe2O4/AC catalysts was 

higher than Fe3O4/AC during reaction time and 

reached nearly 99 % after 1h, while for the 

Fe3O4/AC it was only about 45%. This result is in 

agreement with Costa et al [16] who found that 

the introduction of Ni and Mn into magnetite 

structure to form NixFe3-xO4 and MnxFe3-xO4 may 

strongly promote both the H2O2 decomposition 

and the degradation of organic compounds in 

aqueous medium.  

Comparison the performance activity 

between nickel and manganese promoter in 

magnetic material indicated that nickel modifier 

metal demonstrated more effective than 

manganese. The reason for the increase in activity 

of the modifying NiFe2O4/AC-H is not clear, but 

according to Costa et al [17,18] it may be possible 

cause by electron transfer processes within the 

MeFe2O4/AC-H particles during the reaction. 

Magnetite is a high conductivity semiconductor 

with a narrow band gap (0.1eV) and almost 

metallic character (ca. 102 to 103 Ω-1 cm-1) [26-28] 

which is also important for electron transport. 

     

 

 
Figure 5. MO removal by adsorption and 

oxidation on Fe3O4/AC, MnFe2O4/AC and 

NiFe2O4/AC samples. Experimental conditions: 

MO 50mgL-1, H2O2 3.2mML-1, catalyst 1gL-1, 

T=302±1.0K, pH 4.0±0.1 

The other fact can be used to explain that 

beside the magnetic particles , the formation of 

Ni0 metal from Ni+2 by CO group on the AC at 

high temperature has been occurred. The 

presence of Ni 0 promoted the electron transfer 

processes from Ni0 to Fe+3 to obtain Fe+2
surf

     

Ni2+ + 2e  Ni           E = -0,25V  (3.1) 

Fe3+ + 1e  Fe2+           E = 0,77V   (3.2) 

2Fe3+ + Ni  Ni2+ + 2Fe2+        E = 0,179V (3.3) 

3.  Stability of catalyst 

After each experiment, the catalyst was 

separated from the solution by filtration, washed 

with deionized water and the solution was 

analyzed for the iron nickel and Mn ions 

.However the concentrations of leached iron, 

-0.2
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Figure  4.UV-vis spectral changes of 

MO degradation as a fuction of time in 

the presence of 1 g NiFe2O4/AC, 3.25 

mML-1, pH=4 
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nickel and manganese after 2 h of the reaction in 

our experimental condition were found to be only 

about 0.47 mg L-1 and 0.30 mg L-1, 0.52 mg L-1 

respectively. Therefore the MO degradation is 

considered as, essentially, a heterogeneous 

Fenton reaction. 

CONCLUSION 

 Magnetic MFe2O4 (M: Ni, Mn) nanoparticles 

supported on activated carbons from coconut 

shell) have been prepared in the presence of 

carbon modifying agent HNO3 followed by 

calcinations at 600oC exhibit high surface areas 

with the super paramagnetic properties. The 

catalytic activity of the materials in Fenton 

oxidation of methyl orange showed that for 

NiFe2O4/AC-H and MnFe2O4/AC-H the catalytic 

activity was higher than Fe3O4 /AC-H. After 2h 

of treatment, degradation of MO reached 100 %. 

The leaching test at pH=4 indicated the metals 

ions were still stay on the AC-H, only very small 

amount of Fe+3, Ni+2 Mn+2 was found in the 

solution. It indicated that the magnetic activated 

carbon as heterogeneous Fenton catalyst was very 

stable under studied condition. The magnetic 

behavior of the samples provided the advantage 

for the separation, recovery and reuse by external 

magnetic field. 
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ABSTRACT 

 

A series of nanocomposite materials of polyaniline on matrix of graphene oxide-hydrotalcite 

(PANi@GO-HT) was prepared with various mass ratio of monomer aniline and carrier GO-HT. 

The synthesized PANi@GO-HT nanocomposites were characterized by FTIR, X-ray 

diffraction (XRD), UV-VIS spectrometer and scanning electrical microscopy (SEM). The 

results showed that aniline was absorbed on the surface of GO-HT and emeraldine salt of PANi 

was directly polymerized on the surface of GO via oxidation polymerization method. 

Keywords:  

INTRODUCTION 

In recent years, nano-composite has been 

the attractive materials for massive 

applications: environment, medical, 

corrosion inhibition…. The nano-composite 

from graphene oxide-hydrotalcite (GO-HT) 

has been investigated for preparation method 

as fabrication [1], membrane used as nano-

filtration  for water desalination [2-3], co-

precipitating HT in the presence of GO and 

used for corrosion inhibitor [4,5,6], gas 

adsorption [7,8,9], water pollution treatment 

[10,11,12], catalyst [13,14,15] and energy 

applications [16,17]. Similarly, nano-

composite of PANI@HT is also an attractive 

materials for widely applications. 

PANI@HT was used in water treatment due 

to its high specific area and high stability in 

various environment, so that PANI@HT can 

charge the large ion such as Cr+, gas sensor, 

corrosion inhibitor and water treatment [18-

23]. For the above advantages of GO, HT and 

PANI, in this paper, we focus to the matrix 

from three of GO, HT and PANI for nano-

composite. HT was prepared using co-

precipitation method in the presence of GO 

to form GO-HT. Then aniline was 

immobilized on GO-HT via either adsorption 

or anion exchange into the interlayer, and the 

polymerization will perform on the surface of 

GO-HT to form nano-composite 

PANI@GO-HT        

EXPERIMENTAL 

1. Materials 

All chemicals used in this research 

such as graphite, KMnO4, Zn(NO3)2.6H20, 

Al(NO3)3.9H2O, ammonium persulphate, 

aniline…were synthesis grade and 

purchased from MERCK. 

2. Preparation of GO-HT 

Graphene oxide (GO) was prepared 

using Hummer method with the 

announced before [12]. GO-HT was 

synthesized via co-precipitation of 

mixture of zinc nitrate and aluminum 

nitrate with the presence of GO. In details, 

6.8 g of Zn(NO3)2.6H20 and 13.6 g of 

Al(NO3)3.9H2O was dissolved in 50ml 

de-ionized water. 0.5g of GO was 

dispersed in 100 ml de-ionized water and 

the GO solution was sonicated at 400 kHz 

for about 1 hour and then vigorously 

magnetic stirred for about 30 minutes. 

The mixture of zinc-aluminum salt was 

dropped into the GO solution for co-

precipitation. The pH of co-precipitation 

was controlled at 9.5 - 10 using NaOH 0.2 

M. The suspension was centrifuged and 
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washed with distilled water until neutralized. 

GO-HT was then vacuum dried at 50ºC for 6 

hours.   

3. Preparation of PANi@GO-HT 

50 mg of HT-GO was dispersed in 50ml 

of ethanol and sonicated for 2 hours, then 

vigorously magnetic stirred for about 30 

minutes in ice bath. Aniline was dissolved in 

25ml of 0.5M tartaric acid and APS was 

dissolved in rest 25ml of 0.5M tartaric. 

Monomer solution was drop-wise into HT-

GO suspension for absorption. Then, APS 

solution was drop-wised into reaction for 

polymerization of aniline. The mixture turn 

from light yellow to blue, and finally turned 

to dark green solution. The polymerization 

was keep in ice bath at 2 - 4ºC for 12 hours. 

Then the nano composite was washed with 

mixture of ethanol: deionized water (50:50). 

The product was then dried in vacuum at 

60ºC for 6 hours.  

 

Figure 1. Simulation of nanocomposite 

PANI@GO-HT. 

4. Characterization 

Nano-composite PANi@HT-GO was 

characterized by Fourier transfer IR (KBr, 

wavelength from 400 - 4000 cm-1, 32 scans, 

step 8 cm-1), X-ray diffraction, UV-VIS 

(wavelength from spectrometer and SEM 

(JEOL). 

RESULTS AND DISCUSSION 

1. FTIR analysis 

Chemical characterization of PANi, GO-

HT and PANi@GO-HT are showed in the 

FT-IR spectra (figure 1).  Graphene oxide 

spectra with strong absorptions at 1716; 1616; 

1384; 1053 were presented for -C=O in -

COOH group, -C=C- in benzene ring, -C-OH 

and -C-O-C- respectively. In the FTIR 

spectra of LDH-GO, there are blue-shifts 

from 1716 cm-1 to 1562 cm-1, 1616 cm-1 to 

1357 cm-1 because of the increase of bond 

length due to the interactive of GO and LDH. 

Besides, the bands at 767 and 609 cm-1 

referred to the Zn-O and Al-O vibrations 

which represented the basic lattice of HT.  

PANi presented with the strong 

absorptions at 1558; 1485; 1288; 1130 

and 875 cm-1, which were assigned to the 

C=C in quinonoid and benzenoid ring 

structure (in-plane and out-of plane 

bending), C-N in aromatic amine, 

N=Q=N stretching band, and benzene 

ring respectively. Through the whole 

observation, all the above characteristic 

peaks were appeared in the PANI/GO-HT, 

indicating that the PANI was successfully 

attached to the surface of GO-HT. In the 

other hand, the band at about 3236 cm-1 

was assigned to the N-H hydrogen bond 

presented on the GO-HT surface, which 

also implied the successful composite 

with PANI.     

 

Figure 2. FTIR spectra of (a) GO-HT; 

(b) PANI@GO-HT and (c) PANI. 

2. UV-VIS spectra 

 

Figure 3. UV-VIS spectra of PANi, GO-

HT and PANI@GO-HT. 

The UV-VIS spectra showed in 

Figure 3 has figured out the presence of 

polyaniline on the carrier GO-HT through 

the transition of sharped peak at 280 nm-1 
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and the broad peak at 380 nm-1 finally the 

shoulder at 495 nm-1. The disappearance of 

peak at 256 nm-1 of PANi on the spectra of 

PANI@GO-HT can be caused by the linking 

of PANI with GO-HT make the π-π 

disappeared.  

3. SEM image 

 

PANI 

 

GO-HT 

 

GO 

 

PANI@GO-HT 

Figure 4. SEM images of (a) polyaniline, (b) 

Graphene oxide, (c) GO-HT and (d) 

PANi@GO-HT. 

The morphology of materials were 

observed by SEM images in figure.. In 

specifically, GO was observed as sheets due 

to 2D materials structure; PANi was 

observed as flower flake shape; and LDH-

GO was observed as composition of LDH 

flaky grew under sheet formation trend. The 

SEM image of PANI@LDH-GO showed the 

flower flake of PANI cover the structure of 

LDH-GO as mentioned above. 

4. X-ray diffraction 

The composition of the material and the 

structure was determined by the XRD 

patterns, which were shown in figure 4. As 

the results, the characteristic diffraction peak 

of LDH-GO is exactly the same with 

diffraction peak of LDH [] and appears at 2θ 

of 11.70° (003), 23.56° (006), 34,58° (012), 

39.56° (015), 46.78° (018), 60.26° (110), and 

61.64° (113), which is attributed to the 

formation of nanoplates and the hydroxide 

layered structure combined with graphene 

oxide sheets. The spectrum of PANI shows 

that it has diffraction peak at 2θ = 14.10°, 

18.38°, 21.06°, 26.84°, and 28.78°, which 

indicated that tartaric acid doped polyaniline 

had a certain degree of crystallinity. 

 

 

Figure 5: XRD pattern of (a) PANi (b) 

GO-HT and (c) PANi@GO-HT. 

 The XRD pattern of PANI@GO-HT 

had a broad and weak diffraction peaks at 

about 13.78o and shaped and strong 

diffraction about 23.04°, 26.84o and 

30.42o owing to the PANI chain. In 

addition, the peak at 2θ = 63.16° could 

also be obtained, which was due to the 

(110) reflection corresponding to the GO-

HT structure being maintained. The 

transition of (003) reflection from 11.68o 

to 16.24o may be accounted by the 

intercalation of polyaniline into interlayer 

anions during the synthesis process, and 

the presence of polyaniline with 

functional groups in the interlayer give 

stronger bonds between PANi and GO-

HT.     

CONCLUSION 

In this research, nanocomposite 

PANi@GO-HT was completely prepared 

using directed polymerization of 

polyaniline on GO-HT. The results 

indicated the layer structure of GO-HT is 

still maintained and polyaniline grew up 

on the surface of this carrier with the 

strong bond between those particles. 
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ABSTRACT 

 
We investigate the surface reaction of hydrogen atoms on germanene, a two-dimensional hexagonal 
germanium allotrope [1], using density functional theory. An isolated 2D Ge of a (5×3) unit cell is 
constructed from MD simulation [2]. The adsorptions of H atom on various sites (top, bridge, center) are 
investigated using SIESTA calculation. The most stable adsorbed sites are the top sites, and the 
adsorption energy of that H atom on the 2D germanene is about -1.833 eV. 
Keywords: Hydrogen adsorption; 2D Germanene; Adsorption energy; DFT 

INTRODUCTION 

Over the past few years, a series of studies 
have been carried out for 2D graphene and its 
ribbon because of its unique properties. The 
planar honeycomb structure lead to the unusual 
electronic properties of graphene[1]. It has been 
shown that the 2D structure of graphene is true 
stable [2,5,6]. Many scientistes predict that the 
other group IV elements in the periodic table 
may also have a stable honeycomb structure, so 
they have conducted studies for these materials 
[7,8,9]. 

Among the group IV elements, due to the 
existence of spin-orbit gap, germanene is a 
promising material for a quantum-spin Hall 
effect, unlike graphene [10,11]. Germanene is 

formed from a Ge atom layer in the buckled 
honeycomb lattice. Using first-principle 
calculations, the stability of germanene is 
predicted, the interatomic Ge-Ge bond length 
has been found between 2.310 and 2.443 Å with 
buckling of 0.737 Å [10,11].  

The question is whether the adsorption of 
hydrogen on this surface will affect this 2D Ge 
structure? The hydrogen storage capacity of this 
material is really high to make the coating in gas 
containers or not? So based on this latest 2D Ge 
structure, we conduct research on the reaction of 
hydrogen atoms on the surface of this newly 
created material. 

CALCULATION METHOD 

The SIESTA simulation software [16,17] 
was used to calculate the adsorption of hydrogen 
on the 2D germanene. The generalized gradient 
approximation (GGA) to the exchange-
correlation function due to Perdew, Burke, and 
Ernzerhof (PBE) was used in the DFT 
calculation. The adsorption sites of hydrogen 
atoms on the 2D Ge are shown in Figure 2. The 
basic SIESTA calculation parameters were: the 
DZP (double-zeta polarized) basic set, the mesh-
cutoff of 200 Ry, the Fermi Dirac function with 
the electronic temperature of 300 K for the 
Brillouin zone integrations. The energy shift for 
the Ge is 200 meV, which determines the cutoff 
radius per angular momentum channel. And for 
the H atoms, the energy shift is 60 meV with the 
split norm of 0.53 for the second zeta. These 

Figure 1. Top view (a) and side view (b) of 
the buckled Ge model from Ref. [15]. 
 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

441



  

calculation parameters in SIESTA provide 
reasonable accuracy for previous studies 
[18,19]. We chose the value of 0.660 Å for the 
buckling height, of 2.407 Å for the in-plane 

nearest-neighbor distance, and of 4.169 Å for 
the lattice constant, corresponding to the 
obtained MD data [15] to build the germanene 
model. 

 

 
 

Figure 2: Possible adsorption sites of Ge atom: Top (a), Bridge (b), Center (c).

The calculation of H adsorption on 2D 
germanene is done through 3 main steps. First, 
the 2D Ge model is built for finding 
convergence in the SIESTA calculation with the 
k-point gradually increases from (4×4×1) to 
(13×13×1) Monkhorst Pack (MP), or from 11 to 
85 k-points. Secondly, after running the SIESTA 
program and obtaining a relaxing Ge model, we 
let hydrogen atoms adsorb on different positions 
on the germanene surface. These locations 
include top, bridge and center sites (Figure 2). 

Table 1. Adsorption energy (eV) of adsorbed 
hydrogen atom on the 2D germanene when 
using 5 k-points. 

Unit 
cell Top1 Top2 

(5×3) -0.183 -1.290 
 

RESULTS AND DISCUSSION 

The theory energy calculations showed that 
the different absorption positions of atoms on 
the metal surface will give different energy 
values. Therefore, we calculate the total 
adsorption energy of system to verify possible 
adsorption sites of H on the 2D Ge surface. 
Table 1 shows the adsorption energy of model 
calculated by the formula: 

 
where Etot(NH) is the total energy of the NH 

atoms adsorbed on the 2D Ge surface, EH2 is the 
total energy of the isolated H2 molecule, and 
Eads is the adsorption energy of H on Ge.  

Eads at the Top1 is recorded as the lowest 
value, which means the most stable adsorption 
site. The hydrogen atoms on the center and on 
the bridge sites are not stable: the center position 
moves to the Top2 site, and the bridge position 
moves to the Top1 site (Fig. 2). 

To verify the correctness of the selected 
parameters in the DFT calculation, the energy 
convergence is calculated in detail in this study. 
When the energy value is converged at one 
point, the selected parameters are highly 
accurate and can be used as a comparison with 
experiment. The purpose of examining various 
number of k-points is to find the value of the 
calculated parameters at which the energy 
converges. The calculations is done using (5×3) 
lateral unit cell with different k-points, on which 
one H atom is adsorbed on the most stable sites: 
on the Top1 and the Top2 sites. Figure 3 shows 
the adsorption energies of hydrogen on 2D 
germanene with the k-point changed from 
(3×3×1) to (12×21×1) MP grids. 

Based on Figure 3, it can be seen the total 
energy of the H/Ge system becomes 
convergence when the number of k-point 
increases to (9×9×1) MP grids. 
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Figure 3: The total energy (eV) of the 2D 
germanene with different k-points. 

CONCLUSION 

 The adsorption of hydrogen atoms on the 
two-dimensional confined germanene is studied 
using the density function theory and 
generalized gradient approximation. The 
adsorbed hydrogen is the most stable at the Top1 
and Top2 sites. The convergence is observed 
when using the k-point of (9×9×1) MP grids. 
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ABSTRACT 
 

The study of the hydrogen adsorption on the missing row Pt(110)-(1×2) surface in ultrahigh vacuum 
(UHV) was investigated. The density functional theory (DFT) combined with the approximation 
oscillation of H on the surface was used. When the H-coverage on the surface ΘH=1ML, and taking into 
account the quantum effect, the bond formed at the edge of the first layer (short bridge) is the most stable 
site. The quantum effect on adsorption model H/Pt(110)-(1×2) is significant. 
Key words: hydrogen adsorption, the missing row Pt(110)-(1×2) surface, the density functional theory 
DFT. 

INTRODUCTION 

In recent years, electrochemical surface has 
been considered as a science that affects many 
different areas such as microelectronics, 
catalysts, fuel cells [1, 2]. In particular, the 
electroadsorption of H on Pt is considered as one 
of the intensive research models [3-12]. Because 
Pt has four different types of surface structures 
Pt(111), Pt(100), Pt(110) and Pt(110)-(1×2), 
there have been many studies for H adsorption 
on these surfaces. Gudmundsdóttir et al. and 
Skúlason et al. performed theoretical 
calculations to clarify the effects of the faces 
(111) and (100) [13, 14]. Then, experiment and 
theory were used to further study the adsorption 
of H on Pt(110) and Pt(110)-(1×2) surfaces [15 - 
20]. Especially for Pt(110)-(1×2) surface, many 
different research results on the stable 
adsorption position of H on the surface were 
given: the most stable trough site was shown in 
the studies using LEED (low-energy electron 
diffraction) and vibrational spectroscopy 
measurements [21 - 23]. Meanwhile, Zhang et 
al. and Minca et al. used LEED experiment and 
DFT calculation methods and found the most 
stable position at short bridge site for small 
coverage ~ 0.5ML [17, 18]. Gudmundsdóttir et 
al. confirmed again the most stable site is short 
bridge site at low coverage when using TPD 
(temperature-programmed desorption) and DFT 
calculation. However, at high coverage, the 
strongest sites are on the micro-facet or in the 
trough [24].  

The binding position of H on the surface of 
Pt plays an important role in the electrochemical 
surface research, but the difference in the 
binding energy of the stable sites is quite small, 
so it is necessary to study the phonon effect of H 
on the surface. In the previous reseach for 
H/Pt(111) model, we have succeeded in 
studying phonon effects on systems based on dft 
calculations [7]. We have determined that the 
adsorption energy of H on Pt(111) surface at the 
top and fcc sites is the same at low H coverage, 
while at high coverage, the fcc position is more 
dominant [7]. It is also a motivation for us to 
continue to study the phonon effect of H on the 
missing row Pt (110) - (1x2) surface.  

 
Figure 1. The model of Pt(110)-(1×2) surface 
onto which H atoms were adsorbed. R is the 
short bridge on the ridge site, F is the on-top on 
the micro facet, F’ is the hcp hollow site, T’ is 
the on-top on the ridge site, and T is the long 
bridge site in the trough. 

The first goal in this study is to determine 
the H adsorption energy corresponding to the 
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position on the surface of Pt (110)-(1×2) surface. 
Calculations of isothermal adsorption for 
H/Pt(110)-(1×2) system were done using 
SIESTA simulation software. With careful 
inspection of the initial parameters used in the 
calculation by checking the convergence of 
layers and k-points, the energy data obtained 
from our DFT calculation is highly accurate. 
Then, H was let oscillating on the Pt(110)-(1×2) 
surface, the phonon study is expressed in two 
values: the vibrational frequency and the zero 
point energy (ZPE).    

CALCULATION METHOD 

This study was applied the DFT calculation 
method, which similar to that used successfully 
in the study of H/Pt(111) system [7]. We used 
SIESTA simulation software [19, 21] to 
calculate the electronic structures. The 
generalized gradient approximation (GGA) to 
the exchange-correlation function due to 
Perdew, Burke, and Ernzerhof (PBE) was used 
in the DFT calculation. The adsorption sites of 
hydrogen on the missing row Pt(110)-(1×2) 
surface is shown in Figure 1. The basic SIESTA 
calculation parameters were: the DZP (double-
zeta polarized) basic set, the mesh-cutoff of 200 
Ry, the Fermi Dirac function with the electronic 
temperature of 300K for the Brillouin zone 
integrations. The energy shift for the Pt is 200 
meV, which determines the cutoff radius per 
angular momentum channel. And for the H 
atoms, the energy shift is 60 meV with the split 
norm of 0.53 for the second zeta. These 
calculation parameters in SIESTA provide 
reasonable accuracy for the results of bare Pt 
(non-adsorbed H) and adsorption of hydrogen 
atoms [7]. We also chose the value of 3.9242 Å 
corresponding to the obtained experimental data 
[24] to build the platinum model.  

 
Figure 2. Dependence of Pt layer thickness 

on the ΔEads. 

 
Figure 3. Dependence of Pt layer thickness 

on the ΔEads. 
 

The calculation of H adsorption on Pt (110) 
surface - (1×2) is done through 3 main steps. 
First, the missing row Pt(110)-(1×2) surface 
model is built with different atomic layers from 
4 to 6 Pt layers. For each case, the k-point in the 
SIESTA calculation gradually increases from 
(4×4×1) to (13×13×1) Monkhorst Pack (MP), or 
from 11 to 85 k-points, for the purpose of 
finding convergence according to number of 
layers and k-point. Secondly, after running the 
SIESTA program and obtaining a relaxing Pt 
model, we let hydrogen atoms adsorb on 
different positions on the Pt(110)-(1×2) surface. 
These locations include fcc (F), hcp(F’), short 
bridge (R), top (T’) and trough (T) sites (Figure 
1). Third, to calculate ZPE, the hydrogen atom is 
let oscillate around the equilibrium position 
along the z axis by a harmonic oscillation. 

RESULT AND DISCUSSION -  ENERGY 
CONVERGENCE 

For each type of Pt surface structure, the 
stable sites of H adsorption on it are also 
different. Therefore, we begin by calculating the 
surface adsorption energy to verify possible 
adsorption sites of H on the Pt(110)-(1×2) 
surface. Table 1 shows the adsorption energy of 
model calculated by the formula: 

    (1) 

where Etot(NH) is the total energy of the NH 
atoms adsorbed on the Pt(110)-(1×2) surface, 
EH2 is the total energy of the isolated H2 
molecule, and Eads is the adsorption energy of 
H on Pt. Eads at the short position (R) are 
recorded as the lowest value, which means the 
most stable adsorption site. Therefore, when 
examining the convergence, we select R site to 
investigate. 
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To verify the correctness of the selected 
parameters in the DFT calculation, the energy 
convergence is calculated in detail in this study. 
When the energy value is converged at one 
point, the selected parameters are highly 
accurate and can be used as a comparison with 
experiment. The purpose of examining various 
number of layers and k-points is to find the 
value of the calculated parameters at which the 
energy converges. The calculations is done 
using (1×2) lateral unit cell with different Pt 
layers and k-points, on which one H atom is let 
adsorb on the most stable sites: on the short 
bridge (R), and on the fcc (F) sites. Table 3 
shows the adsorption energies of hydrogen on 
Pt(110) surface with the MP grids changed from 
(4×4×1) to (13×13×1). 

Through Figure 2 and Figure 3 we visualize 
the data of Table 3. Based on Figure 2, it can be 
seen when the number of layers increases to 5, 
the value ΔEads (the adsorption energy on the 
short bridge relative to that on the fcc) becomes 
convergence with different k points. This 
indicates that hydrogen only affects 4 top Pt 
layers. And Figure 3 shows that the convergence 
value is approaching when the number of points 
k increases to (13×13×1) MP. 

CONCLUSIONS 

Using the density function theory and 
generalized gradient approximation, the phonon 

of hydrogen adsorption on the missing row 
Pt(110)-(1×2) surface has been studied. 
Adsorption calculations show that H is the most 
stable at the short bridge site. 
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ABSTRACT 

 

In the recent years, olivine LiFePO4 has been considered as a prospective cathode material for lithium–

ion batteries. However, low conductivity is an obstacle to the commercialization of LiFePO4; doping the 

transition metal such as Mn and Ni is one of solutions for this issue. This work aimed to synthesize the 

nano-structure Mn–doped olivines LiMnxFe1–xPO4 at various content of Mn-doping (x = 0.1 – 0.5) via 

hydrothermal route followed by a carbon coating pyrolyzed. The synthesized olivines were well-

crystallized in olivine structure, with larger lattice parameters compared to LiFePO4. The XRD patterns 

were refined by Rietveld refinement confirm the atom sites of olivine as well as evolution of lattice 

parameters in function of Mn–doping contents. 

Keywords: Lithium-ion batteries, Mn-doped olivines, Rietveld refinement 

 

INTRODUCTION 

In the last three decades, the world has 

observed urges for a need of significant 

breakthroughs in the hi-tech industry. Along 

with this development, the demand for power 

storage can provide a large amount of energy 

with good cycling performance. Lithium-ion 

batteries (LIBs) have taken those requirements 

as their advantages. A great deal of researches 

have delved deeply into the topic of LIBs in 

order to develop suitable materials to improve 

the performance of batteries. Cathode materials 

for LIBs have been an attractive field because 

they are the determining factor of power density, 

capacity, lifetime, and cost of the batteries.[1, 2] 

Besides the popular layered transition metal 

oxides, olivine materials-LiMPO4 (M = Mn, Co, 

Fe...), represented by LiFePO4 are competitive 

candidates to the commercialized LiCoO2. They 

are low-cost, easy to synthesize, and non-toxic. 

High thermal stability and comparable specific 

capacity (170 mAh/g) to LiCoO2 (140 mAh/g) is 

the key to their large-scale application in the 

future.[3, 4] 

Olivine materials are categorized as 

orthorhombic structure with space group Pnma. 

The lattice of LiFePO4 contains [FeO6] 

octahedral sites and [PO4] tetrahedral sites 

sharing vertices and edges. The octahedrons are 

connected to form tunnel structure, which 

facilitates the migration of Li+ ions.[5] The 

alternate arrangement of [FeO6] and [PO4] 

groups, however, leads to low conductivity 

(∼10-9 S/cm at room temperature) – the main 

limitation of LiFePO4.[6] In order to solve this 

issue, many research projects have focused on 

minimizing the particle size into nano-scale with 

modern synthetic process. Besides, doping the 

material with Mn or Ni (LiMnxFe1-xPO4 or 

LiNixFe1-xPO4) is also a promising solution.[7] 

Nakamura et al reported the Mn2+-substitution in 

olivine compounds (prepared by solid-state 

reaction) expended the unit cell along c-axis that 

facilitated the Li-immigration in doped olivines 

and the Li+ diffusions were found out on the 

order of 10−12 cm2/s[8]. Novikova et al prepared 

the olivines LiMnxFe1-xPO4 (x = 0 - 0.4) by 

sol{fel method and the particles varied in range 

400 nm to 4 µm. By M¨ossbauer spectroscopy, 

they proved the low content Mn-doping (x = 0.1, 

0.2) enhanced the discharge capacity to 142 

mAh/g (at current density of 55 mA/g) due to 

the solid solutions formation under gradual 

changes in the potential of Mn [9]. 
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The objective of this study is to evaluate the 

influence of Mn-doping on the crystalline 

structure as well as the electrochemical 

behaviors of olivine materials LiMn0.1Fe0.9PO4 

and LiMn0.2Fe0.8PO4 synthesized by 

hydrothermal method. Kinetics of Li+ 

intercalation was also investigated through 

diffusion coefficients using cyclic voltammetry. 

 

EXPERIMENTAL  

Mn-doped olivine LiMn0.1Fe0.9PO4 

(LMFP_19) and LiMn0.2Fe0.8PO4 (LMFP_28) 

materials were synthesized via hydrothermal 

method. 150 mL of aqueous solution of 

Mn(CH3COO)2.4H2O and Fe(NO3)3.9H2O (at the 

molar ratio of 1:9 or 2:8) with a small amount of 

N, N-dimethylformamide C3H7NO as reducing 

agent was stirred at 80℃ for 1 hour. The solution 

was then mixed with LiOH.H2O, H3PO4, C6H8O6, 

and HNO3 and stirred thoroughly at ambient 

condition for 6 hours using a magnetic stirrer. 

The mixture was then transferred into a 

hydrothermal system and annealed at 180℃ for 

12 hours. The product of this process was 

separated from the suspension by centrifuge and 

low-pressure filter, then washed by deionized 

water and finally dried at 60℃ overnight. In 

order to make a carbon coating, the obtained 

solid was ground with glucose at the mass ratio 

of 1:1 and then calcined at 700℃ in N2/Ar 

atmosphere for 3 hours. 

The crystalline structure of as-prepared 

materials was analyzed by X-ray diffraction by 

D8-ADVANCED (Bruker) in the 2θ range of 10-

70° at the scanning rate of 0.020°/step with CuKα 

radiation. The morphology and elemental 

composition evaluation by scanning electron 

microscopy (SEM) and SEM-EDX, by using a 

Hitachi FE-SEM S-4800 Scanning Electron 

Microscope. The proportion of carbon coating on 

the particles was quantified by thermal analysis 

from 25℃ to 800℃ in the air at the scanning rate 

of 10℃/min using LABSYS evo TG-DSC 1600 

system (Setaram, France). 

RESULTS AND DISCUSSION 

The X-ray diffraction patterns of two Mn{doped 

olivines (Figure 1a, b) can be indexed in 

orthorhombic structure with the space group 

Pnmb. Results Rietveld refinement, gathered in 

Table 1 are in good agreement with original 

olivine structural (JSPDF: 01{083{2092). The 

Li7 atoms are located at 4a sites; the Fe, Mn and 

P atoms are in 4c sites; the O atoms are in 8a 

sites. The fraction of Mn:Fe are 0.1:0.9 and 

0.2:0.8, approximate matches the EDX results. 

The X-ray diffraction patterns indicates the 

presence of a pure and very well crystallized 

single phase without the impurity phase (e.g. 

MnO2, Li2O, Fe2O3). It is obvious that partially 

replacing Fe with Mn amplifies the size of the 

olivines lattice unit, which can be explained by 

the fact that the ionic radius of Mn2+ (80 pm) is 

superior to that of Fe2+ (78 pm). This result 

agrees with previous reports about Mn-doped 

olivine [10]. 

 

 

 
Figure 1. XRD patterns of LiMn0.1Fe0.9PO4 (a) 

and LiMn0.2Fe0.8PO4 (b) 

Table 1 Lattice parameters of LiMn0.1Fe0.9PO4 

and LiMn0.2Fe0.8PO4 in comparison with 

LiFePO4. 

Sample a (Å) b (Å) c (Å) V (Å3) 

LiMn0.1Fe0.9PO4 10.346 6.015 4.705 292.8 

LiMn0.2Fe0.8PO4 10.384 6.041 4,722 296.2 

LiFePO4 10.334 6.010 4.693 291.5 
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As-prepared materials morphology was analyzed 

by scanning electron microscopy. The SEM 

images (Figure 2) indicate their polyhedral 

shapes with the sizes varying between 200 and 

400 nm. These particles agglomerate into larger 

secondary particles, and the size varies from 0.5 

to 1.0 μm. 

 

 

 
Figure 2 SEM images of LiMn0.1Fe0.9PO4 (a) and 

LiMn0.2Fe0.8PO4 (b). 

 
The elemental compositions of LMFP_19 and 

LMFP_28 determined by SEM-EDX are listed 

in Table 2. The molar ratios of Mn: Fe: P: O of 

LMFP_19 and LMFP_28 are 0.100: 1.06: 0.94: 

3.68 and 0.200: 0.853: 0.950: 3.48 respectively, 

which are suitable to the theoretical formula. 

 

CONCLUSION 

In this study, two olivine-type materials 

LiMn0.1Fe0.9PO4 and LiMn0.2Fe0.8PO4 were 

successfully synthesized via hydrothermal 

method. Both have an orthorhombic structure, 

and their lattice parameters agreed with the 

preceding reports. 
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ABSTRACT 
 

Poly(ethylene-co-tetrafluoroehtylene) (ETFE)-based graft-type polymer electrolyte membranes 
(ETFE-PEMs) were prepared by a pre-irradiation grafting method, in which polymer substrates are first 
irradiated using a quantum beam and then immersed in a monomer solution for graft polymerization 
(grafted-ETFE) and finally sulfonated the grafted films. The hierarchical structures of original ETFE, 
grafted-ETFE, and ETFE-PEM were investigated by using ultra small-angle X-ray scattering (USAXS). It 
was founded that the grafted-ETFE and ETFE-PEM films exhibit three scattering peaks, whearas the 
original ETFE shows only one peaks. A pronounced peak at approximately q = 0.27 nm-1 (d = 23 nm), 
which are obversed for all films, was assigned as the scattering from lamellar stacks. A shoulder-like peak 
at q2 = 0.021 nm-1 (d2 = 300 nm) was observed. In addition, the SAXS profiles exhibited another 
shoulder-like peak in q-region at q3 = 0.0047 nm-1 (d3 = 1340 nm), which is lower than q2. One possible 
explanation of the set of peaks, q2 and q3, should be a set of correlation distances for the short and long 
periods d2 and d3, perpendicular to the orientated direction originating from oriented crystallite (lamellar 
grains) structures.  
Keywords: ETFE, radiation grafting, fuel cell, hierarchical structure, USAXS  

INTRODUCTION 

Proton exchange membrane (PEM) fuel cells 
have attracted many interests in solving the 
environmental problems since their advantages 
over other fuel cells in terms of the clean and 
efficient power generation and lower operating 
temperature are expected to reduce the fossil 
fuel consumption, which is believed to be the 
primary sources causing the climate change. 
Proton exchange membrane, which consists of 
super acid groups (i.e., sulfonic acid), has been 
considered as one of the key components in 
achieving the high fuel cell performance because 
of its fuel cell properties such as proton 

conductivity, mechanical strength, and thermal 
and chemical stabilities. Recently, we have 
reported the synthesis and characterization of 
poly(styrenesulfonic acid) (PSSA)-grafted ETFE 
polymer electrolyte membranes (ETFE-PEMs) 
with a wide range of ion exchange capacity 
(IEC) at the dry and humidified conditions for 
fuel cell applications.1,2 The ETFE-PEMs 
showed respectively less dependent proton 
conductivity on relative humidity (RH) and 
strong dependence of mechanical strength on the 
PEM crystallinities. The higher order structures 
of the ETFE-PEMs were then investigated by 
using the small- and ultrasmall-angle X-ray 
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scattering (SAXS/USAXS) methods.3 It was 
founded that, for the ETFE-PEMs with IECs > 
2.7 mmol/g, a higher conductivity at 30% RH 
and compatible tensile strength at 100% RH and 
80 ºC, in comparison with Nafion-212, were 
originated respectively from the 
well-interconnected ion channels around the 
grains and the remaining lamellar crystals and 
grains as well. The aim of the present paper is to 
extend this investigation of SAXS profiles of 
ETFE-PEMs, especially at ultrasmall-angle 
X-ray scattering, which has been only a few 
reports in the filed.   

EXPERIMENTAL 

Details on the materials and preparation 
procedures were described in the previous 
works.1,2 The equipments and procedures for the 
SAXS measurements were also described 
explicitly in the recent work.3 Principle of SAXS 
measurement is shown in Figure 1. Briefly, the 
membranes were prepared by the pre-irradiation 
grafting method, in which the pristine ETFE 
films were irradiated by using the 60Co γ-rays 
and then immersed into a styrene solution to 
give the styrene grafted ETFE (grafted-ETFE). 
Chemical structures of pristine ETFE film, 
grafted-ETFE film, and ETFE-PEM are 
represented in Figure 2. The grafting degree 
(GD) of the grafted-ETFE can be controlled in 
the range from 4.2 to 117% by changing the 
styrene concentration and grafting time. The 
grafted-ETFE films were sulfonated to obtain 
the poly(styrenesulfonic acid) (PSSA)-grafted 
ETFE (ETFE-PEM) with an IEC range of 
0.52−3.1 mmol g-1. 

 
Figure 1. Principle of SAXS measurement is 
represented, in which q is referred to as the 
modulus of the scattering vector given by 
4πsinθ/λ, where 2θ is the scattering angle and λ 
is the wavelength of the incident radiation. 

 

 
Figure 2. Chemical structures of pristine ETFE 
film, grafted-ETFE film, and ETFE-PEM. 

RESULTS AND DISCUSSION 

 Figure 3 shows overall USAXS profiles of 
(1) original ETFE, (2) grafted-ETFE with a 
grafting degree (GD) of 59%, and (3) 
ETFE-PEM (sulfonated form of the 
grafted-ETFE) with IEC of 2.4 mmol/g in the 
q-ranges = 4×10-3-3 nm-1 (d-spacing = 2-1600 
nm). In the entire q-range, the pristine ETFE  
possessed only a pronounced peak at 
approximately q = 0.27 nm-1 (d = 23 nm), which 
was assigned as the scattering from lamellar 
stacks. In a q-region I, grafted-ETFE exhibited a 
shoulder-like peaks appeared at q1 = 0.192 nm-1 
(d1 = 32.7 nm) being similar to q-position in the 
pristine ETFE indicating that new phases 
consisting of polystyrene grafts generated under 
the influences of the lamellar structure of the 
pristine ETFE. In q-region II, a shoulder-like 
peak at q2 = 0.021 nm-1 (d2 = 300 nm) was 
observed. In addition, the SAXS profiles of 
grafted-ETFE exhibited another shoulder-like 
peak in q-region II at q3 = 0.0047 nm-1 (d3 = 
1340 nm), which is lower than q2. In q-region II, 
a shoulder-like peak at q2 = 0.021 nm-1 (d2 = 
300 nm) was observed. In addition, the SAXS 
profiles of grafted-ETFE exhibited another 
shoulder-like peak in q-region II at q3 = 0.0047 
nm-1 (d3 = 1340 nm), which is lower than q2.

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

454



10-3 10-2 10-1 10010-1
100
101
102
103
104
105
106
107
108

d3 d2

d1

q-region I

q-region II

(2)
(3)

(1)

-4

 

 

I(q
) (

cm
-1
)

 
10-3 10-2 10-1 10010-1

100
101
102
103
104
105
106
107
108

d3 d2

d1

q-region I

q-region II

(2)
(3)

(1)

-4

 

 

I(q
) (

cm
-1
)

 
 

Figure 3. USAXS profiles of (1) original ETFE, (2) grafted-ETFE, and (3) ETFE-PEM with GD of 59%. 
One possible explanation of the set of peaks, 

q2 and q3, should be a set of correlation 
distances for the short and long periods d2 and 
d3, perpendicular to the orientated direction 
originating from oriented crystallite (lamellar 
grains) structures. SAXS profiles of 
ETFE-PEMs are similar with those of 
grafted-ETFE in the entire q-range. By 
comparing the GD (IEC) dependences of 
conductivity and mechanical properties of the 
ETFE-PEMs, the lamellar (d1) and crystallites 
(d2 and d3) are crucial for former and latter 
properties, respectively. It should be noted here 
that the crystalline structures in the lower 
q-region than q = 0.021 nm-1 (d = 300 nm) for 
the graft-type PEMs have not been reported and 
the obtained results in this study can contribute 
the further understanding on the hierarchical 
structures of the membranes, especially for 
structures located at ultrasmall-angle X-ray 
scattering.     

CONCLUSION 

The hierarchical structures of original ETFE, 
grafted-ETFE, and ETFE-PEM were 
investigated by using ultra small-angle X-ray 
scattering (USAXS). The obtained results 
indicate that the grafted-ETFE and ETFE-PEM 
films exhibit three scattering peaks, whearas the 
original ETFE shows only one peaks. A 

pronounced peak at approximately q = 0.27 
nm-1 (d = 23 nm) relating to the lamellar stacks 
are obversed for all films. A shoulder-like peak 
at q2 = 0.021 nm-1 (d2 = 300 nm) was observed. 
In addition, the SAXS profiles exhibited another 
shoulder-like peak in q-region at q3 = 0.0047 
nm-1 (d3 = 1340 nm), which is lower than q2. 
One possible explanation of the set of peaks, q2 
and q3, should be a set of correlation distances 
for the short and long periods d2 and d3, 
perpendicular to the orientated direction 
originating from oriented crystallite (lamellar 
grains) structures. The obtained results in this 
study can contribute the further understanding 
on the hierarchical structures of the membranes, 
especially for structures located at 
ultrasmall-angle X-ray scattering. The 
relationship between these hierarchical 
structures and fuel cell properties of 
ETFE-PEMs will be elucidated in a next paper. 
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ABSTRACT 
 

Gelled electrolyte is made on the basis of liquid glass and sulfuric acid using nano fumed silica in the 
presence of some other organic additives such as polyacrylamide and polypropylene glycol. Lead-
antimony alloy electrodes are prepared to examine the electrochemical properties of manufactured gelled 
electrolytes through cyclic voltammetric behavior, electrochemical impedance and polarization curves. 
The results about cyclic voltammetric diagrams showed that   the lead solubility increased and the oxygen 
evolution decreased in the presence of nano fumed silica. Obtained nyquist diagrams all showed that 
adsorption process occured, but when nano fumed silica is present, the electrochemical impedance 
increases. The results of the measurement of the polarization curve showed that when increasing the 
concentration of nano fumed silica, the excess of oxygen escaping increased sharply, but the escape of 
hydrogen decreased slightly. 
Keywords: Gelled electrolyte, nano fumed silica, cyclic voltammetry, electrochemical impedance 
spectroscopy, linear polarization. 

INTRODUCTION 

Sealed lead acid batteries play an increasingly 
important role in the post and 
telecommunications industry, especially at 
telecommunications stations because they do not 
cause damage to electronic devices around due 
to restrictions and elimination of exhaust gas 
during charging. One of the technologies to 
create sealed lead acid battery is using 
electrolyte in the gelled form made in many 
different ways [1,2]. A number of innovations 
related to the manufacture of this electrolyte 
have been of interest to scientists, including the 
addition of organic or inorganic additives [3-6] 
aimed at achieving a well-structured gelled 
electrolyte for the easy transfer of gas to 
contribute to the process of recombination into 
water. Nano fumed silica (NFS) has also been 
mentioned in previously published works [7,8], 
but its use in combination with some organic 
additives such as polyacrylamide (PAM) and 
polypropylene glycol (PPG) has been lack of 
interest. 
This paper will present some electro-chemical 
survey results of antimony lead alloy electrodes 
in gelled electrolytes made from liquid glass and 

sulfuric acid adding NFS in the presence of 
PAM and PPG. 

EXPERIMENTAL 

Chemicals 
PPG and sulfuric acid are provided by 

Merck, PAM and NFS by Sigma Aldrich, and 
liquid glass solution (1.54 g/cm3) from China. 

 

 
 

Figure 1. SEM image of NFS. 

Preparation of sample   
All samples of gelled electrolytes are 

prepared at the temperature of 2-5°C. The   
sulfuric acid and liquid glass solutions at density 
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of 1.37 g/cm3 and 1.54 g/cm3 were used for 
sample preparation, respectively. NFS is added 
into distilled water under stirring to create a 
suspension solution with a concentration of 5%. 
The weight percent of PAM (0.2 wt%), PPG 
(0.1 wt%)  and NFS (0÷0.8 wt%) was calculated 
based on the weight ratio to mass of sulfuric 
acid. 

Measuring methods 
Cyclic voltammogram (CV), electrochemical 
impedance spectroscopy (EIS) and polarization 
curves of PbSb alloy electrodes were measured 
in gelled electrolyte on the unit IM6 (Zahner-
Elektrik, Germany).  A three-electrode cell was 
used, including PbSb alloy electrode (0.6 mm2) 
as working electrode, platinum plate as counter 
electrode and a calomel reference electrode. 
Scan rate of 100 mV/s and cycle number of 10 
were chosen as parameters for CV 
measurements in the potential area from -0.85 to 
2.50 V; an amplitude of 5 mV and frequency 
from 100 kHz to 10 mHz for EIS study at 
opencurrent potential (OCP); scan rate for 
polarization survey in the potential area from     
-1.5 to 2.7 V was 50 mV/s. 

RESULTS AND DISCUSSION 

Study on CV diagrams 

 

 
Figure 2. CV diagrams of PbSb alloy electrode 
in gelled electrolyte using different NFS content 
in the presence of  0.1 wt% PPG and 0.2 wt% 
PAM. (A) the first cyle, (B) the 10th cycle. 

Research results on CV diagrams in Figure 2 
show that there are 3 oxidized peaks (a, b, c) and 
3 reducing peaks (d, e, f), in which their peak 
height is not only dependent on the number of  
scanning cycle but also on the NFS amount used 
to make the gelled electrolyte.  

Peaks a and b reflect the dissolution of lead to 
lead (II) and antimony to Sb (III), respectively. 
Peak c explains the process of oxygen release 
[9], which decreases sharply in the presence of 
NFS and when the number of scanning cycle 
increases. 

Peak d shows the reduction process of Sb (III) to 
Sb, peaks e and f represent the reduction of PbO 
and PbSO4 to  lead, which were found similar to 
the published literature [10,11], respectively. 
The peak of lead solubility (peak a) increased 
significantly at the 10th cycle (Figure 2B) when 
NFS content increased, although it   did not 
depend much on the presence of NFS at the first 
cycle (Figure 2A). 

Study on EIS diagrams 
Figure 3 shows Nyquist impedance diagrams 

of the antimony lead alloy electrode measured in 
gelled electrolytes containing different NFS 
content (0÷0.8 wt%) in the presence of 0.1 wt% 
PPG and 0.2 wt% PAM. As we all know, the 
diameter of Nyquist circle represents the value 
of charge transfer resistance (Rct) [12], it means 
this diameter is directly proportional to Rct. In 
general, the results showed that the Rct increased 
due to the presence of NFS, in which the highest 
increase was at the NFS content of 0.2 wt%. 
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However, it indicated that a rapidly decrease in 
the case of NFS content increased until 0.6 wt% 
and then increased again at 0.8 wt% NFS.  
Therefore, it is not conducive to the charge 
transfer on the working electrode if using NFS at 
too little (0.2 wt%) or too high (0.8 wt%) 
content.    

Figure 3. Nyquist diagrams of PbSb alloy 
electrode in gelled electrolyte using different 
NFS content in the presence of 0.1 wt% PPG 
and 0.2 wt% PAM. 

Figure 4. Bode diagrams of PbSb alloy 
electrode in gelled electrolyte using different 
NFS content in the presence of 0.1 wt% PPG 
and 0.2 wt% PAM. 

The results given in Figure 4 and Table 1 
show that in terms of evaluating the charge 
transfer process, the limit of using NFS content 
is 0.6 wt%. 

In addition, we also noticed that the 
appearance of adsorption occurred by observing 
the impedance spectrum in both Nyquist and 

Bode types in the low frequency region 
gradually approaching 10 mHz. 

Table 1.  Electrochemical impedance (EI) values 
at 10 mHz determinated from figure 4 

NFS (wt%) EI values (kΩ) 
0.0 17.20 
0.2 67.67 
0.4 22.88 
0.6 19.34 
0.8 26.90 

Study on polarization curves 

Figure 5. Anodic polarization branch of PbSb 
alloy electrode in gelled electrolyte using 
different NFS content in the presence of 0.1 wt% 
PPG and 0.2 wt% PAM. 

The two anode and cathode branches on the 
polarization curve were investigated because it 
involved in the process of releasing oxygen and 
hydrogen from the working electrode. 

The polarization segment (Figure 5) in the 
oxygen drainage region (2.4÷2.7 V) reflects the 
oxygen overvoltage (OOV). In theory, the more 
this curve moves toward the positive side, the 
bigger the OOV is and the oxygen release is 
inhibited. Observing the curves, we find that 
when NFS is present, this segment is shifted 
more positively and the OOV increases with the 
amount of NFS used. 

In contrast, the cathode polarization process 
(Figure 6) shows that the hydrogen overvoltage 
(HOV) decreases because the curves are all 
moved toward less negative ones due to the 
presence of NFS. However, the HOV as well as 
the rate of hydrogen escape in gelled electrolyte 
medium using NFS at 0.4÷0.8 wt% are nearly 
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the same because these curves are nearly 
identical. 

Figure 6. Cathodic polarization branch of PbSb 
alloy electrode in gelled electrolyte using 
different NFS content in the presence of 0.1 wt% 
PPG and 0.2 wt% PAM 

CONCLUSION 

The presence of NFS besides PPG (0.1 wt%) 
and PAM (0.2 wt%) significantly contributed to 
reduce the rate of oxygen escape. Lead 
dissolution rate was increased not only with 
number of CV scanning cycle but also with the 
content of NFS used for the fabrication of gelled 
electrolyte. 
The Rct was increased due to NFS taken part in 
the formation of gelled electrolyte. The suitable 
NFS content was 0.6 wt% for use in the 
manufacture of gelled electrolytes in which Rct 
varied insignificantly compared to that of gelled 
electrolyte without NFS. 
 The presence of NFS improved the oxygen 
overvoltage very well, but did not improve the 
hydrogen overvoltage, even reducing HOV. This 
reduction was not significant at NFS content 
varied from 0.6 to 0.8 wt%. 
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ABSTRACT 

Arsenic (As) is considered to be one of the most toxic element in water. Electrochemical techniques for the 
detection of As(III) have inherent advantages. In this study, a series of electrochemical experiments were 
performed in order to detect the concentration of Arsenic ion - As (III) concentration in aqueous phase via 
Anode Stripping Voltammetry (ASV) technique by using Nafion modified on platinum electrodes. The 
topology of the modified electrodes was characterized with Atomic Force Microscopy (AFM). The 
electrochemical properties of the modified electrode was performed with ASV method and the optimization 
parameters were found out: the amplitude of 0.02 V, frequency of 25 Hz, deposition time of 120 s. Under 
these optimized parameters, the linear response was in range from 0 to 40 ppb with high accuracy (R2 = 
0.9917). The responding time was approximately 150 s. The sensitivity of the modified Nafion/Pt electrode 
was 0.036 µA/ppb. The limit of detection was below 10 ppb which is approximately equal with the 
recommended level of World Health Organization (WHO). The results showed the possibility of using 
modified Nafion/Pt electrode for detection of As3+ in order to test the quality of domestic water. 
Keywords: Nafion thin film, Modified electrode, Arsenic, ASV, Anode Stripping Voltammetry. 

INTRODUCTION 

One of several toxic element that cause a huge 
concern to human life and environment is As3+. It 
is responsible for producing numerous types of 
human’s disaster [1]. Arsenic is the 20th most 
abundant element in the earth’s crust, 12th in the 
human body and 14th in the seawater [2]. It is a 
poisonous chemical widely distributed around the 
world and appear in four valence states (-3, 0, 3 
and 5) [3]. There have been various research 
mentioned that As3+ is more toxic than inorganic 
As5+ (10 - 70 times) and several hundred times as 
organic arsenicals [4]. Both of them have 
contributed significantly to many human health 
problems such as skin lesions, keratosis, lung 
cancer and bladder cancer [5]. The World Health 
Organization’s (WHO’s) Guideline Value for 
arsenic in drinking water is 10 µg/L (10 ppb) [6]. 
Hence, detecting and monitoring As3+ 
concentration in environmental samples have 
become an extremely important task for 
researchers all over the world.  

Many studies and techniques for detection of 
Arsenic have been published and developed in 
the past 10 years. However, most of them are just 
suitable and workable under laboratory 

circumstances such as Atomic Fluorescence 
Spectrometry (AFS) [7], Atomic Absorption 
spectrometry (AAS) [8], high performance liquid 
chromatography-inductively coupled plasma 
mass spectrometry (HPLC-ICPMS) [9] and 
Inductive coupled plasma optical emission 
spectrometry/mass spectrometry (ICP-OES/MS) 
[10, 11]. These techniques show good limits of 
detection (LOD), good sensitivity and high 
accuracy. However, they have some limitations 
such as complex equipment, high cost, 
complicated sample preparation and requirement 
about skilled operators. 

In the last decade, electro-analysis has 
become a promising alternative to qualitively and 
quantitatively detect As3+ due to its advantages 
such as low-cost, easy to operate and friendly use 
[12]. Many electrochemical methods have been 
used such as Cyclic Voltammetry (CV), Square 
Wave Anodic Stripping Voltammetry (SWASV), 
Cathodic Stripping Voltammetry (CSV) and 
Linear Sweep Anodic Stripping Voltammetry 
(LSASV) [13, 14]. Recently, Stripping 
voltammetry has been used. This technique has 
shown great advantages in sensitivity and 
selectivity over the voltammetric techniques [15-
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17]. In stripping voltammetry of arsenic (III), 
various electrode materials have been used such 
as Platinum (Pt), Gold (Au) and variety of carbon 
electrodes modified with metals (Pt, Au, Ag, Ir). 
In 1970s, Anodic stripping voltammetry (ASV) 
of As3+ ion solid electrodes was one of the highest 
attention of scientists [18, 19]. Platinum 
nanoparticles- modified electrodes have been 
used in the electrochemical determination of 
Arsenic [20]. Nafion is a polymeric resin with 
good cation exchange properties and high 
mechanical resistances that can used as an 
effective protection layer against surfactants and 
humic substance. Recently, Nafion has been 
widely used in preparation process of modified 
electrodes [21, 22]. Nafion coated electrodes 
have been used for determination of heavy metal 
cation in natural water [23] and some organic 
compounds [24]. 

In this article, we report a Nafion modified 
platinum electrode which had specific design, 
low fabrication cost, and could be used as a 
working electrode for detecting As3+ ion at low 
concentrations. The Anodic Stripping 
Voltammetry method was performed in various 
As3+ concentrations with the modified Nafion/Pt 
electrode as working electrode, planar Pt 
electrode as counter electrode and an external 
commercial Ag/AgCl electrode as reference 
electrode. The HCl 0.1 M solution was used as 
supporting electrolyte. The modified electrode 
showed high sensitivity and low LOD 
(approximately 10 ppb). The correlation between 
magnitude of current and concentration of As3+ 
was also determined.  

EXPERIMENTAL 

Materials and chemicals 

All chemicals and reagents that were used for 
electrochemical experiments were of analytical 
grade purchased from Sigma-Aldrich and were 
used as received without further purification. 
As(III) standard solutions of 1000 mg.L-1 were 
prepared from ultrapure Arsenic trioxide 
(As2O3). Hydrochloric acid (HCl) concentration 
of 1 M was prepared from HCl 37%. Nafion® 
117 solution (5% w/v). These solutions were 
added to a variety of concentrations that relied on 
the aim of experiments. Deionized (DI) water 
with a resistivity of not less than 18.2 MΩ.cm was 
utilized during the research. 

The potentiostat/galvanostat PGSTAT 302N 
(Metrohm, Autolab, the Netherlands) was used 

for all the electro-chemical measurements. An 
external Ag/AgCl electrode (Basi Inc., US) was 
used as a reference electrode. 

The physical properties of the modified 
electrode was examined by using Atomic Force 
Microscope – AFM XE7, Park System, Korea 
and IR optical microscope system, LUMOS, 
Brukers Optics, Germany. 

Fabrication of the thin film Nafion/Pt 
electrodes 

An electrochemical chip includes one Pt 
working electrode and one Pt counter electrode 
(dimension of 1.5 mm x 9 mm) with a distance of 
3 mm. Pt layers were sputtered with Univex 350 
(Leybold, Germany) and patterned on Si wafer 
with 700 nm SiO2 layer by photolithography and 
lift-off techniques. The fabricated Pt electrodes 
had a thickness of 250 nm including a layer of 
titanium as an adhesion layer (Figure 1).  

 

 
Figure 1. Design of a Pt electrode on an 
electrochemical chip (top) and cross section of a 
chip (bottom). 

The thickness of the Pt electrodes was 
measured by a stylus profiler Dektak 6M (Veeco, 
US). After that, a thin layer of Nafion was formed 
on the Pt layer by drop-casting method. Finally, 
the modified electrode was dried under room 
temperature overnight in order to allow the 
Nafion thin film stabilized (Figure 2). 

 
Figure 2. The photograph of Pt electrode coated 
with the Nafion layer. 
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Characterization and measurements 

Characterization 
Thickness and roughness of the Nafion/Pt 

electrode was measured by Atomic Force 
Microscope XE7 (Park System, Korea). The 
composition of Nafion/Pt film was analyzed by 
IR optical microscope system, LUMOS (Brukers 
Optics, Germany). 
Electro-chemical measurements 
The As3+ concentration was diluted in the range of 
0 ppb to 40 ppb in HCl 0.1 M acting as the 
supporting electrolyte. The electrochemical 
measuring system included one working electrode 
(Nafion/Pt electrode), one counter electrode (Pt 

electrode) and one reference electrode (Ag/AgCl 
commercial electrode – Basi Inc., USA). 

All the electrodes were mounted on three 
crocodile clips. The modified chip was immersed 
in the electrolyte solution until the solvent level 
reach thee indication mark (5 mm). The 
measuring setup is shown in Figure 3. Anode 
Stripping Voltammetry (ASV) was performed 
with a PGSTAT 302N potentiostat/galvanostat 
(Metrohm, Autolab, The Netherlands). The step 
potential was set 2 mV; the frequency for the 
measurement was 25 Hz, the amplitude was 25 
mV and the temperature was about 30°C ± 1°C. 
Each measurement had deposition potential at -
0.2 V for 120 s. The anodic stripping was 
performed from 0.1 V  0.5 V. 

 

                   
Figure 3. The measuring system set up with the Nafion/Pt electrode and Pt electrode mounted on two 
crocodile clips and the Ag/AgCl reference electrode. 

RESULTS AND DISCUSSION 

Characterization analysis of the modified 
Nafion/Pt electrodes 

The modified electrode was observed by 
Atomic Force Microscope (AFM) to investigate 
their surface topography and thickness (Figure 
3). The thickness of Nafion layer was 
approximately 1139 ± 20 nm. Also, the Nafion 
layer which was coated on the Pt electrode had a 
rather smooth surface (Figure 3). 

 
Figure 3. The AFM images and topography 
spectra of the modified Nafion/Pt electrode. 

In addition, a chemical analysis of Nafion 
layer which was coated on planar Platinum 
electrode, was performed using energy dispersive 
IR optical microscope system, LUMOS (Brukers 
Optics, Germany) with ATR mode, the scanning 
range from 400 cm-1 – 4000 cm-1. Figure 4 shows 
the ATR-IR spectra of the Nafion thin film. The 
transmittance bands at 3456 cm-1 and 1642 cm-1 
are indicated to the  stretching vibration and 
bending vibration of the –OH functional group. 
The peaks at 1230 cm-1, 1135 cm-1, 1059 cm-1 and 
982 cm-1 are attributed to the characteristic 
functional groups of Nafion [25]. 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

463



  

 
Figure 4. ATR-IR spectra of Nafion layer. 

 
Potential measurements 
Arsenic measurements 

Figure 5 shows the ASWV plots of the 
Nafion/Pt electrode in the testing electrolyte 
which had various As3+ concentration range from 
0 – 40 ppb. When the concentration of As3+ in the 
electrolyte increases, the magnitude of the current 
also increases from 1.84 µA to 3.28 µA. The 
oxidation peak was found at 0.23 V and it 
corresponded to the oxidation of the As0 to As3+ 
[26]. The total measuring time was less than 3 
minutes. The sensitivity of the modified electrode 
from 0 – 40 ppb was 0.036 µA/ppb. It was higher 
than the sensitivity (5.07*10-5  µA/ppb) of E. 
Mafakheri et al. [27] and 0.005 µA/ppb of S. S. 
Hassan et al. [28]. 

 
Figure 5. The ASWV plots of the Nafion/Pt 
electrode in electrolyte solution with various As3+ 
concentration. 

The relationship between the magnitude of 
the current of the cathode peak (0.238 V) and the 
arsenic concentration was shown in Figure 6. It 
was linear with high coefficient of determination 
(R2 = 0.9917).  

 
Figure 6. The relationship of the cathode peak 
current and concentration of As3+ in the range 
of 0 – 40 ppb. 

The results shown that the modified Nafion/ 
Pt electrode was able to measure As3+ at low 
concentration (10 ppb) with high accuracy (R2 = 
0.9917) and high sensitivity (0.036 µA/ppb). 

Reproducibility of the modified electrode 

The reproducibility of the modified electrode 
was carried out by repeating a measurement of 
same concentration for 3 times using one 
electrode (the chosen concentration was 10 ppb). 
The standard deviation of 3 consecutive 
measurements was 0.03 and the relative standard 
deviation (RSD) of the current response was 2.03 
%. 

CONCLUSION 

In this paper, the modified Nafion/Pt 
electrode was designed and fabricated. A thin 
layer of Nafion that had the thickness of about 
1,139 ± 20 nm and had a smooth surface. It was 
coated on the planar Platinum electrode, acting as 
a protection layer. Via ASWV method, the 
modified electrode possessed a good 
performance to detect arsenic with low LOD (less 
than 10 ppb), high accuracy (R2=0.9917) and 
high sensitivity (RSD= 2.03%). Moreover, this 
modified electrode had more advantages such as 
fast analysis (less than 3 minutes), ease to use and 
low cost fabrication. 
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ABSTRACT 
 

The goal of this paper is to synthesize silver nanoparticles (AgNPs) ink for piezoelectric inkjet printer. 
Firstly, the colloidal AgNPs are synthesized from silver nitrate (AgNO3) by wet oxidation method with 
polyvinyl pyrrolidone (PVP) as capping agent and ethylene glycol (EG) as solvent as well as reducing 
agent. After that, AgNPs solution is characterized by Ultraviolet-visible spectrophotometry (UV-Vis). 
Silver nanoparticles inks are prepared from organic solvents to achieve the appropriate physical and 
chemical parameters for our Dimatix piezoelectric inkjet printers which are particle size less than 50 nm, 
viscosity in range from 8 to 20 cP and surface tension in range from 22 to 36 mN/m. Additionally, this ink 
has the stability period more than 7 months which was determined by Ultraviolet-visible spectrophotometry 
(UV-Vis) and Transmission electron microscopy (TEM). Finally, an antenna was printed by this ink on the 
paper substrate. A simple conductivity test was performed by LED light bulbs testing. Therefore, this 
AgNPs ink can be used for inkjet printing technology in future electronic applications. 
Keywords: Silver nanoparticles, AgNPs, the conductive ink, inkjet printing technology 

INTRODUCTION 

Nowadays, the silver nanoparticles have been 
attracting a lot of research interest all over the 
world. Many studies have shown that thanks to 
the rich shape and size of silver nanoparticles lead 
to the diverse properties such as their mechanical 
properties, electrical conductivity, thermal 
conductivity, optical absorption and melting 
point [1-3]. Their advantages of properties enable 
them to achieve many potential applications in 
various fields such as antibacterial activity [4], 
optical sensor [5], components in composite 
materials [6], integrated circuits [1] and others [7-
10]. 

 In particular, conductive ink based on silver 
nanoparticles applied to inkjet technology that is 
increasingly being researched and applied in the 
manufacture of electronic circuits [7-10]. 
Therefore, ink is a key problem in this 
technology. This requires the ink to meet the 
conditions associated with the inkjet process, 
including issues such as viscosity, surface 
tension, and particle size within the device's 
permissible range. In this paper, the ink has been 
synthesized with the satisfactory parameters of 
our inkjet equipment. 

To prepare silver nanoparticles ink, firstly, 
silver nanoparticles should be synthesized. There 

are many fabrication methods of silver 
nanoparticle including chemical reduction [11-
12], microwave assisted method [13], irradiation 
methods [14], etc. In particular, wet chemical 
method using surfactants (or capping agents) 
have shown many advantages such as simple 
process, easy to control the reaction conditions to 
obtain the desired particle size, and high stability. 
Generally, there are three main components in 
chemical method: silver precursors for formation 
of AgNPs such as AgNO3, AgCl, AgClO4, etc, 
reducing agents such as glucose, sodium citrate, 
ethylene glycol, etc and capping agents such as 
polyvinylpyrrolidone (PVP), polyvinyl alcohol 
(PVA), sodium oleate, etc [15-17]. In the paper, 
Polyvinyl pyrrolidone (PVP) has been used 
thanks to its’ excellent characteristics including 
stability, controlled particle size, protective 
capacity of the AgNPs to prevent their 
agglomeration and oxidation processes and 
ability to be decomposed after centrifuging and 
sintering [18]. 

EXPERIMENTAL  

Materials 

The chemicals used for the experiments 
included silver nitrate (AgNO3, 99.8% Spain), 
polyvinyl pyrrolidone (PVP, average molecular 
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weight of 10,000) purchased from Sigma-
Aldrich. The solvents such as ethanol 99%, 
isopropanol 98%, ethylene glycol 98%, glycerol 
98%, ethyl formate 97%, ethyl acetate 99.8%, 
diethyl oxalate, ethyl gylcolate 98%, 2-
isopropoxyethanol 99%, 2-methyl-1,3-dioxalane 
were purchased from Merck, Germany and 
acetone was purchased from China. All aqueous 
solutions were prepared using ultrapure water 
with a resistivity of 18.2 MΩ.cm. 
Synthesis of silver nanoparticles and prepare of 
silver nanoparticles ink 

To synthesize the silver nano colloidal 
solution, first, an appropriate amount of PVP was 
added in 40 ml EG by an ultrasonic probe (VCX 
750, Sonics, USA) and this solution was cooled 
to room temperature. Next, AgNO3 was mixed 
into PVP/EG solution for 3 minutes 30 seconds. 
This reaction ended when the solution is darker 
greencolor. The colloid solution was 
characterized by UV-Vis to make sure silver 
nanoparticles were formed in the colloid solution. 
Afterwards, the ultra-centrifuge system 
(CP80NX, Hitachi, Japan) was used to wash and 
precipitate AgNPs. After that, the AgNPs 
powders were dispersed in organic solvents such 
as 18.2 wt% DI, 18.37 wt% ethanol, 2.22 wt% 
ethylene glycol, 3.92 wt% isopropanol, 34.36 
wt% glycerol, 0.15 wt% 2-isopropoxyethanol, 
0.38 wt% ethyl acetate, 0.76 wt% Ethyl formate, 
0.18 wt % ethyl glycolate, 0.07 wt% 2-methyl-
1,3-dioxolane, 0.09 wt% Diethyloxalate and 1.3 
wt% acetone to prepare the 20 ± 2 wt% 
conductive solution. According to the 
requirement, the viscosity of ink solution is 
limited to 8-12cP and the surface tension is about 
22-36 mN/m to make sure the ink droplets are 
well sprayed by Dimatix inkjet printers. 
Therefore, the ink is synthesized from many types 
of solvents to adjust accordingly. The viscosity of 
the ink is then measured by m-VROC 
Viscometer, RheoSense and surface tension 
measured by the KSV CAM 101. 
Inkjet printing experiments 

Dimatix inkjet printer DMP-2800 (Fujifilm 
Dimatix, USA) was utilized with 16 nozzle 
cartridges of 10-picoliter drop volume 
(DMCLCP-11610) for printing antenna on paper 
substrate by the silver nanoparticle ink. The 
parameters of the inkjet printing process included 
substrate temperature set at 320C, drop spacing of 
15 µm and voltage of 25V. These parameters 
were optimized conditions to obtain good quality 

of the printed lines and the ink droplets. After 
that, simple conductive test was performed to 
evaluate the quality of antenna by testing LED 
light bulbs. 

RESULTS AND DISCUSSION 

The formation of silver nanoparticles 

After the AgNPs colloids synthesis, the 
solution was analyzed by UV-Vis spectrometer 
and the result was shown in Figure 1. Figure 1 
showed the optical absorbance which appeared at 
a wavelength between 400 nm and 420 nm (the 
surface plasmon resonance (SPR) peak at 409 
nm). Each type of metal nano-particles has a 
wavelength in UV-Vis range which feature by 
characteristic oscillation of valence electrons. 
Wavelength region between 400 nm and 420 nm 
is attributed to the surface plasmon resonance 
(SPR) peak of the silver nanoparticles [19-20]. 

 
Figure 1. The UV-Vis spectra of the AgNPs with 
PVP in the EG solution. 

3.2. The formation and stability of silver 
nanoparticles ink 

Table 1 showed the viscosity and surface 
tension of ink in three times. Based on the 
required viscosity of 8-20 cP and surface tension 
of 22-36 mN/m, the ink solution was suitable for 
printing by Dimatix inkjet printer. 

Table 1. Surface tension and Viscosity of ink 
solution 

Surface tension (mN/m) Viscosity (cP) 
30.59 9.38 
30.68 9.34 
30.48 9.32 

To investigate the stability of the silver 
nanoparticle ink. Figure 2 illustrated the UV-Vis 
spectra of the AgNPs existence in ink solution. 
Results of the UV-Vis spectra showed that no 
oxidation or strong interaction at the surface of 
the nanoparticles exists. Based on the wavelength 
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region of the SPR of the silver nanoparticles 
within 7 months, it showed that the product after 
7 months of storage was still stable. 

 
Figure 2. The UV-Vis spectra of the conductive 
ink based on silver nanoparticles. 

Further, the morphology and distribution of 
AgNPs in the conductive solution was 
investigated by TEM images. Figure 3 showed 
that AgNPs ink dispersed well and did not 
agglomerate within 7 months. 

  

    

 
Figure 3. TEM image of synthesized silver 
nanoparticles ink: (a) 3 days (b) 2 months (c)5 
months (d) 6 months and (e)7 months. 

According to the TEM images after the 
different times (3 days, 2 months, 5 months, 6 
months and 7 months), we computed the diameter 
region of the AgNPs by ImageJ software. Table 
2 showed particle size was less than 50 nm in 

during 7 months. It was suitable for printing by 
Dimatix inkjet printer (the diameter of the 
printing nozzles was 21.5 µm).  

Table 2. AgNPs size in ink solution 

Time 
3 

days 
2 

month
s 

5 
month

s 

6 
month

s 

7 
month

s 

Size 
(nm) 8-12  9-15 13-18 10-15 25-35 

Inkjet printing experiments 

The silver nanoparticles ink was injected into 
the cartridge of inkjet printer. An antenna design 
was installed into software of computer. After 
printing, Figure 4 showed the results of antenna. 
In this figure, a silver nanoparticle layer had 
already formed on the paper substrate. 

 
Figure 4. The antenna sample (14 x 6 cm) was 
printed by the AgNPs ink. 

A simple conductivity test was performed by 
touching an LED to the antenna layer. Figure 5 
showed the bulb was lighted, this result was 
demonstrated that the upper layer can be viewed 
as an electronic circuit. Therefore, it can be 
applied to other electronic applications. 

 
Figure 5. The lighting of LED 

CONCLUSION 

In this report, the AgNPs ink were prepared 
from 12 types of solvent as DI, ethanol, ethylene 
glycol, isopropanol, glycerol, ethyl acetate,  2-
isopropoxyethanol, ethyl formate, ethyl 
glycolate, 2-methyl -1,3-dioxolane, 

(a) 

(b) 

(c) 

(d) 

(e) 
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diethyloxalate and acetone to meet the printer 's 
requirements. The AgNPs existance in ink 
solution was convinced with the surface plasmon 
resonance shown in 400-420 nm region of UV-
Vis spectrum. The TEM and UV-Vis spectrum 
observation also confirmed that diameter of 
particles was smaller than inner diameter of 
nozzles of the printer and this ink solution had 
high stability period, more than 7 months. The 
results showed that our ink can be printed by 
piezoelectric inkjet printer. After that, simple test 
proved conductivity of printed pattern by lighting 
of LED. Therefore, this conductive ink solution 
can be applied for fabrication of high efficiency 
electronic circuits by inkjet printing. 
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ABSTRACTS 

Graphene is more and more applied in various fields due to its exceptional properties. In this study, graphene 

was prepared by Modified Hummers method, reduced by thermal/chemical reduction then coated on plane 

substrate by spin coating. However, graphene cannot stick on the normal substrate thus corona discharge was 

suggested as a treatment to enhance the adhesion of graphene and substrate. Formed graphene film and the 

effects of corona treatment were analyzed by some methods such as FE-SEM and elemental analysis of 

chemical characterization of graphene coated membrane was performed by EDX. The analyzed results shown 

that corona treatment increased significantly the adhesion between graphene and substrate. Graphene film was 

formed uniformly with high purity with oxygen weight percentage of 5.63% and cacbon weight percentage of 

94.37 %. Corona plasma was proved to be an effective and low-cost method for making graphene films to 

replace thermal CVD or Epitaxy methods. 

Keywords: Corona plasma treatment, improved adhesion, surface treatment 

INTRODUCTION 

Graphene is a 2D material carbon which has 

attracted tremendous research interest in recent 

years, owing to its exceptional properties in 

electronic, mechanical and chemical properties. For 

example, graphene has high mobility of electrons 

or holes carrier (230,000 cm2/Vs), transmittance in 

the visible spectrum is nearly 98%, thermal 

conductivity is about 3,000 W/mK, surface area  is  

of 2,600 m2/g and many other properties such as 

Hall effect and magnetism [1-3]. In another side, 

graphene can be considered as a material that forms 

different types of graphite derivatives (nanocarbon 

tubes, fullerene balls) woven with sp2 carbon 

atoms. Moreover, graphene has been incorporated 

as a new building block in composite materials for 

a wide range of applications taking advantage of its 

thermal stability and exceptional mechanical 

properties. The two dimensionality and structural 

flatness of graphene sheets for thin-film devices 

and combinations with other semi-conductive 

materials like silicone have been applied. These 

films typically show sheet resistances on the order 

of several hundred ohm per square at about 80% 

optical transparency [4-7]. A continuous single-

layer graphene film could retain high conductivity 

at very low (atomic) thickness, and avoid contact 

resistance that occurs in a carbon nanotube film 

between interconnected nanotube bundles. Thus, 

there is another approach to combining the use of 

graphene and silicon thin film by means of 

graphene oxide coating on the surface of the plate, 

then by reducing the graphene, eventually forming 

a new graphene layer in contact with the silicon 

film on the glass wafer that was constructed in the 

CVD process [2, 3, 8]. However, GO is not able to 

be easily retained on the plate surface. This article 

considered a new way to increase adhesion to the 

substrate it is using discharging corona plasma. A 

corona discharge is a mechanism by which a high-

potential electrode current flows into a neutral 

liquid, normally water, by ionizing the fluid in such 

a way as to generate a region of plasma around the 
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electrode. Corona discharge has a number of 

commercial and industrial applications such as 

manufacture of ozone, audible nois, changes of 

chemical composition on the fiber surface, 

improved color depth considerably of wool fiber 

and fabric, provided excellent hydrophilic 

properties, efficient biocidal effect on most 

bacteria, algae and fungi in water and it is 

commonly used for surface activation and surface 

charging application [8-10]. In contrast to 

traditional plasma technology, which uses a power 

supply at a radio or a microwave frequency, 

reduced pressure in some applications involves 

pump-down and the subsequent repressurization of 

the parts to be handled, and because of the heating 

of gas the cooling system is often required. This is 

the principle for the development of lower power 

consumption, faster processing time and higher 

throughput. It therefore leads to a simpler, less 

complex and more efficient method, which makes 

it easier to extend the process from the laboratory 

to a large one. In this paper, plasma corona is added 

to surface treatment, which improves the wafer's 

adhesion before deposited graphene layer by spin 

coating method. 

EXPERIMENTAL 

Surface treatment using corona plasma method 

RCA1 cleaning process [6] was used to remove the 

contamination on the substrate surface before 

coating GO. Corona plasma (BD-20V, ELECTRO-

TECHNIC PTODUCT, US) was used as a surface 

treatment method. The samples were exposed to 

various plasma conditions. The distance between 

the electrode and the sample surface is unchanged 

at approximately 1 cm. The plasma time was 

remain stable at 120s throughout the experiments 

Preparation of graphene oxide (GO) 

Firstly, Graphite powder (Sigma – Aldrich, 

Germany) was used to prepared graphene oxide 

(GO)  by the modified Hummers method [11]. 

Then, the original GO – containing solutions that is 

diluted with a ratio of 1:100 to spin-coated onto the 

substrate of glass by spinner (DELTA 6RC, SUSS 

Microtec, Germany). The coating speed and time 

were observed throughout the experiments 

according to the table 1 below.  

Table 1. The spin -coating parameters to deposition 

GO solutions on glass 

Symbol 

1st
 

Speed 

(rpm) 

1st
 

Time 

(s) 

2st
 

Speed 

(rpm) 

2st
 

Time 

(s) 

S1 100 5 200 20 

S2 100 5 500 20 

S3 100 5 1000 20 

S4 100 5 1500 20 

Finally, the samples were dried with the different 

thermal reduction about 30 min to convert into the 

solid thin films on the substrate. All aqueous 

solutions were prepared with Deionized water (18 

MΩ, Purelab, US). Characterization of fabricated 

graphene layer on glass 

Charaterization of fabricated graphene layer on 

the glass substrate 

The morphologies of fabricated samples were 

investigated by Field Emission scanning electron 

microscope, FE-SEM (SU8000, Hitachi, Japan). 

Elemental analysis of chemical characterization of 

graphene coated membrane was performed by 

EDX (EDAX), Raman spectra of the samples were 

obtained by LABRAM 300 Instrument (Horiba, 

France) with a 630.8 nm laser. The Go films 

thicknesses were characterized by Atom Force 

Microscope (Park XE7, Korea). The EddyCus® TF 

map 2525SR (SURAGUS GmbH - Sensors and 

Instruments, Germany) was used to measure the 

sheet resistances (up to 10 inches x 10 inches) of 

graphene films in non-contact mode. 

RESULTS AND DISCUSSION 

The 120s plasma corona time was used to 

investigate the effect of rotational speed on the slide 

surface in accordance with the parameters in Table 

1.  

Figure 1. Fe-SEM image with different rotation 

speeds. 
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Figure 1 shows the distribution of GO to the 

substrate with different rotational speeds. As can be 

seen, the amount of GO sticking to the substrate is 

relatively large with rotational speeds S1, but there 

is a phenomenon of agglomeration, uneven 

distribution forming overlapping films. At rotation 

speed S2, GO is distributed on the substrate 

relatively much and evenly.  At the speed of S3, 

only a very small amount of GO is bound to the 

surface and GO is no longer detected at the speed 

of S4. 

Figure 2. Fe-SEM image with magnification of 

x45k (left) and x1k (right) of GO film at rotation 

speed S2. 

From the above results, it can be seen that the S2 

rotation speed is optimal for the GO solution to be 

rotated on the glass substrate, forming a uniform 

film and covering the substrate surface (Figure 2). 

At a magnification of 45k (Figure 2) several 

fragments of the GO membrane can be seen almost 

transparent, which demonstrates the efficiency of 

peeling off graphite oxide layers to form monolayer 

graphene oxide. 

The EDX spectra of graphene reduced at 500°C, 

600°C, 700°C, 800°C, and 900°C have been carried 

out in nitrogen. EDX spectrum of graphene shows 

the presence of signals for carbon and oxygen with 

carbon weight percentage and oxygen weight 

percentage as table 2 and figure 3. The results 

shown that the more the temperature increases, the 

more the number of oxygen atoms get out of the 

bond. At 900°C, oxygen is almost completely 

reduced with oxygen weight percentage of 5.63% 

and this result is consistent with previous studies 

[12, 13].  

Figure 3. EDX spectrum of graphene films with 

various thermal reduction from 500ºC to 900ºC. 

Table 2. Atoms weight percentage of fabricated 

graphene films with different thermal reduction. 

CONCLUSION 

In this study, the GO solutions were well 

prepared by modified Hummer’s method. The 

substrates were treated with corona plasma at room 

conditions to improve the surface adhesion. The 

GO films were well deposited on the substrate with 

corona plasma treated. The optimal time of plasma 

process is of 120s. Graphene thin films was formed 

uniformly with high purity with oxygen weight 

percentage of 5.63% and carbon weight percentage 

of 94.37 %. Corona plasma was proved to be an 

effective and low-cost method for making graphene 

films to replace thermal CVD. 
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ABSTRACTS 

Corona discharge has attracted significant interests over decades due to its usefulness and a variety of 

applications. Adhesion improvement of film surfaces is among the most important applications of 

plasma treatment. In this study, the adhesive properties of the plasma modified silicon surfaces and 

reduced graphene oxide (rGO) multilayer fims have been investigated. The silicon surfaces was treated 

by corona plasma treatment before rGO was deposited by spin - coating method.  The change in 

hydrophilicity of modified silicon surface was analyzed by contact angle measurements and surface 

energy as a function of exposure time. In addition, plasma-treated surfaces have been subjected to an 

ageing process to determine the durability of the plasma treatment. Changes in morphological and 

chemical composition of surfaces were observed by Field Emission Scanning Electron Microscopes 

(FE-SEM) and Atomic force microscopy (AFM).  The results shown that the roughness of the surface 

increased due to exposure time of 120s and the average adhesive energy of 5.774 fJ and the plasma-

modified silicon substrate rose compared with untreated surface. 

Keywords: Corona plasma treatment, improved adhesion, surface treatment

INTRODUCTION 

Dye-sensitized solar cells (DSCs) attracted 

considerable attention due to low cost of 

manufacturing and respectable efficiency of 

light-to-electricity conversion [1-3]. Recently, 

the optimization of DSSC using graphene, 

graphene oxide and reduced graphene oxide was 

studied. Like all 2D nanomaterials, they have 

different characteristics that make them flexible 

for use in photovoltaic devices, semiconductors, 

electrodes, among others [4-6]. Reduced 

graphene oxide is a layer sheets resulting from the 

chemical reduction of graphene oxide. Reduced 

graphene oxide has electrical and mechanical 

properties similar to graphene, making it suitable 

for a number of applications, including dye-

sensitive solar cells. Reasons that have attributed 

to the increase in the efficiency of the solar cell 

include an increase in the absorption of dye 

resulting in an increase in photons absorption [7-

10]. Roy-Mayhew et al. dispersed reduced 

graphene oxide (rGO) by thermal reduction of 

graphene oxide (GO) in electrolyte poly (ethylene 

oxide)-poly (propylene oxide)-poly (ethylene 

oxide) triblock copolymer and polyethylene 

oxide, and then prepared rGO as the counter 

electrode of DSCs by spin coating and 

subsequent decomposition of polymers. The 

average photon conversion efficiency was 4.99 % 

[11].   Yen et al. prepared rGO by chemically 

reducing GO with sodium borohydride (NaBH4) 

and by ultrasonic N-methyl-2-pyrrolidone 

(NMP) dispersing rGO, polyvinylidene fluoride 

(PVDF) and XC-72. With solvent casting and 

vacuum drying at 120ºC overnight, the rGO films 

were prepared on FTO glass. For DSCs, they 

reported a PCE of 2.89% [12] .  

Nevertheless, rGO sheets can’t be easily 

preserved on the plate surfaces which are 

chemically inert and nonporous with low surface 

tensions, such as plastic, glass…. A new method 

of increasing adhesion on the plate surfaces that 

are corona plasma discharges. This makes them 

unable to bond with inks, adhesives, coatings, and 

other substrates. In general, plasma-enhanced 

chemical vapor deposition (PECVD) of thin films 

is carried out by high-frequency or microwave 

discharges under vacuum conditions ranging 

from 0.001 to 1 mbar [13]. However these 
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PECVD process are very costly and particularly 

when large substrates need to be protected, as a 

result of the demand for the vacuum system and 

the space limitations established by the 

dimensions of the vacuum chamber [14]. 

Therefore, the improved plasma deposition at 

atmospheric pressure of thin films without 

vacuum constraints is an enabling approach to 

completing in large-scale processes, including 

polymer foils, metal bands and paper… with low-

cost items. Corona discharges are normally 

carried out under atmospheric pressure. A corona 

discharge system set-up consists of two 

electrodes where an insulating layer serving as a 

dielectric barrier covers at least one electrode. In 

the gas gap of about 1–10 mm between the 

electrodes, small localized discharges of very 

short duration can be observed by applying an 

alternating high voltage to the electrode system 

[15, 16]. Gas species in these micro-discharges 

are partially activated and ionized with ion 

energies within a range of 1–10 eV corresponding 

to low-pressure plasma conditions. Corona 

treatment involves changing the surface energy 

and binding strength of the substrate by 

molecular excitation through the use of a corona 

or electric discharge  Electrical discharge can 

occur when ambient air is exposed to different 

voltage potential, which can then cause a 

collision of neutral molecules, causing the 

electrically charged molecules to create an 

ionized air layer. In this study, corona plasma 

discharge is applied for surface treatment, which 

improves the adhesion of fabricated rGO thin 

film on the silicon (Si) substrate. The electrons 

produced in the corona discharge have a two to 

three-fold effect on the energy treatment surface 

required to break molecular bonds on certain 

plastic (non-metallic) surfaces.  The process of 

corona bonding is difficult to quantify, as 

treatment is determined by strength setting, the 

distance from the sample of the handheld 

electrode, treatment time and sample size. No 

vacuum pumps are required and any non-

conductive surface can be bonded. The synthesis 

and characterization of corona plasma-treated 

silicon surface with deposited rGO are reported 

herein. 

EXPERIMENTAL 

Prepared of GO and rGO thin films 

The synthesis of reduced graphene oxide (rGO) 

suspension used in the study was done via the 

chemical reduction of individual graphene oxide 

(GO) solution were prepared from graphite 

powder (< 20 μm, Sigma – Aldrich, Germany) by 

the modified Hummers method [17, 18]. Then, 

the GO solutions that is diluted with a ratio of 

1:100 to spin-coated onto the substrate of glass by 

spinner (DELTA 6RC, SUSS Microtec, 

Germany) with coating speed and time were 

remained stable throughout the experiments 

according to the table below.  

Table 1. The spin-coating parameters for GO 

deposition into the glass subtrate 

1st
 Speed 

(rpm) 

1st
 Time 

(s) 

2st
 Speed 

(rpm) 

2st
 

Tim

e (s) 

100 5 500 20 

Before that, substrates were cleaned in an 

ultrasonic bath with acetone, ethanol, isopropanol 

for 5 mins for each case, followed by rinsing with 

DI water and drying with nitrogen blow.  

Corona plasma treatment 

The corona discharge generator with output 

voltage is adjustable from 10,000 to 45,000. Output 

frequency is 4.5 MHz.  The input power to the 

Model BD-20AC is approximately 40 watts. This 

equipment was supplied by BD-20AC (Electro-

Technic Products, US). Plasma treatment was 

performed with a corona discharge device with a 

power range of 0–700 W (Figure 1). The 

substrates were treated with corona plasma at the 

difference times: 60s, 120s, 180s and 240s. 

 

Figure 1. BD-20AC Laboratory corona treater 

(Electro-Technic Products, US). 

Characterization and properties of rGo thin film 

on Si substrate 

The morphology of fabricated rGO layer was 

investigated by Field Emission scanning electron 

microscope, FE-SEM ((SU8000, Hitachi, Japan). 

The rGO thicknesses and adhensive energy were 

characterized by Atom Force Microscope (Park 

XE7, Korea).  
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RESULTS AND DISCUSSION

As seen in Figure 2, GO thin films begin to 

appear on silicon surfaces which was treated by 

corona plasma discharge, the plasma corona time 

of 120s, it can be found that the film is more 

uniformly covered than 60s. When corona plasma 

time increased to 180s, defects appeared on the 

substrate and the film clustered. In the other hand, 

the surfaces were almost burned and easily 

damaged with formation of some hole and cracks 

that make surface adhesion reduced at the corona 

plasma time of 240s. 

\

Figure. 2.  FE-SEM images of fabricated rGO layers with speed S1 and corona plasma time 

respectively non-corona plasma, 60s, 120s, 180s and 240s. 

Figure 3. Atomic force microscopy (AFM) analysis of reduced graphene oxide: (a) high-resolution 

AFM image for height measurement     

The reduced graphene oxide was further 

characterized using Atomic Force Microscopy as 

displayed in Figure 3. Figure 3a shows a 

topographical image on Si substrate. Figure 3b 

shows a two-dimensional line profile recorded 

along the dashed line of Figure 3a.. This height 

profile of about 2 nm layer thickness, as shown in 

Figure 3b, supports the presence of a single rGO 

surface. The result was similar to the previous 

report [19, 20].  

Adhesion at the nano scale is often 

characterized through simple AFM-based pull-

off force measurements in which an AFM tip 

(radius of 5 nm) is contacted to a surface and then 

subsequently retracted. The force is measured via 

deflection of the compliant AFM cantilever and 

the pull-off force is defined as the peak attractive 

force during retraction of the tip from the Si 

surface. The scans were done under contact mode 

with a low load (∼ 3–5 nN) to avoid significant 

deformation of the spike and the image size 

varied from 1,6×1,6 µm2 order to obtain 

measurements of the detailed features near the 

apex as well as the overall tip geometry
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Figure 4. The adhesive energy spectrum and the adhesive energy diagram of fabricated rGO thin film 

with plasma corona times of 60s, 120s and 180s respectively.          

Table 2. The average adhesive energy (fJ) with 

plasma corona time 60s, 120s and 180s

                                                                          

Figure 4 and Table 2 shows that the average 

adhesive energy value (fJ) increases as the 

plasma corona treatment time increases. On the 

other hand, the corona time increased from 60s 

to 120s, the average adhesive energy increased 

by 1.595 fJ. However, if corona time increased 

to 180s, the average adhesive energy increased 

by only 0.228 fJ. The results show that corona 

plasma time suitable to treated silicon surface is 

120s and better results than previous reports 

[21, 22]. 

CONCLUSION 

In this study, the substrates were treated with 

corona plasma discharge at room conditions to 

improve the surface adhesion. The rGO thin 

films were well deposited on the substrate with 

treated corona plasma. The optimal time of 

corona plasma treatment process is of 120s. In 

the another hand, formed rGO films had 

thickness around 2 nm and high adhesive 

energy of 5.774 fJ. 
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ABSTRACT 

In this study, graphene oxide sheets (GO) were first assembled with silver nanoparticles (AgNPs) and 

then combined with TiO2 nanotubes (TNTs) by γ-ray irradiation at different doses. Their morphological, 

physical and chemical properties were investigated using Fourier-transformed infrared (FTIR), UV-Vis, 

Raman and X-ray diffraction (XRD) spectroscopies, field emission scanning electron (FESEM) and 

transmission electron (TEM) microscopies. The photocatalytic activity of this composite material was 

determined by the photodegradation efficiency on rhodamine B (RhB) dye solution and evaluated using a 

UV-visible spectrophotometer. Results of this work demonstrated that the GO-AgNPs-TNTs materials 

were successfully synthesized and γ-irradiation dose range affects significantly the material’s 

characteristics. In addition, the formed composites exhibited remarkable photocatalytic activity on RhB 

degradation, as compared with that of separate GO, AgNPs and TNTs. Consequently, the GO-AgNPs-

TNTs nanocomposites possess great potential for photocatalytic applications and can be used to remove 

environmental contaminants from wastewater. 

Keywords: Silver nanoparticles, graphene oxide, TiO2 nanotubes, photocatalytic activity 

INTRODUCTION 

Wastewater is increasingly released into the 

environment, due to direct and/or indirect 

adverse impacts of overpopulation and 

industrialization with tons or more of hazardous 

micro-pollutants such as heavy metals, dyes, 

fertilizers, pharmaceuticals, pesticides, and other 

additives [1-2]. Such contaminants present 

toxicity and thus constitute serious threats to 

both human and environmental health. It is, 

therefore, of great significance to design and 

synthesize efficient and environmental friendly 

techniques for water purification [3-4]. Titanium 

dioxide (TiO2) is among the best photo-catalysts 

for contamination treatments and solar energy 

harvesting. Comparing with TiO2 nanoparticles, 

TiO2 nanotubes (TNTs) possess higher specific 

surface area, with orderly one-dimensional 

structure, hence their spectacular photocatalytic 

activity. However, it is not industrially practical 

for recollecting TiO2 catalysts in post-treated 

samples. Zeolite, silica, ceramic and cotton 

fibres have been used for improving the 

separation efficiency [5]. Despite these efforts, 

TiO2 recovery remains a problem due to its ease 

of detaching from the support. Also, the high 

rate of recombination of photo-generated 

electron-hole pairs in TiO2 results in reduced 

photocatalytic efficiency [6-7]. 

Among the myriad of nanomaterials 

currently being selected to synergize with TiO2, 

graphene has emerged as the most notable 

material with a honeycomb structure possessing 

outstanding mechanical strength, electrical and 

thermal conductivities, molecules barrier 

properties and other remarkable abilities [8-9]. 

Graphene oxide (GO) has a similar structure to 

graphene, except its several oxygen-containing 

functional groups such as hydroxyl (−OH), 

epoxy and alkoxy (C−O−C), carboxylic 

(−COOH), carbonyl (C=O) groups and so forth 

[10]. These groups obviously strengthen the 

bond between GO and TiO2 and their 

combination, as a result, is a promising approach 

to improve the efficiency of photocatalytic 
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process for decontamination of environmental 

contaminants. 

The scientific interest in silver nanoparticles 

(AgNPs) has shifted from bare materials to 

metals-, non-metals, and nanomaterials-

combined ones, in order to enhance their very 

high electrical conductivity, antibacterial 

activities and excellent catalytic properties. The 

decoration of silver nanoparticles on GO has 

been demonstrated an interesting remedy for 

stabilizing these particles and enhancement of 

their catalytic activity [11]. 

γ-Ray irradiation has been used for the 

synthesis of metals nanoparticles from their 

corresponding salts, as well as many other 

hybrid nanomaterials [12-13]. This method 

shows significant advantages towards others: 

unnecessity of catalysts or heat treatments and 

controllable procedures. In this study, γ-ray 

irradiation was used for the combination of GO, 

AgNPs and TNTs, with the promise of a 

spectacular nanocomposite material possessing 

high photocatalytic activity for wastewater 

treatments. On the other hands, the effect of 

dose range on the properties of GO-AgNPs-

TNTs nanocomposites was also been 

investigated. 

  

EXPERIMENTAL  

 

SYNTHESIS OF GO, AgNPs AND TNTs 

 

Graphene oxide sheets (GO) were synthesized 

using the method published by Marcano et. al. 

[14], using graphite powder as precursor and 

potassium permanganate as oxidizer. Silver 

nanoparticles (AgNPs) were synthesized using 

the method published by Aherne et. al. [15], with 

poly(ethylene glycol) (PEG) as the substitute for 

poly(sodium styrenesulfonate) (PSSS). TiO2 

nanotubes (TNTs) were synthesized based on the 

method published by Zavala et. al. [16], using 

TiO2 anatase nanopowder as titania precursor. 

Apart from AgNPs, the products were vacuum-

dried to obtain dark brown powder for GO and 

white powder for TNTs. 

 

SYNTHESIS OF GO-AgNPs-TNTs 

NANOCOMPOSITES BY γ-60Co 

IRRADIATION AND DOSE RANGE’S 

EFFECT INVESTIGATION 

 

GO and TNTs were dispersed separately in a 

PEG 0.5 g.L-1 solution by sonication for 30 

minutes and then mixed with each other. The 

mixture was then joined by AgNPs solution and 

followed by another 30 minutes of sonication. 

The GO-AgNPs-TNTs mixtures were then 

irradiated by γ-ray, at the dose range of 5, 10, 15, 

20 and 25 kGy. The products were labeled 5, 10, 

15, 20 and 25 kGy, respectively. 

 

CHARACTERIZATION OF GO, AgNPs, TNTs 

AND THEIR NANOCOMPOSITE 

MATERIALS 

 

For the characterization of GO, AgNPs, TNTs 

and nanocomposite products, various 

physicochemical methods were used: Fourier-

transformed infrared (FTIR), UV-Vis, Raman 

and X-ray diffraction (XRD) spectroscopies, field 

emission scanning electron (FESEM) and 

transmission electron (TEM) microscopies. 

 

PHOTOCATALYTIC INVESTIGATION 

 

In order to determine the proportion of GO, 

AgNPs and TNTs in GO-AgNPs-TNTs 

nanocomposite materials, inductively coupled 

plasma-mass spectroscopy (ICP-MS) method was 

used. The nanocomposite materials were 

dissolved in hot HNO3 65 %/HF 10 % solution to 

convert all components to soluble compounds 

and they were then evaluated by an ICP-MS 

spectrometer. The highest proportion values of 

GO, AgNPs and TNTs were then used for the 

determination of the essential amount of separate 

GO, AgNPs and TNTs for photocatalytic 

experiments. 

The proper amount of GO, AgNPs, TNTs, as 

well as nanocomposite materials, were dispersed 

in 20 mL of 10-ppm rhodamine B (RhB) solution 

and sonicated in the dark for 10 minutes so that 

the absorption equilibrium between the materials 

and RhB was established. The solutions were 

then stirred for 60 minutes under natural sunlight 

irradiation. The photocatalytic reactions were 

conducted from 11 a.m. to 01 p.m., at which the 

sunlight’s intensity was the most stable. After 60 

minutes, the solutions were isolated from the 

sunlight and filtered to eliminate all remaining 

catalyst particles to obtain transparent solutions, 

which were then evaluated by UV-VIS 

adsorption method. 

 

CHEMICALS AND EQUIPMENT 
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For the synthesis of GO, AgNPs, TNTs and 

nanocomposite materials, graphite powder was 

purchased from ACROS ORGANICS 

(Germany), silver nitrate, nitric acid 65 % and 

TiO2 anatase nanopowder were purchased from 

MERCK (Germany). All other chemicals were in 

analytical pure grade and deionized water was 

used throughout the work. For the photocatalytic 

activity experiments, RhB dye was purchased 

from HIMEDIA, India. FTIR spectra was 

recorded by PerkinElmer Frontier spectrometer, 

with the wavenumber range of 400-4000 cm-1 as 

KBr pellets. For the UV-Vis absorption spectra 

recording and photocatalytic evaluation, the UV-

1800 (Shimadzu, Japan) spectrometer was used. 

Raman spectra was recorded on a Horiba 

XploraOne spectrometer, with the laser 

wavelength of 532 nm. For XRD spectra, the 

Bruker D2 Pharser spectrometer was used, with 

Cu/Kα as the X-ray source and at scanning speed 

of 0.5 degree per minute. FESEM images of the 

materials were taken using FE SEM S-4800 

microscope (Hitachi, Japan) and TEM images 

were taken on a JEOL JEM-1400 (JEOL, USA) 

microscope. The proportion of GO, AgNPs and 

TNTs in nanocomposite materials was 

determined on a PerkinElmer NexION®2000 

ICP-MS spectrometer. 

 

RESULTS AND DISCUSSION 

 

MATERIALS CHARACTERIZATION AND 

DOSE RANGE’S EFFECT INVESTIGATION 

 

After being irradiated by γ-ray with different 

doses, all nanocomposite solutions were obtained 

as dark brown solution (Figure 1). 

 

 
Figure 1. From left to right: the 5, 10, 15, 20 and 

25 kGy nanocomposite solutions 

 

The FTIR spectra (Figure 2) indicated the 

presence of GO’s functional groups in 

nanocomposite materials, at all doses: the 

hydroxyl –OH (a broad peak at ~3400 cm-1), the 

carbonyl C=O (a strong peak at ~1600 and ~1700 

cm-1) groups, as well as weak signals of C–O 

single bonds (carboxy, alkoxy and epoxy) and 

C≡C bonds from 1000 to 1400 cm-1). In addition, 

signals of AgNPs and TNTs (from 400 to 800 

cm-1) were visible in all nanocomposites and 

weaker than those of separate materials, hence 

the possibility of bonding between GO, AgNPs 

and TNTs. The higher the dose was, the stronger 

the signals of GO’s highly-oxidized functional 

groups and AgNPs were. It can be inferred from 

this result that GO was highly oxidized and more 

AgNPs were assembled at the high dose of γ-

irradiation. 

 
Figure 2. FTIR spectra of GO, AgNPs, TNTs and 

nanocomposite materials 

 

The UV-Vis adsorption spectra (Figure 3) 

showed the significant difference between 

separate materials and nanocomposites. At all 

doses, the nanocomposites proclaimed the 

highest similarity with TNTs (the broad peak at 

~270 nm) because of the stability of this material 

under γ-irradiation, compared with GO and 

AgNPs. The spectra also indicated the presence 

of a weak adsorption signal of AgNPs (at ~400 

nm) in the nanocomposites, of which possible 

cause is the presence of small amount of 

unbonded AgNPs in the nanocomposite 

solutions. As the irradiation dose augmented, this 

signal diminished because of the degradation of 

PEG molecules under the high irradiation dose, 

hence its AgNPs-protective property loss and the 

release of AgNPs in the solution. 

 

 
Figure 3. UV-Vis spectra of GO, AgNPs, TNTs 

and nanocomposite materials 
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According to the Raman spectra (Figure 4), 

the D and G peaks of GO (at ~1350 and ~1600 

cm-1) remained unchanged in all nanocomposites, 

hence the stability of its structure. However, in 

other Raman shifts, the turbulence of the spectra 

increased, indicated the possible interaction 

between GO, AgNPs and TNTs. These results 

corresponded well with FTIR and UV-Vis 

spectra. 

The XRD spectra (Figure 5) showed the 

significant signal diminution in both GO, TNTs 

and AgNPs, compared with separate materials. 

These results indicated many changes in the 

structure and crystallization of nanocomposites. 

 
Figure 4. Raman spectra of GO, TNTs and 

nanocomposite materials 

 
Figure 5. XRD spectra of GO, AgNPs, TNTs and 

nanocomposite materials 

 

Figure 6 and 7 displays the SEM and TEM 

images of GO-AgNPs-TNTs nanocomposite 

materials. Both SEM and TEM images indicated 

the significant change in the morphology of 

nanocomposites under γ-irradiation. The silver 

nanoparticles were assembled on TiO2 nanotubes 

and these were attached on the surface of GO. 

Some silver nanoparticles were assembled 

directly on GO’s surface. In addition, the higher 

the dose was, the clearer TiO2 nanotubes’ shape 

was and the harder it was to observe the silver 

nanoparticles. It can be inferred from these 

images that the high dose of γ irradiation 

promoted the aggregation of silver nanoparticles. 

 
Figure 6. SEM images of GO-AgNPs-TNTs 

nanocomposites 

 

 
Figure 7. TEM images of GO-AgNPs-TNTs 

nanocomposites 

 

INVESTIGATION ON THE 

PHOTOCATALYTIC ACTIVITY OF GO, 

AgNPs, TNTs AND NANOCOMPOSITES 

 

The proportion of GO, AgNPs and TNTs in 

nanocomposite materials were shown in Table 1, 

with bold values being the highest among all 

samples. 

 

Table 1. GO, AgNPs and TNTs proportion (%) in 

nanocomposite materials 

Sample GO AgNPs TNTs 

5 kGy 67.40 0.003E-4 32.60 

10 kGy 69.12 4.90 25.98 

15 kGy 72.31 0.01E-4 27.69 
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20 kGy 64.84 0.01E-4 35.16 

25 kGy 88.90 0.002E-4 11.10 

 

The essential amount of separate GO, AgNPs 

and TNTs were calculated as follows: 

Amount (mg) = (p x 0.3)/100 

Whereas p (in %) is the proportion of each 

material in nanocomposite samples and 0.3 is the 

amount of nanocomposite samples (in mg) used 

for the photocatalytic experiments. The amount 

of GO, AgNPs and TNTs were then calculated as 

0.27; 0.02 and 0.10 mg, respectively. 

In order to determine the concentration of 

RhB in post-treated solutions, 10-ppm RhB 

solution was first evaluated and then its UV-Vis 

spectra was obtained as in Figure 8. 

 
Figure 8. UV-VIS absorption initial 10-ppm 

Rhodamine B solution 

 

The spectra indicated the maximum UV-Vis 

adsorption peak of 10-ppm RhB solution was at 

the wavelength of 553.5 nm. This wavelength 

was then used to make a standard curve for RhB, 

with the concentrations of 0, 2, 4, 6, 8 and 10 

ppm. The recurrent equation for RhB was 

determined as y = 0.2092x + 0.0086, with R2 

value as 0.9997.  

The decoloration efficiency (DE, %) of all 

materials was calculated, following the formula: 

DE (%) = [1 – (C/Co)] x 100 

Whereas Co (ppm) is the dye’s initial 

concentration and C (ppm) is the dye’s remaining 

concentration after treated with materials.  

The decolouration efficiency of all materials 

was determined and shown in Table 2. 

 

Table 2 . Decoloration efficiency (DE, %) of GO, 

AgNPs, TNTs and nanocomposites 

Material Abs 
C 

(ppm)  

Co 

(ppm) 
DE (%) 

5 kGy 1.438 6.831 10 31.69 

10 kGy 0.402 1.879 10 81.21 

15 kGy 1.503 7.145 10 28.55 

20 kGy 1.329 6.313 10 36.87 

25 kGy 0.821 3.881 10 61.18 

GO 1.635 7.775 10 22.25 

AgNPs 2.069 9.848 10 1.52 

TNTs 1.879 8.942 10 10.58 

 

It was obvious in Table 2 that all 

nanocomposite materials showed higher DE 

values than those of separate ingredients, among 

which 10 kGy was the highest. These results also 

indicated that the high γ-irradiation dose did not 

always lead to the high photocatalytic activity. It 

can be explained for these results that at the high 

irradiation dose, the aggregation of nanoparticles 

augmented, as well as the possibility of breaking 

the bonds between GO, AgNPs and TNTs, hence 

the decrease in photocatalytic activity. 

 

CONCLUSION 

 

In this study, GO-AgNPs-TNTs 

nanocomposite materials were successfully 

synthetized under γ-irradiation. The obtained 

results indicated the way those three ingredients 

combined: silver nanoparticles were assembled 

on both TiO2 nanotubes and GO sheets, and TiO2 

nanotubes were assembled on GO sheets. In 

addition, the effect of irradiation dose on the 

nanocomposite materials was investigated and 

led to our conclusion that the highest dose was 

not ideal for the synthesis of these 

nanocomposites, due to the risk of nanoparticles 

aggregation and bond destruction. The material 

showed perfect dye-degrading activity under the 

presence of natural sunlight as the radiation 

source, compared with bare ingredients. Deeper 

investigation on the effect of γ-irradiation on 

material’s properties, as well as further studies on 

antibacterial activity of nanocomposites will be 

conducted in our further researches. 
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ABSTRACT 
 

The undoped and Ni-doped FeS2 nanoparticles (NPs) with doping concentration of 4.0 wt.% are 
successfully synthesized by a facile solvothermal method. The undoped and Ni-doped FeS2 NPs have a 
single-crystalline structure of pyrite phase. The photocatalytic activity of the films of undoped and Ni-
doped FeS2 NPs and its composite with reduced graphene oxide (rGO) fabricated by spray pyrolysis 
method is investigated and evaluated. The smaller size of the NPs is achieved by Ni doping, which seems 
to be main reason for the improved photocatalytic activity of Ni-doped FeS2 NPs. In addition, the FeS2 
NPs and rGO composite shows higher the UV and visible light photocatalytic activity compared with 
both undoped and Ni-doped FeS2 NPs. The obtained result indicates that the FeS2 NPs and 
rGO composite can act as an efficient heterogeneous photocatalyst for degradation of organic 
contaminant and water treatment. 
Keywords: Metamaterials, Visible light, Perfect absorption, Absorber. 

INTRODUCTION 

Metal sulfides have attracted considerable 
interest due to their promising properties for 
electronic, optical and optoelectronic 
applications [1]. Among them, iron disulfide 
(FeS2) is abundant, nontoxic and low-cost 
material with small band gaps (0.95 eV) and 
high absorption coefficients, which make its 
suitable for photovoltaic, lithium ion batteries, 
hydrogen evolution, photocatalytic degradation 
of several organic pollutants [2,3]. Up to now, 
FeS2 nanoparticles (NPs) have been prepared by 
several methods, such as hot injection, 
hydrothermal and solvothermal methods. 
However, the large scale synthesis of high-
dispersive FeS2 NPs is still challenge for 
improving their unique properties. Recently, 
doping with metal ions such as Ni and Co ions is 
an efficient way to improve the photocatalytic 
performance of the photocatalysts [4]. 
Furthermore, the combination of FeS2 and rGO 
has been demonstrated to effectively improve 
the photocatalytic activities in these composite 
systems [5]. However, most of studies about 
photocatalytic activity of NPs and NPs and GO 
composite were implemented in a liquid solution 
so that it is difficult to get the photocatalyst 

recovery process and collect them after use [6]. 
In this paper, we report the synthesis of 

undoped and Ni-doped FeS2 NPs by a facile 
solvothermal method. The undoped and Ni-
doped FeS2 NPs have a single-crystalline 
structure of pyrite phase. The photocatalytic 
activity of undoped and Ni-doped FeS2 NP and 
its composite with reduced graphene oxide 
(rGO) films fabricated by spray pyrolysis 
method was investigated and evaluated. 

EXPERIMENTAL  

Synthesis and characterization of Undoped 
and Ni-doped FeS2 NPs 

The undoped and Ni doped FeS2 
nanoparticles (NPs) were synthesized via a 
solvothermal method. In a typical synthesis, 7.5 
mL of oleylamine was added into a 50 mL 
teflon-lined stainless steel autoclave containing 
0.25 mmol of iron (II) acetylacetonate, 0.25 
mmol of 1,2 hexadecandiol, 1.5 mmol of sulfur 
flakes and 0.0125 mmol of nickel (II) chloride 
hexahydrate. The reaction mixture was sonicated 
for an hour to ensure homogenous mixing. The 
reaction temperature was fixed at 190ºC and 
reaction time was 20 h. The autoclave was then 
cooled to room temperature naturally and the 
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precipitate collected via centrifugation. After 
reaction period, the FeS2 NPs samples were 
removed and washed with methanol and toluene, 
then dried in air before collection for further 
characterization. 

The structure of the FeS2 and Ni doped FeS2 
NPs were analyzed by X-ray diffraction (XRD) 
using a D8 Advance Bruker diffractometer using 
Cu Kα radiation with a 0.154 nm wavelength 
and raman spectra using a LabRAM HR800 
(Horiba) with a 632.8 nm excitation laser at a 
resolution of 1.0 cm−1. The surface morphology 
was studied in a scanning electron microscope 
(SEM, JEOL JCM-6000Plus). The optical 
absorption spectra were obtained from an 
ultraviolet visible spectroscopy (Agilent, 8453). 
The Ni doping concentration was determined to 
be 4 wt.% as analyzed by an inductively coupled 
plasma mass spectrometry (ICP-MS, Perkin 
Elmer ELAN 9000). 

Synthesis and characterization of GO  
GO was synthesized from graphite flakes 

using the modified Hummers method. The detail 
synthesis and characterization were carried out 
as described in our previous study. The GO 
dispersion was suspended in DI water with 
concentration of 2 mg/ml.  

Preparation of FeS2 NPs, Ni-doped FeS2 NPs 
and FeS2 NPs and rGO composite films 

The films were deposited by spray pyrolysis 
method onto a 2×2 cm2 glass substrate using an 
airbush system with the nozzle diameter of 0.2 
mm. The inlet pressure is fixed at 3 bar. The 
distance between the tip of the nozzle and the 
substrate is kept at 8 cm. The volume of spray 
solution is 2 ml. The solution of GO, rGO, FeS2 
NPs, and FeS2 NPs and rGO composite are used 
to fabrication of the films shown in Figs. 1(a)-
(d).  The final FeS2 NPs and FeS2 NPs and rGO 
composite (FeS2 NPs/rGO) films were obtained 
after spray deposition, which are shown in 
Figs.1 (e) and (f), respectively. 

For the growth of undoped and Ni-doped 
FeS2 NPs films: The initial undoped and Ni-
FeS2 NPs solutions (20 mg/ml) were created by 
diluted undoped and Ni-FeS2 NPs in 
cyclohexane. The growth temperature is fixed at 
100 oC. 

For the growth of the FeS2 NPs and rGO 
composite film: The GO dispersion (2 mg/ml) 
was vigorously mixed with hydrazine 
monohydrate with a volume ratio of 1:2 for 5 
min and then diluted 10 times with DI 

water/ethanol/hydrazine monohydrate with a 
volume ratio of 1:1:2. Sonication was then 
applied by a sonication bath for one minute in 
order to obtain stable and homogenous GO-
hydrazine dispersion. Finally, the FeS2 NPs (20 
mg/ml) and GO-hydrazine (0.2 mg/ml) solution 
with a volume ratio of 1:1 was sonicated for 5 
min to ensure homogenous mixing. The growth 
temperature is fixed at 200 oC in oder to obtain 
the rGO [26]. 

Photocatalytic activity   
Photocatalytic activity was studied by 

measuring the decomposition of methylene blue 
(MB) in aqueous solution using UV-VIS 
spectroscopy. In each experiment, the sample 
was added into 10 mL of MB aqueous solution 
with concentration of 10−5M. The white light of 
a tungsten light bulb (100 W) and UV light of 
365 nm (6 W) were used as visible light and UV 
irradiation sources, respectively. 
 

RESULTS AND DISCUSSION 

Fig. 1 shows SEM image of the undoped and 
Ni-doped FeS2 NP samples. All the samples 
exhibit uniform morphology and particle size 
distribution. The smaller NPs are obtained in the 
NP sample with Ni doping. The size of undoped 
and Ni-doped FeS2 NPs is ~ 100-150 nm and 
80-120 nm, respectively.  

 
Figure 1. SEM images of the undoped and Ni-
doped FeS2 NPs. 

The crystal phases of the undoped and Ni-
doped FeS2 NP samples were investigated using 
XRD. Fig. 2 shows XRD patterns of these 
samples. Both undoped and Ni doped FeS2 NP 
samples show a similar XRD pattern. The 
discernible peaks can be indexed as pyrite FeS2 
(JCPDS No. 01-079-0617). No additional peaks 
corresponding to secondary phases such as 
metallic nickel and nickel oxide, marcasite, 
pyrrhotite, troilite or greigite phases are 
observed. This may either indicates that the 
concentration of secondary phases formed in the 
samples is too low to detect by XRD 
measurement or Ni ions are doped into pyrite 
FeS2 matrix. Furthermore, the formation of 
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a lowered intensity and wider peaks in Ni-doped 
FeS2 NP samples corresponds to the decrease 
the NP size after Ni doping as observed in SEM 
image (Fig. 1). 

 
Figure 2. SEM images of the undoped and Ni-
doped FeS2 NPs. 

Photocatalytic activity of the undoped NPs, 
Ni-doped FeS2 NPs, and FeS2 NPs and rGO 
composite samples were evaluated by measuring 
the decomposition of methylene blue in an 
aqueous solution. Fig. 3 shows the changes of 
MB concentration as a function of irradiation 
time under both UV and visible light. As seen in 
Fig. 3a, the undoped NPs decompose methylene 
blue effectively through photocatalytic reaction 
under visible light irradiation due to its narrow 
bandgap energy. Compared with the undoped 
NPs, the Ni-doped FeS2 NP sample shows much 
higher photocatalytic activity (Fig. 3a). The Ni 
doping can be decreased the NP size, resulting 
in the increase of its specific surface area and 
improve the visible light photocatalysis. 
Furthermore, due to the doped of metal ions 
such as Ni2+, the defects ware created in FeS2 
matrix that leading to the increase of electron 
and hole generation.  The visible photocatalytic 
activity is further enhanced by using the FeS2 
NPs and rGO composite. It was reported the 
composite of FeS2 NPs and GO composite can 
improve the visible light photocatalysis 
compared to pure synthetic FeS2 NPs. It can be 
ascribed to the unique properties of GO or rGO 
such as larger surface area, full surface 
accessibility, and fast charge transport and the 
synergistic effects between both components of 
GO or rGO and NPs. Under UV irradiation, the 
NPs and rGO composite sample also show much 
stronger photocatalytic activity than the undoped 
and Ni-doped FeS2 NP samples (Fig. 3b).  

 
Figure 3.  Photocatalytic properties of the 
undoped NPs sample (solid squares), Ni-doped 
FeS2 NPs sample (solid circles) and the FeS2 
NPs and rGO composite under (a) visible light 
and (b) UV irradiation. The linearized kinetic 
plots for the degradation o 

Moreover, the MB photodegradation clearly 
obeyed the first-order reaction kinetics. The 
linearized kinetic plots for the degradation of 
MB with the presence of the undoped NPs, Ni-
doped FeS2 NPs, and FeS2 NPs and rGO 
composite samples under UV and visible light 
irradiation are shown in Fig. 3 (c) and (d). The 
apparent rate constants of visible light and UV 
photocatalytic degradation of MB with the 
presence of the undoped FeS2 NPs sample were 
1.33×10−3min−1 and 1.87×10−3min−1, 
respectively. They increased markedly to 
1.65×10−3min−1 and 2.17×10−3min−1 for Ni-
doped FeS2 NPs sample and 2.95×10−3min−1 and 
4.3×10−3min−1 for the FeS2 NPs and rGO 
composite sample, respectively. 

CONCLUSION 

A facile solvothermal approach was 
developed to synthesis the undoped and Ni-
doped FeS2 NPs with doping concentration of 
4.0 wt.%. The undoped and Ni-doped FeS2 NPs 
have a single-crystalline structure of pyrite 
phase. The photocatalytic activity of the films of 
the undoped and Ni-doped FeS2 NPs and FeS2 
NPs and rGO composite fabricated by spray 
pyrolysis method was investigated. The smaller 
size of the NPs was achieved by Ni-doping, 
which seems to be main reason for the improved 
photocatalytic activity of Ni-doped FeS2 NPs. 
Furthermore, the composite of FeS2 NPs and 
rGO exhibited higher the UV and visible light 
photocatalytic compared with both undoped and 
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Ni-doped FeS2 NPs. The obtained result 
revealed that the FeS2 NPs and rGO 
composite is a promising candidate for 
degradation of organic contaminant and water 
treatment. 
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ABSTRACT 
 

According to the World Health Organization (WHO), chronic inflammatory disease is one of the biggest threats to 
health and strongly related to overproduction of reactive oxygen species (ROS). Prolonged inflammation not only 
causes damage to organs, but also leads to many dangerous diseases such as stroke, autoimmune, cancer, etc. For 
this reason, anti-inflammatory therapies are gradually becoming an interesting target, which is particularly in the 
treatment and prevention of cancer. Silymarin is an active compound with the effect of expressing anti-
inflammatory activity. However, silymarin has the poor bioavailability due to rapid metabolism and secretion, low 
permeability on intestinal epithelial cells and low water solubility. In this study, we developed silica-containing 
redox nanoparticles (siRNP) with 50 − 60 nm in diameter to improve the bioavailability of silymarin through 
improving its solubility and delivery. Silymarin-loaded siRNP (SM@siRNP) increased significantly antioxidant 
capacity and anti-inflammatory efficacy in scavenging free radical DPPH, suppressing nitric oxide and producing 
inflammatory cytokines, as compared to free silymarin, siRNP, and silymarin-encapsulated in si-nRNP, 
which is the control nanoparticle without ROS scavenging property. In addition, the anti-inflammatory effect 
of SM@siRNP was also investigated in dextran sodium sulfate-induced colitis mice. The results in this study 
indicate the potential of SM@siRNP as promising therapy for treatment of inflammatory diseases. 
Keywords: inflammation, redox nanoparticles, silymarin. 

INTRODUCTION 

One of the most important scientific 
discoveries in health research in recent years has 
shown that inflammation not only plays a role in 
a few disorders, but also is the origin of many 
diseases. Inflammatory diseases contribute to the 
increased mortality in the world. For instance, 
inflammation involves at least 8 of the top 10 
causes of death in the United States today. 
Accordingly, understanding the mechanisms that 
affect inflammation in the body, how and when 
we can intervene to reduce the risk of 
inflammatory diseases is a top priority for 
science and the community [11]. It is generally 
known that reactive oxygen species (ROS) are 
strong oxidizing molecules, which have a single 
electron in the outer layer. Therefore, ROS is not 
stable, it can react with other molecules and 
tends to receive more electrons for returning to 
equilibrium. ROS is produced by cells that 
involved in host immune responses such as 
neutrophils and played a role in promotion of 
endothelial dysfunction by oxidizing important 

cellular signaling proteins like tyrosine 
phosphatase [8]. ROS acts as both a signaling 
molecule and an inflammatory mediator [2]. 

 However, the overproduction of ROS 
(oxidative stress) is the central progression of 
many inflammatory diseases. The role of 
oxidative stress in causing inflammation has 
been shown in many previous studies [8]. 
Consequently, antioxidant treatments are a 
useful measure in controlling and treating 
inflammation. Milk thistle is an herb that has 
been used for over 2000 years in the treatment 
of hepatitis and cirrhosis. Milk thistle extract is a 
flavonolignan mixture, containing about 70 − 
80% silymarin, which has been shown to have 
antioxidant activity through its ability to 
scavenge ROS, reduce the formation of proteins 
carbonyl and reduce peroxidation of lipid [9]. In 
addition, silymarin also exhibits activities such 
as regulating intracellular glutathione levels, 
stabilizing cell membranes and blocking 
inflammatory pathways through inhibition of 
triggers. Despite having many potential 
activities for the treatment of inflammation, the 
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applicability of silymarin is not appreciated due 
to poor oral bioavailability. The major limiting 
factors for bioavailability of silymarin are rapid 
metabolism and excretion, low permeability on 
intestinal epithelial cells and low water 
solubility. One of the methods taken to increase 
the oral bioavailability of silymarin is using 
nanotechnology as a drug delivery system [10]. 
Nano therapy is being studied in developed 
countries like the US, China, and Japan. To be 
more precise, nanotechnology has the potential 
efficacy on improving, and enhancing the 
effectiveness of hydrophobic drugs. Therefore, 
the aims of this study are to improve the 
solubility, enhance antioxidant and anti-
inflammatory activities of silymarin for the 
treatment of inflammation. Nevertheless, one of 
problems for oral antioxidant is to destroy in the 
gastrointestinal tract due to the strong oxidative 
stress. In order to deliver drug intact to blood 
stream, conventional nanocarrier is not effective.  

We have previously confirmed that 
antioxidant nanoparticle prevents oxidative 
degradation of antioxidants such as curcumin. 
Silymarin is another candidate for conventional 
oral treatment is suitable antioxidant carrier is 
designed. Formerly, we developed a pH-
sensitive-redox-nanoparticle (RNP) with ROS 
scavenging capacity for colon cancer therapy. 
However, RNP possess low drug loading 
capacity and low stability in the gastrointestinal 
tract after oral administration due to RNP 
readily disintegrates in acidic pH of the stomach. 
Consequently, in this study, we developed a 
silica-containing redox nanoparticle (siRNP) 
possessing a ROS scavenging moiety of 
nitroxide radical and a drug absorptive moiety of 
silica, which can improve the drug loading 
capacity and stability of the nanoparticle for oral 
delivery of silymarin. With 50 − 60 nm in 
diameter, siRNP can improve the bioavailability 
of silymarin through improving its solubility and 
evaluate the anti-inflamatory effect in vitro and 
in vivo model mice.  

 
Scheme 1: Design of silica-containing redox 
nanoparticle (siRNP) and silymarin 
encapsulation [7]. 

EXPERIMENTAL 

Materials and Methods 
siRNP was prepared by dialysis of 

amphiphilic block copolymer PEG-siPMNT, 
which was synthesized as previously reported 
(Scheme 1) (cite).  Silymarin, MTT agents, 
DMSO (dimethyl sulfoxide), lipopolysaccharide 
(LPS), methanol, were purchased from Sigma 
Aldrich (St. Louis, MO, USA). TEMPOL, 
DPPH (2,2-diphenyl-1-picrylhydrazyl) were 
from Tokyo Chemical Industry Co. Ltd. 

Cell line and culture  
RAW 264.7, a murine 

monocyte/macrophage cell line, was obtained 
from ATCC, USA. RAW 264.7 cells were 
grown in Dulbecco's modified eagle medium 
(DMEM; Sigma Aldrich, St. Louis, MO) 
containing 5% fetal bovine serum (Sigma 
Aldrich, St. Louis, MO), and 1% antibiotics 
(penicillin/streptomycin/neomycin; Invitrogen, 
Carlsbad, CA) in a humidified atmosphere of 
5% CO2 at 37 ºC. 

Characterization of SM@siRNP 
Size distribution of siRNP and 

silymarin@siRNP as measured by dynamic light 
scattering (DLS, Nanoziser Malvern). Drug 
loading efficiency and encapsulation efficiency 
were determined at 326 nm by Ultraviolet-
visible (UV-vis). Antioxidant capacity was 
determined by radical scavenging ability toward 
DPPH free radical. 

Cell viability test 
To study the effects of SM@siRNP, 

silymarin and siRNP on viability of cell, RAW 
264.7 was added into 96-well plates (104 
cells/well) and incubated for 24 h. Samples were 
added and incubated for 24 h, followed by 
adding MTT solution (0.5 mg/mL) to each well 
and incubated for 4 hr. The formazan crystals 
were dissolved by addition of DMSO and 
absorbance was measured at 570 nm. 

NO production from RAW 264.7 activated by 
LPS 

Cells were cultured in petri plates (100 mm) 
with DMEM supplemented with 5% FBS and 
1% antibiotics under 5% CO2 at 37 °C. To study 
the effects of SM@siRNP, silymarin and siRNP 
on NO production, cells were plated in 24-well 
plates (5x104 cells/well). After preincubation for 
24 h, samples were added and incubated for 1 h 
then added LPS (5 µg/mL). To measure the 
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concentration of NO produced during a 24 h 
incubation period, a standard Griess reagent 
(Sigma Aldrich) was using. The medium (50 
µL) and Griess reagent (50 µL) were mixed in 
the 96-well plates and left for 10 min at room 
temperature. Optical density was measured with 
a microplate reader (Spectra Max, Molecular 
Devices) at 540 nm. 

Determination of anti-inflammatory cytokine 
IL-1β Mouse Uncoated ELISA kit 

(Invitrogen/Thermo) was used to measure IL-1β 
according to manufacture’s protocol. 

Induction of colitis by DSS and drug 
administration 

The 7-week-old Swiss mice were purchased 
from Institute of Drug Quality Control Ho Chi 
Minh city. Colitis in mice was induced by 3% 
(wt/vol) DSS (5000 daltons; Wako Pure 
Chemicals, Osaka, Japan) supplemented in the 
drinking water for 7 days. The experiment 
included 5 groups: normal control group, DSS-
injured group, siRNP, silymarin and 
SM@siRNP. The equivalent doses of drugs (30 
mg/kg/day) were orally administered daily 
during the 7 days of DSS treatment. Silymarin 
was suspended in 0.5% (wt/vol) carboxymethyl 
cellulose. 

Statistical analysis 
The Student's t test was used to compare the 

groups. p<0.05 was considered statistically 
significant. 

RESULTS AND DISCUSSION 

Characterization of nanoparticles 

 
Figure 1. Properties of silica-containing redox 
nanoparticles. A. Solubitlity of silymarin in water 
and after encapsulation into siRNP and RNP. B. 

Drug encapsulation efficacy and loading capacity of 
the nanoparticles. C. Size distribution of 
nanoparticles was determined using dynamic light 
scattering (DLS) measurement. D. Antioxidant 
activity of silymarin@siRNP by DPPH assay. 

Silymarin is an anti-inflammatory drug with low 
solubility (0.04 mg/mL) (Figure 1A). By simply 
encapsulation into siRNP and RNP, the solubility of 
silymarin significantly improve which enable 
silymarin to be able to overcome biological barriers. 
Especially, they are absorbed easily by intestinal 
epithelial cells. Both types of redox nanoparticles 
have increased the bioavailability of silymarin 
through overcoming the drug's solubility. As shown 
in Figure 1B, silymarin encapsulation efficiency of 
siRNP was ≈ 100% and drug loading capacity was ≈ 
10% which is significantly higher than that of RNP, 
indicating that a silica moiety improved the drug 
loading capacity of siRNP as compared to RNP. In 
addition, the size of SM@siRNP was 170.9 nm after 
dialysis, as compared to siRNP (50.7 nm in diameter) 
(Figure 1C). Silymarin-loaded siRNP (SM@siRNP) 
increased significantly antioxidant capacity through 
free radical scavenging activity (Figure 1C) as 
compared to silymarin and siRNP alone.  

The cytotoxicity evaluation 

 
Figure 2. Viability of RAW 264.7 macrophage 
cell line was measured after 24 h treatment with 
Silymarin and SM@siRNP and siRNP using 
MTT assay. 

The cytotoxic effects of samples were 
measured using the MTT assay. As shown in 
Figure 2, all of samples tested did not 
demonstrate any significant cytotoxic effects on 
RAW 264.7 cells. Anti-inflammatory efficacy of 
SM@siRNP was investigated in vitro using 
lipopolysaccharide (LPS)-induced RAW 264.7 
macrophage cell activation. The results showed 
that SM@siRNP exhibited significantly higher 
anti-inflammatory efficacy in suppressing nitric 
oxide (Figure 3), as compared to free silymarin, 
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siRNP, and silymarin-encapsulated in si-nRNP, 
the control nanoparticle without ROS 
scavenging property. 

 
Figure 3. Effects of SM@siRNP as compared to 
silymarin and siRNP on NO production of LPS-
activated RAW 264.7 cells. 

IL-1β is one of the inflammatory markers 
used to identify inflammatory state accurately. 
ELISA is a high sensitivity and specificity 
method that can determine IL-1β content in 
vitro. IL-1β values for all groups are presented 
as concentration (pg/mL). IL-1β levels were 
found significantly lower in the SM@siRNP 
groups compared to that of the SM@si-nRNP 
group (p < 0.01). The results of combinating 
silymarin and siRNP has showed that the ability 
on reducing the expression level of cytokine IL-
1β was completely effective as compared to the 
control nanoparticles without antioxidant 
activity. 

Finally, DSS-induced colitis in mice was 
used to investigate the anti-inflammatory 
efficacy of SM@siRNP through disease activity 
index and body weight change. The mice treated 
with DSS exhibited significantly reduced body 
weight compared to the healthy mice. 
SM@siRNP and silymarin-treated mice has a 
lower loss of body weight than the DSS-treated 
mice. Especially, the group treated with 
SM@siRNP restricted the effects of 
inflammatory process on body weight of mice as 
compared to other groups. After 7 days of 
treatment, the severity of colitis was assessed 
based on disease activity index (DAI). DAI 
expresses the progressive ability of colitis. The 
higher its value, the more severe of 
inflammatory state. The inflammatory state of 
SM@siRNP-treated mice was less than 
silymarin and SM@si-nRNP-treated mice.  

CONCLUSION 

In this study, silymarin was encapsulated in 
the hydrophobic core of siRNP to improve its 

anti-inflammatory activity. Silymarin 
encapsulation in the siRNP not only improves 
the solubility, but also increases significantly 
antioxidant capacity of silymarin. In addition, 
SM@siRNP exhibited a significantly higher 
anti-inflammatory efficacy in suppressing nitric 
oxide and inflammatory cytokine production, as 
compared to free silymarin, siRNP, and 
silymarin-encapsulated in si-nRNP, the control 
nanoparticle without ROS scavenging property. 
Equally important, the anti-inflammatory 
investigation on DSS-induced colitis in mice has 
shown positive results through the assessment of 
body weight change and disease activity index. 
From these results, it was demonstrated that the 
encapsulation of silymarin in siRNP is a 
promising approach for enhancing its anti-
inflammatory activity and potential for treatment 
of inflammatory diseases. 
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ABSTRACT 
 

Paper-based microchannel is an important component in microfluidic paper-based devices. Paper-based 
microchannel is usually fabricated by creating hydrophobic patterned lines to bind hydrophilic paper 
inside. Among many fabrication techniques to make hydrophobic lines, printing method in general and 
inkjet printing in particular had become more popular due to their advantages of material saving, high 
accuracy, low-cost, etc. In this paper, electrohydrodynamic (EHD) inkjet printing method, which has been 
studied and developed in recent years, was utilized for dropping glycol ether solvent-based ink on 
nitrocellulose paper-like membrane. Results from field emission scanning electron microscope (FE-SEM) 
showed that this ink could dissolve through membrane and form a transparent hydrophobic layer onto 
created gap. Moreover, the width of barrier line can be controlled from about 200 µm to 260 µm, which is 
quite small when comparing with other fabrication methods. Therefore, EHD inkjet printing technology 
can be applied for fabricating small-scale microfluidic paper-based devices in the future. 
Keywords: paper-based microchannel, microfluidic paper-based devices, electrohydrodynamic inkjet 
printing, glycol ether 

INTRODUCTION 

Objective of paper-based microchannel is to 
transfer fluid, reagents, sample, etc. in 
microfluidic chip; thus, microchannel acts an 
important role in microfluidic paper-based 
devices [1-5]. Simple microchannel is made by 
creating two more hydrophobic lines to compel 
fluid to flow onto hydrophilic paper line due to 
capillary action [2-10]. The most important goal 
of hydrophobic line is to prevent the leakage of 
fluid out of paper-like microchannel. In order to 
make good hydrophobic barrier lines, many 
fabrication methods have been studied recently 
[5-8, 10-17]. There are four main groups of 
fabrication method: handcrafting, 
cutting/shaping, mask usage and printing [11]. 
Among many fabrication techniques, printing 
method in general and inkjet printing in 
particular have become more popular due to 
their advantages of material saving, high 
accuracy, low-cost, etc [11,12]. Paper-based 
microchannel using inkjet printing technology is 
also divided into two conventional methods: 

direct and indirect printing [12]. Different point 
between them is how the hydrophobic lines are 
formed during printing step. Direct printing 
method utilizes hydrophobic inks such as 
polystyrene, hydrophobic sol-gel, alkyl ketene 
dimer which had the tendency to transform into 
solid state by heating [18, 19]. Therefore, the 
main drawbacks of this method is usage of high 
viscosity ink, which is quite difficult to be 
ejected out of nozzle. Indirect printing method 
presents a two-step procedure. First, paper 
substrate is coated with a hydrophobic layer on 
entire surface. Subsequently, low viscosity 
solvent ink is printed to dissolve hydrophobic 
layer [12]. Indirect printing method do not need 
to use high viscosity like direct method. 
However, paper substrate can be damaged in 
coating step of hydrophobic layer, leading to 
unexpected in application steps. Moreover, 
indirect method wastes more materials than 
direct method. 

In this paper, we use a different way to 
fabricate hydrophobic lines on nitrocellulose 
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paper-like substrate. The goal of our inkjet 
printing step is to dissolve entire depth of 
nitrocellulose substrate; thus, liquid cannot flow 
through printed lines. Glycol ether solvent-based 
ink, which can dissolve nitrocellulose, was used 
for our printing steps. Moreover, the reaction 
between ink and nitrocellulose leads to the 
formation of a transparent hydrophobic film. 
Therefore, this process uses only one-step 
procedure to make barrier without damaging 
other places of paper-like substrate. As a result, 
this process can be aimed to biological 
application on paper-based substrate such as 
microfluidic paper-based analytical devices 
(µPADs), which has attracted interest from 
many researchers in recent years [1-3, 6-12]. 

EXPERIMENTAL  

Materials 
Experiments were performed on laminated 

membrane card (part number: HF135MC100), 
which were purchased from Merck Millipore. 
Each card includes three layers, which are 
nitrocellulose (NC) membrane, polyester and 
white polystyrene. Di(propylene glycol) methyl 
ether acetate (DPMA) and nonaethylene glycol 
monododecyl ether (C12E9) were purchased 
from Sigma-Aldrich. Borosilicate glass capillary 
tubes GD-1 purchased from Narishige (Japan) 
had 1 mm outer diameter, 0.6 mm inner 
diameter and 90 mm in length. 
Experiments with electrohydrodynamic (EHD) 
inkjet printer 

Ethylene glycol solvent-based ink was 
prepared from di(propylene glycol) methyl ether 
acetate (DPMA) and nonaethylene glycol 
monododecyl ether (C12E9) with ratio of 45:55. 
Dynamic viscosity of this solvent ink was 
measured by m-VORC viscometer from 
RheoSense (USA), about 11.5 cP. Simple 
microchannel including two parallel lines was 
chosen as design for these experiments. Printing 
step was carried out on PSJET-300V inkjet 

printer. In this work, inner diameter of glass 
nozzle and vector speed are investigated. 
Distance between nozzle and substrate was fixed 
at 400 µm. Other parameters such as high 
voltage, pressure of pump were adjusted to 
assure that a fine jet was ejected out of the 
nozzle in each experiment. Printed barrier lines 
were observed by field-emission scanning 
electron microscope (FE-SEM) Hitachi SU8010. 
Furthermore, blocking property of printed lines 
were tested by dipping paper-based 
microchannel in water. 

RESULTS AND DISCUSSION 

Relationship between width of barrier line and 
inner diameter of glass nozzle 

There are five glass nozzles were prepared 
with different inner diameters (35, 40, 45, 50 
and 70 µm). Vector speed were fixed at 0.05 
mm/s. After printing step, color of printed lines 
was changed from white of nitrocellulose 
membrane to gray of polyester film below 
(figure 1a). Cross-section images from FE-SEM 
of these five samples (figure 1b – f) proved that 
this ethylene glycol solvent-based ink had 
penetrated porous nitrocellulose membrane and 
new hydrophobic layer had been formed onto 
created gap. Another conclusion is that the dense 
hydrophobic layer, product of reaction between 
ethylene glycol and nitrocellulose, is 
transparent. These printed lines have good 
blocking property based on the results from 
dipping test. In general, there is an influence of 
inner diameter of glass nozzle on width of 
barrier lines. Barrier width was increased from 
198 µm to 467 µm when inner diameter was 
increased from 35 µm to 70 µm because more 
solvent-based ink was ejected out of the larger 
nozzle. The smallest barrier width is 198 µm by 
using 35-µm inner diameter glass nozzle. While 
inner diameter of glass nozzle is 35 µm or 40 
µm, the barrier width is not changed so much, 
about 200 µm. 
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Figure 1. Fabricated paper-based channel (a) and cross-section images from FE-SEM of printed lines 
when printing with 35-µm (a), 40-µm (b), 45-µm (c), 50-µm (d), and 70-µm (e) inner diameter nozzles 

Relationship between width of barrier line and 
vector speed 

Vector speed is implied for the movement 
speed of stage during printing step. Printed line 
was printed faster with high vector speed. Cross-
section images from FE-SEM of these six 

samples corresponding with various vector 
speed from 0.01 mm/s to 0.06 mm/s have been 
shown in figure 2. In these samples, only sample 
which was printed with 0.06 mm/s vector speed 
did not have good blocking property. 
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Figure 2. Cross-section images from FE-SEM of printed barrier lines corresponding with various vector 
speed: 0.01 mm/s (a), 0.02 mm/s (b), 0.03 mm/s (c), 0.04 mm/s (d), 0.05 mm/s (e) and 0.06 mm/s (f) 

CONCLUSION 

In this report, we was successful in 
fabricating paper-based micro channel on 
nitrocellulose paper-like substrate by using 
electrohydrodynamic inkjet printer to emit 
ethylene glycol solvent-based ink toward paper 
substrate. The results proved that this ink could 
be used to dissolve nitrocellulose and form a 
new transparent hydrophobic layer onto created 
gap. Width of barrier could be controlled from 
about 200 µm to 260 µm by adjusting inner 
diameter of glass nozzle and vector speed. 
Moreover, electrohydrodynamic inkjet printing 
is the promising fabrication process for 
fabricating microfluidic paper-based analytical 
devices (µPADs) in next applications. 
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ABSTRACT 

 
In this study, natural salicylate was immobilized into Al-Mg-LDH nanoparticles (SA-LDH-NPs) for 
evaluating the in vitro inhibited efficiency on the growth of R. solani at various concentrations. In PGA 
medium, the fungicial efficiency SA-LDH-NPs against R. solani was increased by the increase of 
supplemented product concentration. Particularly, at the treatment of 12 mg/mL, its fungicial efficiency 
was found at 45.5% and the growth of R. solani was completely inhibited by the addition of 20 mg/mL S 
SA-LDH-NPs after cultivation of 40 hrs. In addition, in vivo effectively of this product for preventing and 
treating the collar root rot disease (Rhizoctonia disease) caused by R. solani fungus on Brassica 
integrifolia was also investigated. The results showed that the treatment of 5 mg/mL of SA-LDH-NPs 
reduced the disease incidene into 4.4% compared to 46.7% of the untreated control and at the treatment of 
10 mg/mL, all plants was not infested after 12 days of infection. For the in vivo elimination test, treatment 
of 10 mg/mL SA-LDH-NPs reduced the disease incidene into 6.7% from 80% after 12 treating days and 
almost the infested plants were recovered by the treatment of 15 mg/mL SA-LDH-NPs. Thus, the SA-
LDH-NPs has the potential to develop natural biological fungicide, safe for farmer and high efficiency in 
prevention and elimination of fungal diseases in vegetable.  
Keywords: Brassica integrifolia, prevention, Rhizoctonia disease, SA-LDH-NPs, treatment 

INTRODUCTION 

According to General Statistics Office of 
Vietnam, in the early 6 months of 2019, the total 
vegetable area was estimated about 663,700 
hectares, increased to 1.7% compared to same 
period of 2018. In Ho Chi Minh City, the 
vegetable area was about 10,863 hectares, 
accounted for 1.65% of the total national 
vegetable area and 16.4% of the total 
agricultural area of the City. Although, the 
vegetable area was small but the vegetable 
production of Ho Chi Minh City reached to 
304,707 tons and served 33.3% of the vegetable 
demand [1]. However, the vegetable growers are 
now facing many difficulties due to the 
outspread of many diseases by microorganisms, 
among them, the collar root rot disease caused 
by Rhizoctonia solani is now severely afecting 
vegetable growth and yield. The disease usually 
occurs in monoculture with a high humility, 
causing a “damping off” symptom [2]. 
Nowadays, growers often uses many chemical 

products that cause environmental pollution and 
negative impact to vegetable quality. 

Salicylic acid (SA) is well known as the 
naturally antifungal product, this product is 
environmental- friendly and nontoxic human 
and animal as well. It has the wide range 
antifungal activity. However, SA need a carrier 
for protection it against disadvantage conditions 
such as UV light, high temperature and high pH. 

Layered double hydroxide (LDH) 
nanoparticle also known as hydrotalcites or 
anionic clays are a group of clay minerals that 
have shown the prospects as the carrier for both 
inorganic and organic materials. LDHs have a 
general formula of [MII 

1–x MIII
x(OH)2]x+(An–

)x/n
- yH2O where M2+ and M3+ are divalent and 

trivalent metal cations, respectively; A is the 
anions, and x is ratio M3+ /(M2+ + M3+) [3]. The 
anions between the layers are diverse such as: 
polymers, organic dyes, surfactants, organic 
acids and so on [4]. Al-Mg-LDHs have 
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demonstrated to be one type of important and 
green carrier due to the excellent 
biocompatibility, nontoxicity or low toxicity. So 
that, this research aims to immobilize the natural 
organic salicylate into Al-Mg-LDHs 
nanoparticles and uses as naturally fungicide for 
preventing and treating the collar root rot 
disease (Rhizoctonia disease) caused by R. 
solani fungus on Brassica integrifolia. 

EXPERIMENTAL 
A. Materials 
SA-LDHs-NPs was synthesised by co-

precipitation method [5]. The plant pathogenic 
fungi used in this study were R. solani (caused 
collar root rot disease) isolated from infected 
Brassica integrifolia in Ho Chi Minh City area. 
The PGA (Potato Glucose Agar) media was 
used for in vitro test and B. integrifolia NV1 was 
provided by Nam Viet Seed Co. was used for in 
vivo test. 

B. In vitro antifungal activities of  SA-
LDHs-NPs 

The antifungal activity of added SA-LDHs-
NPs was performed on PGA medium treated 
with different concentrations (0 - 20 mg/mL) of 
SA-LDHs-NPs. R. solani (6 mm in diameter) 
were put at the center of a petri dish containing 
supplemented medium and incubated at room 
temperature. The antifungal effect was evaluated 
when mycelial growth in the control plate 
reached the edge of the petri dish and calculated 
by the following equation: D (%) = (R0 – R) x 
100/R0, where R0 and R are mycelial diameters 
of the control and treated samples, respectively 
[6]. 

C. In vivo Fungicidal Efect of SA-LDHs-
NPs against R. solani on B. integrifolia.  

In prevention test, the nine-day-old and free 
disease B. integrifolia was sprayed 3 times every 
2 days with 100 mg/mL of SA-LDHs-NPs 
solution containing 2.5 - 10 mg/mL. After that, 
these lower stems (15 plants/treatment) were 
wounded before inoculating with 100 mL of R. 
solani solution. The possive control were foliar 
sprayed with the same volume of distilled water 
and the cheking was treated with only natural 
SA at concentration of 7.5 mg/mL. 

For elimination test, lower stems of nine-
day-old B. integrifolia (disease free) (15 plants 
for each treatment) were wounded and 
inoculated with 100 mL of R. solani solution. 

Afer 8 days of innoculating and 50% the tested 
plants were infected in all treatments; the tested 
plants were foliar sprayed with 100 mL SA-
LDHs-NPs solution with concentrations of 0, 5, 
10, 15 and 20 mg/mL every 2 days up to 3 
times. The possive control were foliar sprayed 
with the same volume of distilled water and the 
cheking was treated with only 15 mg/mL of the 
native SA. 

The disease severity and disease incidene of 
each treament were determined every 3 days 
until the negative control (innoculated by 
pathogenuos fugus and sprayed with only 
distilled water) were dead or completely 
recovery and caculated based on QCVN 01-169: 
2014 [7]. All experiments were repeated three 
times. Data were statistically analyzed using the 
ANOVA.  

RESULTS AND DISCUSSION 
A. In vitro antifungal activities of  SA-

LDHs-NPs 

 
Figure 1. The antifungal effect against R. solani 
of SA-LDHs-NPs at various concentration after 
40 hours incubation 

The results in Figure 1 and 2 indicated that 
the fungal colonies developed full of the petri 
dish after only 40 hours incubation in control. In 
contrast, SA-LDHs-NPs inhibited the growth of 
R. solani and the fungical efficiency was 
inversely proportional to the SA-LDHs-NPs 
concentration. At the low concentraiton of SA-
LDHs-NPs (< 8 mg/mL) the fungical efficiency 
was low, achieved 23.25%. At the high SA-
LDHs-NPs concentration (12 mg/mL), the 
fungical efficiency increased speedly, the fungal 
efficiency was 45.5 and 76.1% at concentration 
of 12 and 16 mg/mL, the pathogeneuos fungus 
was completely inhibited by the addition of 20 
mg/mL. Other previous reports show that SA 
has ability to inhibite the growth of several 
pathogeneuos fuguses such as: Colletotrichum 
capsici [8], Botrytis cinerea, Rhizoctonia solani, 
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Otrytis cinerea, Fusarium oxysporum, 
Penicillium expansum and Rhizopus stolonifer 
[9]. In our previuos study indicated that the 

antifugal activity was due to SA and LDHs only 
played the protective role [5]. 

 
Figure 2. The growth of R. solani colonies after 40 hours incubated on media supplemented with various 
of SA-LDHs-NPs concentrations  

B. In vivo Fungicidal Efect of SA-LDHs-NPs against R. solani on B. integrifolia.  
The prevention effect of SA-LDHs-NPs on fungal pathogen 

Table 1. The effect of SA- LDHs-NPs concentration on pathogen defense response of B. integrifolia  

SA concentration, 
mg/mL 

Disease incidene, % Disease severity, % 

3 days* 6 days 9 days 12 days 3 days 6 days 9 days 12 days 

Control (+) 0.0e ± 0.0 0.0d ± 0.0 0.0d ± 0.0 0.0d ± 0.3 11.1e ± 0.0 11.1e ± 0.0 11.1f ± 0.0 11.1d ± 0.0 

Checking 68.9b ± 3.9 55.6b ± 3.9 51.1b ± 3.9 46.7b ± 3.9 40.3b ± 0.9 38.3b ± 1.7 35.8b ± 0.9 28.9b ± 1.5 

0 (Control -) 100a ± 0.0 91.1a ± 3.9 86.7a ± 0.0 80.0a ± 0.0 61.0a ± 2.3 71.9a ± 1.5 77.3a ± 0.9 82.2a ± 0.0 

2.5 51.1c ± 3.9 33.3c ± 0.0 22.2c ± 3.9 11.1c ± 3.9 33.3c ± 0.0 27.9c ± 0.9 22.0c ± 0.9 15.1c ± 0.9 

5 48.9c ± 3.9 31.1c ± 3.9 20.0c ± 0.0 4.4cd ± 3.9 31.9c ± 2.57 25.4c ± 0.9 19.0d ± 0.9 12.6cd ± 1.5 

7.5 42.2cd ± 3.9 28.9c ± 3.85 17.8c ± 3.9 4.4cd ± 3.9 27.4d ± 1.5 22.0d ± 0.9 17.5de ± 0.9 12.1cd ± 0.9 

10 35.6d ± 3.9 26.7c ± 0.0 15.6c ± 3.9 0.0d ± 0.0 24.9d ± 1.7 19.51d ± 0.86 16.5e ± 0.9 11.1d ± 0.0 

In a column, means followed the same letter are not significantly different with p < 0.05. The duration 
was observed after B. integrifolia infected with R. solani. Posive control: none-innoculated, negative con 
trol: innoculated and untreated, checking: treated with 7.5 mg/mL native SA

 
Figure 3. The growth of B. integrifolia after 12 days of infection in prevention test. Posive control: none-
innoculated, negative control: innoculated and untreated, checking: treated with 7.5 mg/mL natutral SA. 

There were several papers reported the in 
vitro antifugal effect of SA, but the result for in 
vivo studies on plants is still limited. In addition, 
R. solani is the causative fungus of collar root 
rot disease and all the diseases on vegetable 
plant may suffer from, that caused by the R. 
solani is the most devastating. In this study the 
role of SA-LDHs-NPs on antifungal effect 
against R. solani was investigated.  

The results in Table 1 and Figure 3 showed 
that in negative control the disease incidene was 
100% and disease severity was 61%. The lower 
stems of these B. integrifolia were rotten and 
appeared white mycelia in the wound, the rotten 
area was more than 50% of the lower sterm area.  

After 12 days of infection, the disease 
severity increased to 82%, almost infected plants 
were died. Meanwhile, in the treated plants, the 
disease incidene and disease severity 
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significantly decreased by increasing its 
concentration. In particular, the treatment 
with2.5, 5 and 7.5 mg/mL SA-LDHs-NPs the 
disease incidene decreased from 50% to 11.1, 
4.4 and 4.4%, the disease severity decreased 
from about 30% to 15.1, 12.6 and 11.1%. 
Especially, the plants treated with of 10 mg/mL 
were completely recoved, the disease incidene 
was 0% and the disease severity was 11.1% after 
12 days of infection. While in the checking the 
disease incidene and sisease severity were 2 
folds higher than that of 7.5 mg/mL SA-LDHs-
NPs.  

The elimination effect of SA-LDHs-NPs on 
fungal pathogen 

The results in Table 2 and Figure 4 showed 
that disease incidene and disease severity 
decreased by the increased SA-LDHs-NPs 
concentration. After 12 days of inoculation, the 
disease incidene was 6.7, 4.4 and 2.2%, the 
disease severity was 12.6, 12.1 and 11.6% 
almost the same as the posive control. 
Meanwhile, in checking treatment (treated with 
15 mg/mL native SA) the disease incidene were 
about 42% and the disease severity was 3 folds 
higher than the same concentration of SA-
LDHs-NPs. In addition, in checking, the 
infected plants appeared toxic symptoms such as 
curly leaves. The results also indicate that the 
LDHs not only maintains the fugicical activity 
of SA against fugus but aslo reducted the 
toxicity of the native SA. 

Table 2. The eliminate effect of SA- LDHs-NPs concentration on infected B. integrifolia  
SA 

concentration, 
mg/mL 

Disease incidene, % Disease severity, % 

3 days 6 days 9 days 12 days 3 days 6 days 9 days 12 days 

Control (+) 0.0e ± 0.00 0.0c ± 0.0 0.0e ± 0.0 0.0d ± 0.0 11.1d ± 0.0 11.1e ± 0.0 11.1f ± 0.0 11.1d ± 0.0 

Checking 86.7c ± 0.0 75.6b ± 3.9 55.6b ± 3.9 42.2b ± 3.9 52.6b ± 1.5 41.2d ± 0.9 41.3b ± 0.9 38.3b ± 0.9 

Control (-) 100a ± 0.0 95.6a ± 3.9 88.9a ± 3.9 80.0a ± 0.0 61.0a ± 2.3 66.4a ± 1.7 75.8a ± 0.9 82.2a ± 0.0 

5 95.6ab ± 3.9 84.4ab ± 3.9 44.4c ± 3.9 20.0c ± 6.7 58.5a ± 2.6 46.7b ± 1.5 27.9c ± 0.9 16.5c ± 0.9 

10 93.3abc ± 0.0 80.0b ± 6.7 35.6cd ± 3.9 6.7d ± 6.7 53.6b ± 0.9 45.2bc ± 1.5 21.5d ± 1.5 12.6d ± 1.5 

15 91.1bc ± 3.9 77.8b ± 3.9 33.3d± 0.0 0.0d ± 0.0 50.1bc ± 0.9 43.2cd ± 0.9 20.0de ± 0.0 11.1d ± 0.0 

20 88.9bc ± 3.9 75.6b ± 3.9 28.9d ± 3.9 0.0d ± 0.0 47.7c ± 2.3 41.7d ± 0.9 19.0e ± 0.9 11.1d ± 0.0 

In a column, means followed the same letter are not significantly different with p < 0.05. The duration 
was observed after B. integrifolia treated with SA- LDHs-NPs. Posive control: without innoculated, 
negative con trol: innoculated and untreated, checking: treated with 15 mg/mL native SA.

 
Figure 4. The growth of Brassica integrifolia after 12 days of infection in treatment test. Posive control: 
un innoculated, negative control: innoculated and untreated, checking: treated with 15 mg/mL native SA.

 
 

CONCLUSION 

SA-LDHs-NPs is a naturally and high tech 
product with a great potential for using as a 
biofungicide for the prevention and elimination 
of fungal diseases in vegetable. This is suitable 
for production of safety argo-products with a 
low cost and suistanable. 
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ABSTRACT 
 

It is very essential and difficult to extract and separate uranium from waste solutions. In this work, the 
efficient adsorbent composites consisting of reduced graphene oxide, Zn0.5Ni0.5Fe2O4 nanoparticles and 
porous polyaniline were successfully synthesized by different techniques, namely, exfoliation, reduction, 
hydrothermal and polymerization in brine solution. Scanning electron microscopy (SEM), X-ray 
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and vibrating sample magnetometer 
(VSM) were used to determine the microstruture and magnetic characteristics of composite materials. To 
study the efficiency of uranium adsorption from solution, the batch experiments were performed. The 
adsorption kinetics reached equilibrium in 90 min and were distinguished with pseudo second - order - 
model. The adsorption isotherm coincided well with Langmuir model and the capacity of the composites 
for uranium was calculated to be 2680 mg/g at pH = 6. In addition, the excellent regeneration ability of 
adsorbents indicates that this ternary nanocomposite can be used as a promising adsorbent for aquatic 
uranium treatment. 

Keywords: porous, polyaniline, ferrite, reduced graphene oxide, uranium. 

 

INTRODUCTION 

Consumption of coal, oil and other sources 
of fossil fuel energy has contributed to a 
growing number of environmental problems. It 
has become a common goal for the world to 
grow clean energy and achieve economic and 
environmental sustainability. As the most 
important material of the nuclear power 
industry, uranium has been receiving increasing 
attention. With huge ocean reserves (a thousand 
times the amount of soil on the land) if the 
uranium in the seawater is effectively harvested, 
a significant and sustainable supplement of 
nuclear power plant materials will be produced. 
[1] Now, solvent extraction, precipitation, ion 
exchange and adsorption are the main methods 
of uranium extraction from water. Due to its 
simple operation, high economic performance, 
high extraction capability and minimal 
contamination, adsorption is considered to be 
one of the most promising technologies for 
uranium extraction from seawater [2]. 

 Due to their low cost, low toxicity and fast 
separation from the solution, magnetic 

nanomaterials have attracted a lot of attention in 
recent years [3-8]. 

Nano carbon materials such as carbon 
nanotube, graphene and graphene oxide were 
commonly used adsorbents because they have 
advanced properties: high surface area per unit 
of weight and more active working sites [9]. 

Polyaniline (PANI) was used to adsorb 
heavy metal ions and radionuclides from 
aqueous solution because of its large quantities 
of primary and secondary amino groups. 
Furthermore, porous structures with a large 
surface area may increase the adsorption of 
uranium [6-9]. 

Herein, we developed the ternary composites 
and used the adsorbents prepared to adsorb 
uranium from aqueous solution. The composites 
composed of reduced graphene oxide (RGO), 
Zn0.5Ni0.5Fe2O4 ferrite (ZNF) and porous 
polyaniline (RGO-ZNF-PANI) was synthesized 
by Hummers method, hydrothermal and 
polymerization in brine solution. 
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EXPERIMENTAL  

All chemicals were used in this work is 
analytical grade. The solutions were prepared 
with deionized water (DI). RGO was 
synthesized from graphite powder by a modified 
Hummers method [6-8]. RGO - Zn0.5Ni0.5Fe2O4 
composite was prepared by the hydrothermal 
method [3-6]. Next, the brine solution (50 mL of 
25% NaCl) was prepared from anhydrous NaCl 
and DI water [15] for synthesis the RGO-ZNF-
porous PANI composite. Then, a mixture of 0.5 
mmol aniline and 4.5 mL HCl solution was 
added to the brine solution slowly. To achieve 
good uniformity, the mixture was stirred for 1 h. 
After that, a mount of RGO-ZNF composite was 
slowly added into the mixture. Then a watery 
solution containing 1.14 g ammonium persulfate 
was added drop-wise to the prepared mixture. 
The polymerization reaction continued at room 
temperature with vigorous mechanical stirring 
for 8 h. After the reaction, the reluctant was 
collected and repeatedly washed with acetone 
and water. At last, the composite material was 
dried in a vacuum oven at 50 oC for 12 h. 

The composite’s morphology and crystal 
structure were observed using scanning electron 
microscopy (SEM – S4800), X-ray diffraction 
(XRD, Bruker D5 with Cu Kα1 radiation λ = 
1.54056 Å), and Fourier transform infrared 
spectroscopy (FTIR, Perkin Spectrum Two). 
The vibrating sample magnetometer (VSM, 
DMS 880) was used to measure magnetic 
properties of the composite. 

The adsorption experiments of uranium were 
conducted by bath method. We mixed RGO-
ZNF-PANI adsorbent with 200 mL of uranium 
solution in a conical flask and kept the 
temperature at 25 oC in all of the adsorption 
experiments. The internal magnetic field was 
used to separate the adsorbent from the uranium 
solution after the adsorption had reached the 
equilibrium. The concentration of residual 
uranium in the solution was measured by 
inductively coupled plasma mass spectrometry 
(ICP-MS). 

The adsorption capacity of uranium ions 
(Qe, mg/g) was calculated by the following 
equation: 

o e
e

C C
Q V

m
−

=    (1) 

Where Co and Ce (mg/L) are the 
concentrations of the uranium at initial and 
equilibrium states, respectively, m is the weight 

of adsorbent (g), and V is the volume of the 
solution (L). 

The optimized adsorption conditions 
included the adsorbent mass, pH and adsorption 
time. The solution's initial pH has been modified 
by adding 0.1 mol/L HNO3 and 0.1 mol/L 
NaOH solutions. The uranium laden on RGO-
ZNF-PANI was desorbed by using 0.1 mol/L 
HNO3 solution. The recovered adsorbent was 
washed several times with water, ethanol and 
dried at 50 oC.  

RESULTS AND DISCUSSION 
Characterization of materials 

Fig. 1(a) shows that the thin RGO sheets 
were exfoliated from graphite, but tend to 
deform and wrinkle strongly. The ultra-thin 
nanosheets is clear and distinct with several 
nanometers in thickness. In the Fig. 1(b), the 
ZNF nanoparticles have covered almost 
completely the whole surface of the RGO 
leaves. In this figure, it can be seen that the 
particle sizes range from 15 to 25 nm in 
diameter. The surface morphology of the RGO-
ZNF-PANI composite is shown in Fig. 1(c). The 
PANI fibers have connected together randomly 
and with the surfaces of RGO-ZNF. 
Additionally, it is clear to observe the pore 
channels from porous PANI. The porous PANI 
fibers could enhance the surface area distinctly 
which offers many advantages for efficient 
adsorbent. 

In the XRD pattern of composite (Fig. 2), 
there are several weak peak corresponding to 
porous PANI structure at about 14.53 o, 19.96 o 
and 24.85 o. The few characteristic peaks for 
planes such as (220), (311), (400), (422), (511) 
and (440) were observed in the XRD pattern. 
The XRD data indicated that the ZNF particles 
in RGO-ZNF-PANI composite have face-
centered cubic trevorite structure. The value of 
crystallite size of the ZNF nanoparticles was 
evaluated using the Scherrer formula d = 
kλ/βcosθ, where k is equal 0.94, λ is the X-ray 
wavelength, β is the peak full width half 
maxima (FWHM) and θ is the diffraction peak 
position. Results obtained by calculation with 
the (311) peak display that the crystallite size of 
ZNF is 20 nm. This data is in great 
correspondence with the previous analysis of the 
SEM image.  
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Figure 1. SEM images of RGO (a), RGO-ZNF 
(b) and RGO-ZNF-porous PANI (c). 

FTIR spectra of RGO-ZNF-PANI is shown 
in Fig. 3. The peaks at 1590 and 1497 cm-1 could 
be attributed to the vibration of C=C stretching 
of quinonoid and benzenoid rings. The 
stretching vibrations of C-N located at 1293 and 
1244 cm-1. The peak at 1047 cm-1 corresponds to 
the vibrations of C-O bonds. The peak at 797 
cm-1 is related to vibrations of C-H bonds. The 
absorption peak at 571 cm-1 corresponds to the 
vibration of Fe-O bond [15-16]. The XRD 
pattern and FTIR spectra demonstrate that RGO, 
ZNF, and PANI exist in this composite. The 
composite was successfully prepared. 

 

 
Figure 2. XRD pattern of RGO-ZNF-PANI. 

 
Figure 3. FTIR spectra of RGO-ZNF-PANI. 

 
Figure 4. RGO-ZNF-PANI magnetic hysteresis 
loop at room temperature. 

The RGO-ZNF-PANI magnetic hysteresis 
loop at at room temperature is shown in Fig. 4. 
The result displays that the remanence and 
coercive force are near zero. This data indicated 
that obtained composite was typically 
superparamagnetic-like. The maximum value of 
magnetization of RGO-ZNF-PANI composite is 
about 27 emu/g. A high saturation magnetization 
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makes this adsorbent easy to isolate from the 
solution by applying an inner magnetic field. 

Adsorption studies 
Fig. 5 displays the impact of the adsorbed 

amount on the adsorption capacity of uranium. 
With the increase in adsorbent mass, the 
percentage of uranium adsorption significantly 
increases. When the mass of adsorbent over 10 
mg per 200 mL solution, the uranium adsorption 
capacity remains almost constant. Therefore, 
from an economic perspective, the 10 mg 
adsorbent dose was selected as the optimal dose. 

 
Figure 5. Effect of the adsorbent dose on the 
uranium adsorption. 

The effect of initial pH on the uranium 
adsorption of RGO-ZNF-PANI is shown in Fig. 
6. The capacity adsorption of uranium increases 
sharply when the pH increases from 4 to 6. As 
the pH value was increased continually from 6 
to 10, the adsorption ability decreases. This 
result indicates that the sorption ability of RGO-
ZNF-PANI for uranium ions is strongest at pH = 
6. Uranium ions hydrolysis and protonation-
deprotonation of RGO-ZNF-PANI adsorbent in 
solution was predicted that affects pH-dependent 
uranium adsorption on composite [10]. When 
the pH is below 6, uranium occurs primarily in 
the form of UO2

+ species and the amino groups 
of the adsorbent, on the other hand, are 
predominantly occupied by H+. The repulsion 
between uranium ions and surface-positive 
adsorbent led to a fall in the adsorption of 
uranium ions. With the increase in pH, protons 
are released from the surface of the composite 
with the increase in pH, leaving more binding 
uranium adsorption sites. Hence, the amount of 
adsorbed uranium on the composite surfaces is 
increased. On the contrary, uranium is present in 
solution as anionic species when pH is over 6. 

And the surface of RGO-ZNF-PANI composite 
changed to negative charge. It would inhibit the 
adsorption of uranium ions on this adsorbent. 

 
Figure 6. Effect of pH on uranium adsorption. 

The contact time effect of uranium 
adsorption is displayed in Fig. 7. As the 
observation of this figure, the amount of 
uranium adsorption on the composite increases 
and retains at high value after 90 min. It 
indicates that the adsorption process was 
established the equilibrium state. Two common 
kinetic models were used to treat the 
experimental data, namely pseudo-first-order 
and pseudo-second-order to determine kinetic 
parameters [6-8]. The results are shown in Fig. 
8. The pseudo-second-order equation fits well 
with the experimental data, and the correlation 
coefficient obtained for pseudo-second-order 
equation is higher than that of pseudo-first-
order. Furthermore, the sorption capacities 
calculated by the pseudo-second-order model 
are very close to the experimental values. These 
results suggest that a pseudo-second-order 
sorption is the predominant mechanism. 

 
Figure 7. Effect of contact time on the uranium 
adsorption. 
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Figure 8. Pseudo-first-order (a), pseudo-second-
order (b) plot for the adsorption. 

The adsorption isotherm of uranium on 
RGO-ZNF-PANI composite at room 
temperature is displayed in Fig. 9. The data 
showed that the uranium adsorption amount 
increased as the increasing of equilibrium 
concentration and did not approach the saturated 
state in this experiment. The maximum adsorbed 
uranium quantity of RGO-ZNF-porous PANI in 
our experimental condition is 1743 mg/g. 

 
Figure 9. Effect of equilibrium concentration on 
the adsorption. 

In order to determine the uranium adsorption 
properties of this composite, the adsorption data 

have been estimated by using typical isotherm 
models, such as the Langmuir and the 
Freundlich models [11]. Fig. 10 displays the 
result of the fitting of two isotherm models. 
Because of higher correlation coefficient and 
having good matching with the experimental 
data, it is reasonable to choice Langmuir 
isotherm to characterize the uranium adsorption 
behavior of RGO-ZNF-PANI composite. 
According the Langmuir model, the adsorbent 
surface is monolayer and homogeneous and no 
interaction between the active sites occurs. The 
maximum of uranium adsorption capacity which 
was calculated from Langmuir model is about 
2680 mg/g. The adsorption of uranium in the 
presence of this adsorbent can be allocated to the 
interaction between the active surfaces of RGO-
ZNF-PANI and uranium species in the solution. 
There are some kind of sites, centers adsorption 
onto surface of this composite such as functional 
surface groups imine, amine, protonated amine, 
carboxyl, active center owing to nano sized 
ferrite particles [6-9]. Additionally, with porous 
structure of PANI, the area of active surface is 
enhanced so the uranium adsorption could be 
significantly improved [17]. 

 

 
Figure 10. The uranium adsorption isotherms: 
Langmuir model (a), Freundlich model (b). 

The amount of uranium adsorbed on the 
RGO-ZNF-PANI composite as a function of 
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cycle number is shown in Fig. 11. When the 
uranyl ion permeated into inner RGO-ZNF-
PANI composite, it is possible to form the stable 
complex and could be difficult to desorb. Hence, 
there is a slight reduction of adsorption capacity 
after six cycles from 232 mg/g to 226 mg/g. This 
data showed that RGO-ZNF-PANI adsorbent 
has acceptable chemical stability in adsorption - 
desorption process of uranium from aqueous 
solution.  

The adsorption capacity of RGO-ZNF-PANI 
is higher than that of other adsorbents [4-14]. 
The higher specific adsorption capacity is 
directly correlated to the high surface area of 
this composite. Due to the specific area of RGO, 
the porous structure of PANI and the nanometer 
size of ZNF particles, the specific surface area 
of RGO-ZNF-PANI composite is improved 
expressively. In addition, with numerous pores 
in small fiber of PANI, the active complex 
groups are increased which exhibit good affinity 
for uranium ions. Compared with RGO-ZNF-
PANI adsorbent (Qm = 1885 mg/g) [6], RGO-
ZNF-porous PANI material has an adsorption 
capacity is higher than 1.42 times. Despite the 
fact that it is not easy to compare adsorbents, the 
RGO-ZNF-PANI composite has a very good 
adsorption performance of adsorption capacity 
and kinetic characteristics. 

 
Figure 11: Effect of uranium adsorption - 
desorption cycles on the adsorption capacity. 

CONCLUSION 

The RGO-ZNF-PANI nanocomposite has 
been successfully synthesized and used as an 
active adsorbent for adsorption of uranium from 
the aqueous solution. The adsorption process 
was well suitable with pseudo-second-order and 
Langmuir isotherm models. The maximum 
uranium adsorption capacity of RGO-ZNF-
PANI composite was estimated to be 2680 mg/g 
at pH = 6 and 25 oC. The high adsorption 

capacity of this adsorbent was related to the high 
specific area of surface, more functional groups. 
Spent RGO-ZNF-PANI can be effectively 
recovered by using magnetic separation and 
efficiently regenerated. The RGO/CF/PANI 
composite is considered as suitable material for 
the collection and preconcentration of uranium 
from seawater and nuclear waste. 
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ABSTRACT 

 
Silver nanoparticles (SNPs) form has high antimicrobial activity, is therefore widely used for various 
sterilization purpose. There have been relatively a lot of studies on the applicability of silver nanoparticles 
in order to control plant diseases. This material were tested in the modern study to examine the antifungal 
activity on Neoscytalidium dimidiatum, the plant – pathogenic fungi, causes black rot on dragon fruit tree 
(Hylocereus undatus). In vitro petri dish assays indicated that SNPs had effect on control the N. 
dimidiatum development. Silver nanoparticles were found effective at 5ppm inhibited 80% the mycelial 
growth of N. dimidiatum when added it into cultures. At the 25ppm concentration, silver nanoparticles 
showed of 85% inhibitor rate of spore germination after 24 hours treatment. For the treated dragon fruit 
trees before they were infected with N. dimidiatum, the SNPs at 25ppm, showed high effective to inhibit 
the expression of symptoms of black rot disease, incidence rate in the treatment was 27% compare with 
90% in the control. 
Keywords: Antifungal, Silver Nanoparticles, Hylocereus undatus, Neoscytalidium dimidiatum 

INTRODUCTION 
SNPs is a kind of material with a lot of 

applications, such as sensors, catalysts, 
anticancer agents and antimicrobial agents. 
SNPs have exhibited activity against bacteria, 
fungi and viruses [1]. Silver is known to attack a 
broad range of biological processes in 
microorganisms including the alteration of cell 
membrane structure and functions. Silver also 
inhibits the expression of proteins associated 
with ATP production [2, 3]. Beside all of the 
characteristic of silver, SNPs has small size (1 – 
100nm) can interact with cell surfaces (plasma 
membranes, plant cellulose walls, bacterial and 
fungal cell walls, and membranes). SNPs can 
penetrate and pass through the organism’s 
external envelopes. The plasma membrane’s 
permeability for small-sized SNPs allows for 
accumulation of them in internal compartments 
of cells[4]. 

In recent years, SNPs is used as common 
antimicrobial agents to have potential 
applications of it to manage of plant diseases. 
SNP presents multiple modes of inhibitory 
action against harmful microorganisms.  

Therefore, it may be used for control of various 
important plant-pathogenic fungi [5-7]. Ouda et 
al researched the ability to inhibit mycelial 
growth of Alternaria alternata and Botrytis 
cinerea. The application of 15ppm concentration 
of silver nanoparticles produced maximum 
inhibition of the growth of fungal hyphae, 59.3 
and 52.9% inhibition percentage with A. 
alternata and B. cinerea, respectively [8]. Kim 
and co-workers demonstrated that SNPs were 
very effective against 18 plant phytopathogenic 
fungi species as Alternaria sp., Fusarium sp., 
Botrytis cinerea, Clasdosporium cucumerium,… 
on in vitro petri dish when they compared 
inhibitor rate of radial growth of fungal 
mycelium on the potato dextrose agar (PDA) 
plate treated with different concentrations SNPs 
and control plate [9].  

In this study, we was used SNPs, which were 
producted by Institute for Nanotechnology have 
nanoparticle size is smaller than 20nm in 
deionized water with Polyvinylpyrrolidone 
(PVP) and Ethylen glycol in the composition as 
stabilizers.  
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Objectives of the present study were 
determined the inhibitory properties of SNPs 
against Neoscytalidium dimidiatum, a plant-
pathogenic fungi, which causes black rot on 
dragon fruit tree . And to evaluate the efficacy of 
SNPs for suppression of plant pathogenic 
fungi in vitro by assessing radial growth of 
fungal mycelium to calcutate radial inhibition, 
inhibitor rate of spore germination. In 
greenhouse study, we examined incidence rate 
of dragon fruit tree which were infected the 
fungal and treated with SNPs. 

MATERIALS AND METHODS 

Materials 
SNPs at initial concentration of 200 ppm and 

different working concentrations of SNPs were 
prepared by diluting the original stock solution 
with distilled water. 

N. dimidiatum was isolated from black rot 
spot diseases of dragon fruit branch and 
confirmed by Koch's postulates. The fungi were 
grown on potato glucose agar (PGA) for this 
experimentation. Fungal mycelium was obtained 
by cutting square agar plugs (5x5mm) at the 
edge of the fungal colonies that were incubated 
24 hr at 28 ± 2℃. Fungal spores were accepted 
by incubating the fungi petri dish 5 days at 28 ± 
2℃ until the spores appear, using a clean cotton 
swab and salt water 0.9% to collect the spores. 

Dragon fruit branches were planted in plastic 
pots in greenhouses for creating young shoots. 
Used them to conduct experiments when their 
length was from 5 – 10 cm. 
Methods 

Inhibitory properties of SNPs against the 
mycelial growth 

Experiment was performed on PGA growth 
medium treated with different concentrations (0-
negative control; 0,5; 1; 2; 3; 4; 5 ppm) of SNPs. 
5 mL of SNPs having different concentrations 
was poured into potato glucose agar (PGA) prior 
to plating in a petri dish (90 × 15 mm) so that 
the SNPs reached the experimental 
concentration. Media containing SNPs was 
incubated at room temperature (250C). After 24 
hr of incubation, agar plugs of uniform size 
(5x5mm) containing fungi were inoculated 
simultaneously at the center of each petri dish 
containing silver nanoparticles, followed by 
incubation at 28 ± 2℃ for 7 days. Radial growth 

of fungal mycelium was recorded every day. 
Radial inhibition was calculated when growth of 
mycelia in the control plate reached the edge of 
the petri dish. The following formula was used 
for calculation of the inhibition rate (%). 

𝐼𝐼𝐼𝐼ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟 (%) =  𝑅𝑅−𝑟𝑟
𝑅𝑅

              (1) 

With: 

- R is the radial growth of fungal mycelia on 
the control plate. 

- r is the radial growth of fungal mycelia on 
the plate treated with AgNPs. 
Inhibition rates were determined based on 

five replicates of each experiment, inhibition 
rate of control = 0%. 

Inhibitory properties of SNPs against the 
spore germination 

SNPs solution was mixed in saline 0.9% in 
test tube, and added solution of fungal spore 
suspension to obtain 5 mL solution of fungal 
spore concentration of 105 spore/ml. 10 different 
SNPs concentrations (0 – negative control, 1; 5; 
10; 15; 20; 25; 50; 75; 100 ppm), incubation at 
28 ± 2℃. Counted the germination of spores at 
time before treatment, 3, 6, 24 and 48 hours after 
incubation by 40X eyepiece optical microscope 
with erythrocyte counting chamber, determined 
the number of germinated spores in a total of 
100 spores. A spore is confirmed to germinate 
when the germ's length is longer than itself. 
Radial inhibition of germination was calculated 
by the fomula (1) with: 
- R is the radial germination of fungi on the 

control tube. 
- r is the radial germination of fungi on the 

tubes treated with SNPs. 
Inhibition rates were determined based on 3 

replicates of each experiment, inhibition rate of 
control = 0%. 

Inhibitory properties of SNPs against black 
rot pathogenic on dragon fruit tree in greenhouse 

Experiment was performed on two types of 
time of processing with experiment design in 
table 1, T1 and T2 were treated SNPs 3 times by 
wet spraying the branches. 
T1: 1st treatment before infected fungi 10 days, 
2nd, 3rd treatment after infected fungi 10 days and 
20 days. 
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T2: 1st, 2nd, and 3rd treatment after infected fungi 
10 days, 20 days and 30 days. 

The fungal spores suspension had 
concentration of 105 spore/ml was scanned on 
the branches of dragon fruit with a brush in the 
afternoon. Recorded number of infected 
branches after 7, 17, 27 and 37 days fungal 
infection. The infected branch is branch with at 
least one pathogenic spot. The following 
formula was used for calculation of incidence 
rate (%) 

𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖𝐼𝐼𝑟𝑟𝐼𝐼𝐼𝐼𝑟𝑟 𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟 (%) =  
𝐴𝐴
𝐵𝐵

 

Incidence rates were determined based on 20 
replicates (branches) of each experiment, 
inhibition rate of control = 0%. 
With: 

- A is the number of infected braches. 
- B is the total branches in experiment. 

Table 1. Experimental design 

Treatment Content 

Control (PC) 
Infected N. dimidiatum for 
trees, treating with distilled 
water 

T1-SNPs 

Infected N. dimidiatum for 
trees, treating with SNPs 
25ppm. Beganed 1st SNPs 
treatment before fungal 
injection  

T2-SNPs 

Infected N. dimidiatum for 
trees, treating with SNPs 
25ppm. The fungi was 
injected before treated 1st 
SNPs 

Statictical analysis: Data were analyzed by T-
test, Minitab 16 software, with t= 95%. 

RESULTS AND DISCUSSION 

Inhibitory properties of SNPs against the 
mycelial growth 

The fungi showed growth inhibition with the 
increase of incubation time. In control treatment, 
after 2 days incubation, growth of mycelia in the 
control plate reached the edge of the petri dish. 
High ability inhibition was observed on PGA 
medium against N. dimidiatum in the treatment 
with 3 ppm or more, 4 ppm concentration 
resulted in greater than 80% inhibition on PGA 
against the fungi. In the treatments, N. 

dimidiatum mycelia did not grow on PGA agar 
containing SNPs, they only grew around agar 
plugs. Therefore, the results suggested that 
maximum inhibition was obtained on PGA 
treated with the 4 ppm concentration of SNPs. 
Data on inhibition effects of N. dimidiatum 
mycelia are shown in fig 1.  

 
Figure 1. Radial inhibition of  N. dimidiatum 
mycelia after 3 days treated by SNPs 
Inhibitory properties of SNPs against the spore 
germination 

After 24 hr incubation, the SNPs treatments 
all had properties that inhibited the germination 
of N. dimidiatum spores (fig.1). At the 48 hours, 
this rate did not change significantly. The radial 
germination of fungi on the tubes was treated 
with SNPs having a concentration of 25ppm 
reduced 80% less than the control, the germs in 
this treatment did not grow and long as well as 
in the control. At the 50, 75 and 100 ppm 
concentration, SNPs inhibited almost completely 
the fungal spores germination, respectively 92; 
94 and 97% compared with the control. 

 
Figure 2. Radial inhibition of N. dimidiatum 

spores germination after 24 hours treated by 
SNPs 

Inhibitory properties of SNPs against black 
rot pathogenic on dragon fruit tree in greenhouse 

a a b c 

d 
e e 

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

515



 
Figure 3. Incidence rate of N. dimidiatum to 
dragon fruit branches treated by SNPs 

SNPs had the ability to reduce incidence rate 
the treated treatment.When handling SNPs 
before fungal infection (T1), experimental 
treatment efficiency was higher than srpaying 
nanoparticles after fungal infection (T2). In T1 
treatment, incidence rate was 27%, compared to 
90% in the control after 27 days infected the 
fungi.  Spraying SNPs before fungal infection 
helped to increase the prevention effect of 
dragon fruit. 

CONCLUSION 

Findings from the current investigation 
demonstrated that SNPs bioactivy inhibited 
development of N. dimidiatum mycelia and 
spore. When treated in dragon fruit tree, SNPs 
reduced black rot disease symptoms on the 
branches caused by fungal pathogens N. 
dimidiatum. This study was the first to 
demonstrate that the inhibitory effect of SNPs 
against Neoscytalidium dimidiatum.  It is also 
the basis for conducting experiments on a larger 
scale 
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ABSTRACT 
 

Gold nanoparticles are well-known for surface plasmon resonant related applications such as: surface 
enhanced Raman scattering, photovoltaics. In these applications, particle size is extremely important due 
to its effect on surface plasmon resonant peak position. In this report, thin films of gold were first 
fabricated by sputtering methods. Gold nanoparticles were developed by annealing the as prepared gold 
thin films at 300ºC.  The as-prepared nanoparticles was characterized with scanning electron microscopy, 
absorption spectroscopy while Raman spectroscopy was used to study the surface enhanced Raman 
scattering. The as-prepared arrays of gold nanoparticles show excellent SERS activity with organic dye 
methylence blue as probe. Particle size shows clear effect on enhancement of Raman signal methylence 
blue.  
Keywords: Gold nanoparticles; sputtering; thermal annealing; surface plasmon. 

INTRODUCTION 

Since its discovery, surface enhanced Raman 
scattering (SERS) is expected to provide a 
sensitive tool for chemical and biomedical 
sensing and imaging [1–3]. In this technique, 
preparation of noble metals nanoparticles is 
extremely important because they serve as the 
platform for Raman enhancement. Self 
assembled monolayer of gold or silver 
nanoparticles developed from solution phase is 
reported to provide good enhancement of Raman 
signal [4–6]. However, one main limitation of 
this method is the randomness of the 
aggregation of nanoparticles during synthesis, 
which often leads to poor repeatability of the 
prepared SERS substrates. This in turn prevents 
the capability of using these substrates for 
quantitative study. Hence, development of SERS 
substrates based on evenly distributed array of 
noble metal is of great interest.  

In this research, we report of using gold 
nanoparticles array on sodalime glass to 
effectively enhanced Raman scattering. The 2D 
arrays of gold nanoparticles were fabricated by 
sputtering and annealing method. Morphology 

and surface plasmon resonance property of the 
samples were then characterized with scanning 
electron microscope and absorption 
spectroscopy, respectively. Surface enhanced 
Raman scattering on the as prepared gold 
nanoparticle array was also studied.  

EXPERIMENTAL  

Thin films of gold were prepared on 
sodalime glass substrates. Ultrasonic bath was 
applied to clean the substrates. The substrates 
were cleaned with double distilled water, 
ethanol and acetone in 10 min each cycle several 
times to clean the surface. The samples were 
then dried before being transferred into vacuum 
chamber for sputtering process. DC sputtering 
system integrated in Scaning electron 
microscope was utilized to prepare gold thin 
films. Heat treatment was not applied during 
sputtering process. Base pressure in vacuum 
chamber is maintained at 6 Pa. A gold disk 
(purity of 99.99%) of 2.5 inches was used as 
target. The current for sputtering was fixed at 30 
mA while sputtering time was from 10s to 50s. 
The thickness of obtained films was estimated 
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by the correlation between sputtering time and 
thickness given by the manufacture of sputtering 
system.  

 
Figure 1. Image of gold nanoparticles array 
prepared by sputtering and thermal annealing 
method. The sputtering time is 10s, 20s, 30s, 40s 
and 50s. 

In the next step, the as-prepared thin films 
were annealed at 300ºC in 2h. The heat 
treatment helps to form array of gold 
nanoparticle distributed quite evenly on the 
substrates. 

The samples were then studied with 
scanning electron microscope and absorption 
spectroscopy. Raman spectrometer Lamram HR 
800 was used to investigate surface enhanced 
Raman scattering of the as-fabricated substrates 
with Methylence blue as Raman probe. Laser 
power was estimated as 0.2 mW at the surface 
sample. Raman signal was collected with a 50x 
long working distance lens.  

RESULTS AND DISCUSSION 

Figure 2 presents SEM images of array of 
gold nanoparticles formed by annealing gold 
thin films sputtered in 10 s and 40s. As can be 
seen from the figure that the nanoparticles have 
uniform size and quasi spherical shape.  

It is noted that particles size increases with 
increasing sputtering time. Average particles 
size of gold nanoparticles developed from thin 

films sputtered in 10s is about 30nm while that 
of the sample sputtered in 40s is over 100nm 
with a broad size distribution. 

 
Figure 2. SEM images of gold nanoparticles 
obtained by annealing gold thin films sputtered 
in 10 s (a) and 40s (b).  

 
Figure 3. Absorption spectra of gold thin films 
with and without heat treatment.  

Figure 3 shows absorption spectra of the 
sputtered gold thin films before and after 
annealing at 300ºC in 2h. The absence of 
plasmon peak in the absorption spectra before 
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annealing process implies that gold was formed 
as a continuous thin layer on substrates.  

After heat treatment, clear plasmon peaks of 
gold in the absorption spectra demonstrate that 
gold layers were transformed into nanoparticles 
due to the shrinkage induced by heat treatment. 
Absorption data show agreement with SEM 
images where broader plasmon peaks and red 
shift of plasmon peak correspond to growth of 
particle size as well as size distribution.  

SEM images and absorption data show that 
gold nanoparticles of different size, and tunable 
surface plasmon resonance were obtained by 
controlling sputtering time. Surface enhanced 
Raman scattering of methylence blue adsorbed 
on these gold nanoparticle was studied to 
demonstrate the application of surface plasmon 
resonance in biomedical field. Figure 4 shows 
Raman spectra of methylence blue adsorbed on 
gold nanoparicles array prepared from thin films 
of 40s sputtering. 

Raman spectra clearly illustrate 
characteristic Raman peaks of methylence blue 
at 1299, 1393, 1497, 1621 cm-1. Table 1 
summarizes the corresponding vibration modes 
of methylence blue. The Raman peaks in our 
study agree well with those reported previously 
for this material. 

Raman data shows that the asprepared gold 
nanoparticles are good SERS substrates of high 
sensitivity, which allow detecting methylence 
blue at very low concentration of 10-10 M. 

Estimated enhancement factor of the 
asprepared SERS substrates based on gold 
nanoparticles was 3.8×107. The result is 
promising and show that SERS substrate based 
on gold nanoparticles has some advantages such 
as simple processing, high puritiy. 

Table 1. Raman peak position and assignment of 
the corresponding vibration mode 

Observed 
Raman peak 

Raman vibration mode  [1,7] 

1299 (CH); (C-N) ring 

1393 (C9-N10); (C3-N2); (C-N) 
ring; (CH) 

1497 (CH2)twist ; (CH) 

1621 (C-C)/(C-N) 

 
Figure 4. Raman spectra of methylence blue 
adsorbed on gold nanoparticles prepared from 
gold thin films sputtered in 40s.  

CONCLUSION 

Uniform gold nanoparticles were prepared 
on sodalime glass by combining sputtering and 
thermal annealing method. Surface plasmon 
peak position of gold nanoparticle is dependent 
upon particle size, which can be tuned 
conveniently by controlling sputtering time. The 
as-prepared gold nanoparticle array can serve as 
good surface enhanced Raman scattering 
platform and can be applied in biomedical 
analyzing. Further optimization of enhancement 
factor is being conducted.  
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ABSTRACT 
 

The yellow phosphor material of yttrium aluminum garnet (YAG) is used in packaging of white light 
phosphor-converted based on blue LED chip with using the structure of hemisphere dome of yellow 
phosphor. At the correlated color temperature (CCT) 5500 K, the white LEDs showed a high packaging 
of 60% and color rendering of 63. These results are meaningful in the context of energy-saving and 
improvement of the white LEDs efficiency. In addition, the effect of the injected current on the blue LED 
chip and CCT of white LEDs were also investigated. The injected current induced a small drift of CCT 
with increasing of injected current. Therefore, it is important to keep the injected current constant in 
operating process to maintain the color efficiency of white LEDs.  
Keywords: White LEDs, packaging efficiency, color performance, YAG, hemisphere dome. 

INTRODUCTION 

Solid-state lighting (SSL) has been gradually 
replacing the incandescent light bulbs owing to 
its advantages, including high energy efficiency, 
fast response, acceptable color rendering, long-
lifetime and low cost. There are many ways to 
generate white light such as dichromatic, 
trichromatic and tetrachromatic approaches [1-3]. 
Based on the dichromatic approach, the white 
light is created by the combination of a blue 
LED die and yellow phosphor. The quality of 
pcWLEDs depends on many factors such as blue 
LEDs die, type of yellow phosphor, packaging 
technology, thermal management, encapsulant 
material. In packaging technology, there are 
several main factors that affect the properties of 
pcWLEDs are phosphor loss, geometry loss, 
Stoke loss, packaging structure. Since type of 
blue LED die and phosphor material are usually 
fixed by the manufacturer, so the Stoke loss can 
be doing minimum by choosing the suitable kind 
of LED and yellow phosphor. The different 
weight concentration of yellow phosphor can 
cause different effects on the output power due 
to the backward scattering problem. Packaging 
structure can affect to the optical path length of 
the photon that will effect the color performance 

of pcWLEDs.  A problem that usually occurs in 
the process of making white light is backward 
scattering when blue light emitted from LED die 
hit to the phosphor. This is extremally serious as 
using a high weight concentration of phosphor.  

With the motivation of fabrication a 
pcWLEDs have high packaging efficiency and 
color performance, based on our best knowledge 
on the packaging technology, we conducted the 
study of the packaging of white light phosphor-
converted based on blue LED chip with using 
the structure of hemisphere dome of yellow 
phosphor. In this study, based on the principle of 
the dichromatic approach, the yellow phosphor 
material of yttrium aluminum garnet (YAG) and 
blue LED die were used. Using a hemisphere 
packaging structure of low weight concentration 
of yellow phosphor of 7.5%, the optical 
properties of pc-WLEDs were investigated 
including CCT, packaging efficiency and CRI. 
Besides, the effect of different injected current 
on the optical properties (CCT, CRI) and 
thermal characteristics of pcWLEDs were also 
studied. 

EXPERIMENT 

Blue die type of CREE EZ 700 made by the 
CREE company. The emission spectrum of blue 
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die showed a peak emission is at the wavelength 
of 449 nm. Chip was bonded on the sub-mount 
of Aluminum Nitride (AlN). Silver glue was 
used to attach the LED die on the sub-mount. By 
using the die bonding machine, blue LED die is 
attacked on the sub-mount by silver glue. The 
wire bonding process was conducted as follows: 
gold wire with a diameter of 50 nm used to do 
the wire bonding between an electrode on the 
LED die and the sub-mount. Next, the 
packaging process of pc-WLEDs with 
hemisphere dome of yellow phosphor was 
conducted as follows: Mixing of silicone gel A, 
B, and phosphor powder was prepared, then 
stirred uniform. The air in the mixture was 
pushed out by the vacuum pump. The weight 
concentration of phosphor in the mixture used in 
this study is 7.5 %. Next, this mixture is poured 
into the metal molding with hemisphere shape. 
Then it was put in the vacuum pump again. 
Finally, chip on sub-mount was put on this 
molding and adjusted for an accurate position. 
After doing solid at temperature 130 oC in 5 
minutes, we will get the sample of pc-WLEDs 
with hemisphere dome of yellow phosphor . 

RESULTS AND DISCUSSION 

The EL spectrum of bare blue LED. 
Figure 1 showed the EL spectrum of bare 

blue LED die that used in the packaging of pc-
WLEDs. Spectrum of bare blue LED showed a 
narrow band with waveleng from 400 to 500 nm, 
the peak of blue emission band is at the 
wavelength of 449 nm. At the value of injectted 
current and forward voltage of 50 mA and 2.945 
V, respectively,  the radiated power of bare blue 
light is  54.4 mW. 

 
Figure 1.  EL spectrum of bare blue LED die. 

Packaging the phosphor converted white 
LEDs with using hemisphere of yellow 
phosphor dome.  

Structure of phosphor converted white LEDs 
with using hemisphere of yellow phosphor dome 

Figure 2 was the schematic illustration of the 
structrure of pc-WLEDs using hemisphere of 
yellow phosphor dome. In this structure of 
packaging, Blue die was bonded on the sub-
mount of aluminum nitride (AIN). The 
interconection between electrode on Blue die 
and intergrated circuit in the AlN was conducted 
by the gold wire through the wire bonding 
process and using wire bonding machine. The 
hemisphere of yellow phosphor dome was 
obtained from the mixing of silicone gel and 
yellow phosphor YAG. Finally, after a curing 
process at a temperature of 130 degrees Celcius 
for 10 minutes by using the molding with 
hemisphere shape, we will obtain the sample of 
phosphor-converted white LEDs having the 
packaging structure of hemisphere of yellow 
phosphor dome. The radius of dome is 2.5 mm.  
 

 
Figure 2. Schematic illustration of the structrure 
of pc-WLEDs using hemisphere of yellow 
phosphor dome 

EL  spectrum of the sample of pc-WLEDs with 
hemisphre dome of yellow phosphor. 

Figure 3 showed the EL spectrum of the 
sample of pc-WLEDs with hemisphere dome of 
yellow phosphor. White light spectrum include 
two main region of blue band and broad yellow 
band. The way of generating white light by a 
combination between blue light and yellow light 
is a simple, effective and low cost way in field 
of Solid State Lighting.  

In this study, the used concentration of 
phosphor was 7.5%, the property of the pc-
WLEDs with hemisphere dome of yellow 
phosphor that were investigated include of 
correlated color temperature (CCT), packaging 
efficiency and color rendering index (CRI). 
Under diven current of 350 mA,  the value of  
CCT value was 5508K. This value of CCT 
indicated the white light is belong the type of 
cool white light. The color coordinate (x,y) in 
the chromaticity coordinate was (0.3325,0.3882). 
The location of the pc-WLEDs in the 
chromaticity was shown in the Figure 3. 
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Figure 3. The EL spectrum of the sample of pc-
WLEDs with hemisphere dome of yellow 
phosphor (left) and its location in chromatic 
diagram (right). 

To evaluate the performance of packaging 
process in the generation of white light, the 
packaging was caculated. Packaging efficiency 
is the ratio between the power of generated 
white light to the power of bare blue light that 
excited to the yellow phosphor. Due to the 
extraction efficiency in the hemisphere 
packaging structure, if we want to have a correct 
value of packaging efficiency then a corrected 
factor need to be used. Under driven current 350 
mA, the power of generated white light and 
power of blue light emitted from bare blue LED 
die were 0.232 W and 0.3 W, respectively. 
Applied the correct factor of 1.288 in calculation 
of packaging efficiency [4], we obtained the 
corrected value of packaging efficiency was 60 
%. Compare to other reported result of other 
study used different type of packaging structure, 
this value of packaging efficiency is high. It 
indicated the high efficicency of packaging 
technology that used in this study. 

The ability of color rendering of pc-WLEDs 
evaluated through the value of color rendering 
index (CRI). Under the driven current of 350 
mA, the general colorendering index was 63. 
This value is lower as compare to to the CRI of 
white light source based on the trichomatic 
(CRI>80) and tetrachromatic (CRI>90) 
approaches [1]. Figure 4 showed the value of 
each special color rendering index from R1 to 
R8. The color of R1, R2, R3, R4, R5, R6, R7, 
and R8 is light grayish red, dark grayish yellow, 
strong yellow-green, moderate yellowish green, 
light bluish green, light blue, light violet and 
light reddish purple. The coresponding value of 
special value are 57.7, 69.2, 82.3, 66.2, 59.2, 
55.4, 71.8 and 45.6. These values showed the 
light source is very good in redering color of 
sample R2, R3,R4 and R7.  

 
Figure 4. The value of each special color 
rendering index from R1 to R8 

Effect of driven current on the CCT and 
general CRI of pcWLEDs. 

To have a more comprehensive evaluation of 
the quality of the packaging technology in our 
work. We conducted the investigation with 
changing the injected current, then evaluate the 
property of pc-WLEDs with hemisphere dome 
of yellow phosphor in the aspect of CCT, CRI, 
and generated temperature. Different values of 
driving current used in the investigation are 50, 
100, 150, 200, 250, 300 and 350 mA. After the 
handling data, the effect of driving current on 
the CCT, CRI, and generated temperature will 
be evaluated. 

Figure 5 showed the CCT values at different 
injected currents. There was a variation of CCT 
with changing of injected current. Changing of 
CCT may come from the effect injected current 
on the power of generated blue light. Different 
power of blue light excited to the phosphor can 
leads to the different power of yellow light be 
generated. The changing of the ratio of blue 
light power and the generated yellow light will 
cause the variation of CCT as the injected 
current changed. However, as the inject current 
change from 50 mA to 350 mA, the maximum 
deviation of CCT is 154 K. This CCT deviation 
is not significant. 

 
Figure 5. The CCT values at different injected 
currents. 

50 100 150 200 250 300 350
5340

5360

5380

5400

5420

5440

5460

5480

5500

5520

5540

 

 

CC
T 

(K
)

Injected current (A)

 CCT

Proceedings of IWNA 2019, 06-09 November 2019, Phan Thiet, Vietnam

523



While the injected current showed a light 
variation of CCT, the general CRI was not to be 
affected as changing the injected current. This 
was shown in Figure 6, at different injected 
current, the value of general CRI was still had 
the same value of 63. 

 
Figure 6. The CRI values at different injected 
currents. 

The thermal property of pcWLED was 
investigated. The thermocouple is put at the 
backside of the sub-mount where was the path of 
the generated heat. Figure 7 showed the 
generated temperature is a function of injected 
current. The higher the value of the injected 
current was, the higher the value of the 
generated temperature. Since the injected current 
showed a big impact on the temperature of 
pcWLEDs, it is necessary to apply a suitable 
way to dissipate the generated heat. This will 
help the pcWLED to avoid some risks such as 
CCT drift, the problem of blue light leakage or 
degradation of yellow phosphor in luminescence 
efficiency. 

 
Figure 7. The generated temperature at different 
injected current. 

CONCLUSION 

Based on the dichromatic method of creating 
white light, we have used the yellow phosphor 
material YAG in the creation of white light 
through combination with blue light emitted 
from the blue die. A packaging structure of the 

hemisphere yellow phosphor dome was 
conducted in the packaging of pcWLEDs. A 
cool white light with CCT 5500K was fabricated 
that showed a high packaging efficiency of 60 % 
and an acceptable value of general CRI of 63. 
Besides, the investigation of the optical property 
includes CCT, packaging efficiency and CRI, 
the effect of different injected current on the 
CCT, CRI and temperature were also studied. 
According to that, to the inject current change 
from 50 mA to 350 mA, the maximum deviation 
of CCT is 154 K. Although, CCT value showed 
a small variation, the general CRI was not be 
affected as changing injected current and the 
value of general CRI still remain value of 63. 
However, the generated temperature is a 
function of the injected current. Thus, it is 
necessary to keep the injected current constant 
in operating process to maintain high 
performance for pcWLEDs.  
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ABSTRACT 
 

The combination of a blue LED die and the yellow phosphor is a useful method to generate white light. In 
white light packaging technology, the backward scattering is one of the main factors that affect the optical 
property of phosphor-converted white light-emitting diodes (pc-WLEDs). This problem can be solved by 
using a low weight concentration of yellow phosphor in the packaging process. With this motivation, we 
conducted the experiment to package the pc-WLEDs by using yellow phosphor weight concentration of 
7.5% to investigate the properties of pc-WLEDs. These remote yellow phosphor structures corresponding 
to the thickness of yellow phosphor plate of 0.6 mm, 1.2 mm 1.5 mm and 2.0 mm were fabricated. The 
optical properties of pc-WLEDs including correlated color temperature (CCT), packaging efficiency and 
color rendering index (CRI) were investigated. The correlated color temperature (CCT) is 7449 K, 6020 
K, 4883 K, and 4468 K. The packaging efficiency is 63.7, 63.9, 55.7 and 52.8, respectively. The values of 
CRI are 70.5, 65.9, 57.7 and 50, respectively. These results showed that at the low concentration of 7.5%, 
the value of CCT can be modified by changing the thickness of the phosphor plate. The high value of 
packaging efficiency indicated that the energy loss was reduced. This is meaningful in term of energy 
saving in white LEDs packaging technology. We can reduce the effect of backward scattering and 
enhance the packaging efficiency. 
Keywords:  pc-WLEDs, high packaging efficiency, remote yellow phosphor structure and backward 
scattering.

INTRODUCTION 

Solid-state lighting (SSL) has been gradually 
replacing the incandescent light bulbs owing to 
its advantages, including high energy efficiency, 
fast response, acceptable color rendering, long-
lifetime and low cost [1-3]. A simple and useful 
method to generate white light is the 
combination of a blue LED die and yellow 
phosphor.  

However, a problem that can’t to avoid in 
process for making white light is backwards 
scattering when blue light emitted from LED die 
hit to the phosphor. This problem becomes 
serious when using a high weight concentration 
of phosphor. Consequence of this is reducing the 
power of output white light. In another way, an 
amount of optical power is loosed in case of 
high backward scattering happened. Therefore, 
reducing the optical loss is a requirement that 

need to be solved in pc-WLEDs packaging 
technology. This will contribute to a higher 
power of output white light. Based on the 
scattering behavior of yellow phosphor, the 
backward scattering can be reduced by using a 
low weight concentration of yellow phosphor. In 
this paper we proposed an idea of using low 
weight concentration of yellow phosphor of 
7.5% to reduce the effect of the backward 
scattering problem in pc-WLEDs packaging 
process. Besides that, a simple and effective 
technique was used to make the pc-WLEDs. The 
optical properties of pc-WLEDs were 
investigated including CCT, packaging 
efficiency and CRI. Results of packaging 
efficiency showed that the backward scattering 
can be reduced with using low weight 
concentration of phosphor while still show a 
high packaging efficiency.  
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EXPERIMENT 

Packaging structure of pc-WLEDs include 
three main components: a blue chip was bonded 
on a MCPCB (metal core printed circuit board), 
a reflector cup and phosphor plate that made 
from mixture of silicone gel A, B and yellow 
phosphor by molding method. LED chip is 
CREE EZ1000 with emission peak at 449 nm. 
The LED dies were bonded on sub-mount by die 
bonding machine, then attached on the MCPCB. 
The inject current was 50 mA to avoid thermal 
effect. Phosphor plates made from a mixture of 
silicone gel A, B and yellow phosphor material 
(YAG phosphor CN-YY550L). The weight 
concentration of yellow phosphor that used is 
7.5%. For making phosphor plate, this mixture 
will be cured in the molding which has different 
thickness. Finally, after curing process at 
temperature of 140 degrees of Celsius, plates 
were taken out of the molding. In our study, the 
thickness of different phosphor plate includes 
0.6 mm, 1.0 mm, 1.2 mm, 1.5 mm and 2.0 nm 
were made. The components of LED die on 
MCPCB, reflector cup and yellow phosphor 
plate were connected to obtain a complete 
packaging structure of pc-WLEDs. The cross-
section of packaging structure of pc-WLEDs is 
illustrated in Figure 1a. 

 

 

 
Figure 1. a) The cross-section of packaging 
structure of pc-WLEDs, b) EL spectra of 
samples and c) Corresponded emitted power of 
samples. 

RESULTS AND DISCUSSION 

Figure 1b and 1c showed the emission 
spectrum of pc-WLEDs and emitted power of 
samples that used different thickness of 
phosphor plates 0.6 mm, 1.2 mm, 1.5 mm and 
2.0 mm, respectively. There are two clear bands 
in the emission spectra of pc-WLEDs including 
blue band and yellow band. The blue band is 
narrow with the wavelength range from 400 nm 
to 500 nm. While the yellow band is broad with 
the wavelength range from 500 nm to 800 nm.  
The shape of spectra shows that according the 
thicker phosphor plate, the intensity of blue light 
is decreased while the intensity of yellow band 
was increased. This showed clearly in the 
changing of area of blue band as well as the area 
of yellow band. Figure 2a showed the correlated 
color temperature of pc-WLEDs with phosphor 
plate at different thickness. Corresponding to the 
thickness 0.6 mm, 1.2 mm, 1.5 mm and 2.0 m, 
the corresponded value of CCT are 7449 K, 
6020 K, 4883 K and 4468 K, respectively. The 
value of CCT depends on the ratio of blue light 
power to yellow light power. The larger value of 
this ratio, the higher value of CCT. Consider the 
pc-WLEDs where the phosphor thickness from 
0.6 mm to 2.0 mm. The thicker phosphor plate, 
power of blue light decreased while the power of 
yellow light is increased. Therefore, the ratio of 
blue light power to yellow light power is 
decreased. This leads the value of CCT be 
decreased. The changing of CCT value versus 
the thickness of phosphor plates showed that at a 
fixed weight concentration 7.5% of yellow 
phosphor, the value of CCT can be modified by 
changing the thickness of phosphor plate. 
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Figure 2.  The results of a) correlated color 
temperature, b) Packaging efficiency and c) 
color rendering index. 

Packaging efficiency is defined by the ratio 
of power of white light to the power of bare blue 
light. The packaging efficiency has important 
meaning such as showing the how good of 
packaging technology in control the optical loss, 
saving the energy when loss optical power be 
transferred to the useful light. Therefore, 
packaging efficiency is an important factor to 
evaluate the quality of pc-WLEDs packaging 
technology. Figure 2b showed the packaging 
efficiency of sample corresponding to the 
phosphor thickness 0.6 mm, 1.0 mm, 1.5 mm 
and 2.0 mm, respectively. Their packaging 
efficiency are 63.7 % (at CCT of 7449K), 63.9% 
(at CCT of 6020K), 55.7 % (at CCT of 4883 K) 
and 52.8 % (at CCT of 4468 K). It is noticeable 
the sample 1.2 mm which the package efficiency 
is 63.9% (at CCT of 6020K). Usually, when 

using more yellow phosphor to get a lower value 
of CCT, it is often to face the problem of 
backward scattering that makes the packaging 
efficiency lower. However, the value of 
packaging efficiency of 63.9% is still higher the 
above value of 63% (at CCT 6500K). Therefore, 
the value of packaging efficiency in our study 
can considered as high values. Using this 
technique of packaging, the package can get 
high value. Figure 2c showed the average color 
rendering index of pc-WLEDs using phosphor 
plate 0.6 mm, 1.2 mm, 1.5 mm and 2.0 mm, 
respectively. The corresponded average CRI 
values are 70.5, 65.9, 57.7 and 50, respectively. 
These values are belonging to two main group of 
good and poor CRI. The CRI values of 70.5, and 
65.9 are evaluated well while CRI values of 57.7 
and 50 are poor. Corresponding to the 
decreasing of CCT, the value of average CRI is 
decreased correspondingly. The CRI is still 
needed to study more to get a higher value such 
as 80, 90 or 95 for application that high CRI is 
required.  

CONCLUSION 

The effect of backward scattering in the 
packaging process was reduced by using a 
weight concentration of yellow phosphor of 
7.5%. We can reduce the concentration of 
phosphor while still reach high packaging 
efficiency of 63.9 at CCT of 6020 K. This 
technology of packaging is simple when it 
doesn’t need to use a complex technique to 
dispense the phosphor material. The achieved 
results showed that this technique can be 
considered a good solution for pc-WLEDs 
package technology in term of simple 
fabrication, low cost and energy efficiency. 
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ABSTRACT 

 
One of the new solutions to limit disease that is to use silver nanoparticles (AgNPs) as a biocide in 
combination with conventional culture procedures. The purpose is to minimize the density of Vibrio spp. 
which is causing disease in water and preventing epidemic outbreaks. Although it has been used for a 
long time in the aquaculture field, research on the effect of AgNPs on aquatic animal health is still 
limited, especially in white leg shrimp. Therefore, this study was conducted to assess the impact of 
AgNPs on shrimp health at different concentrations. In the treatment that using AgNPs with a 
concentration of 0.05 ppm, the growth indicators of shrimp are the best compared to the remaining 
treatments. In particular, the specific growth rate (length and weigh) are SGRL = 3.13 ± 0.02 (% / day), 
SGRW = 8.01 ± 0.71 (% / day). In particular, the addition of AgNPs at the concentration of 0.05 ppm has 
brought effective control of Vibrio spp. without affecting the aerobic bacteria population in the water 
environment.   
Keywords: AgNPs, Vibrio spp., Litopenaeus vannamei  

INTRODUCTION 

Some studies had been demonstrated the 
antibacterial effect of AgNPs against common 
pathogenic bacteria infecting species of 
aquaculture interest. For example, the 
antibacterial effect of AgNPs that synthesized 
using Prosopis chilensis extract has been tested 
in Penaeus monodon infected with Vibrio 
cholerae, V. harveyi, and V. parahaemolyticus 
(Kandasamy et al., 2013) [1]. Moreover, the 
effect of AgNPs synthesized using green tea 
extract was tested in Fenneropenaeus indicus 
infected with V. harveyi (Vaseeharan et al., 
2010) [2]. Recently, Juárez-Moreno et al. (2017) 
demonstrated the antiviral properties of AgNPs 
against white spot syndrome virus infecting 
juvenile Litopenaeus vannamei [3]. Therefore, 
the use of nanoparticles against pathogens is a 
promising field in aquaculture. 

The mechanisms on the biocidal action of 
AgNPs are mainly related to the sulfhydryl 
groups of enzymes and proteins like glucose-6-
phosphate dehydrogenase and glutathione 
reductase, by interfering with the protein normal 
functions. AgNPs also inhibits DNA replication, 

and in bacteria it induces oxidative stress in the 
cell wall, where important cellular functions 
occur, affecting the maintenance of the internal 
ion balance. In this way, bacteria exposed to 
AgNPs showed growth inhibition, massive loss 
of potassium, and suppresses the chemical 
transportation from the cell wall (Hwang et al., 
2007; Luoma, 2008) [4]. Although the effective 
antimicrobial activity of AgNPs has been 
proven, there have been very few experiments 
conducted on aquatic organisms. Thus, the 
objective of this study is determining the 
antibacterial effects of AgNPs to the growth in 
the Pacific white shrimp, Litopenaeus vannamei.  

EXPERIMENT 

2.1. Material 

Post larvae (Litopenaeus vannamei) 
White leg shrimp (Litopenaeus vannamei) is 

purchased from Grobest Ben Tre Company. 
Shrimp microbiological analysis experiments are 
conducted at Institute for Nanotechnology 
(INT). In some 60 liters volume composite 
tanks, the water that is used in this experiment is 
natural seawater filtered through a membrane 
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follow by chlorine treatment. Shrimp are raised 
in order to meet the testing requirements such as 
healthy, lively, fresh color and uniform size. 

AgNPs Solution 
AgNPs solution with high antibacterial 

properties is produced by INT – VNU with the 
averange particles size is of 2-5 nm, high purity, 
high activity, good stability (in 6 months) and 
high repeatability. All testing solutions are used 
in this experiment are made from the original 
200 ppm Ag NPs solution. 

2.2 Experimental design 
The experiment was conducted for 45 days 

with AgNPs to assess the effect of AgNPs on 
shrimp health.  

Table 1. Concentration of AgNPs solution used 
in the experimental treatments 

Experimental Concentration of 
AgNPs 

Exp I 0,05 ppm 
Exp II 0,1 ppm 
Exp III 0,2 ppm 
Control 0 ppm 

The seedlings are firstly stocked in a 500 
liters tank to be familiar with the experimental 
conditions for 5 days. They are then divided into 
some other small tanks to do the test. The post 
shrimp are prepared in 14 small tanks (65 liters 
per tank), which contains 5 liters of water that 
have salinity 15 ‰ salinity. The stocking density 
is 30 shrimps / tank. Post shrimps have an 
average weight of 0.03 ± 0.001 mg and an 
average length of 1.10 ± 0.02 mm. Every day, 
shrimp were fed 3 times (at 7h, 12h, and 17h) 
with industrial feed, which is the size and 
amount of feed changed to suit shrimp growth 
during the experiment. The replacement water 
source was used to clean water supplemented 
with AgNPs in the correct concentration with 
the treatments that were prepared at the 
beginning of the experiment. After 45th day, all 
the shrimp were weighed to record the final 
weight, which were compared to the initial 
weight that have taken on the first day. The 
survival rates of the shrimp were also estimated 
by enumerating the individuals in each 
aquarium. The weight gain in grams (WG), 
specific growth rate (SGR), feed conversion 
ratio (FCR) were calculated as follows: 
Daily weight gain (DWG) = (W2 – W1) / (T) 
Specific growth rate  

 (SGR) = ((ln W2 – ln W1)/T).100 
Where  
W1 = initial weight,  
W2 = final weight 
T = the number of days in the feeding period. 
Feed conversion ratio (FCR) = feed intake 
(kg)/weight gain (kg) 
Survival rate (%) = (final numbers / initial 
numbers).100 

Total Vibrio monitoring 
Presumptive analyses of Vibrio spp. were 

performed at the beginning and end of the trial, 
by water sampling. The preparation of sample 
dilutions and bacteriological assays were 
performed by using the method described by 
APHA (2005). Water samples were serially 
diluted (10-1 to 10-5) in sterile saline solution 
(2.5% NaCl). Aliquots of 0.1 mL from dilutions 
were applied using the spread-plate method on 
thiosulphate–citrate–bile sucrose (TCBS) agar 
and incubated at 30°C for 24 h. Colony forming 
units (CFU) were counted on plates containing 
between 25 and 250 colonies and recorded as 
CFU/mL.  

2.3. Method of data processing 
The statistical analysis of empirical data was 

performed using Excel 7.0 software and Minitab 
16 software to process the data collected during 
the study. 

RESULTS AND DISCUSSION 

3.1. Result of Vibrio spp. in the treatments 
In the beginning, all treatments were free of 

Vibrio spp. because the water has been 
thoroughly disinfected with Chlorine However, 
in the 4th week, Vibrio spp. in the treatments 
showed signs of rapid increase, due to the 
accumulation of feces, leftovers in water and 
algae growth. At week 5, the density of Vibrio 
spp. in the control treatment started to increase 
sharply (1.01.103 CFU/mL) and exceeded the 
safe threshold for shrimps. In the two treatments 
A1 (0.05 ppm) and A2 (0.1 ppm) began to 
increase with a density of 0.18.103 CFU/ml; 
0.13.103 CFU/mL and significant difference 
compared to the control treatment (p <0.05). 
Especially, in treatment A3 (0.2 ppm), there was 
remarkable effectiveness in controlling Vibrio 
spp., particularly at the end of the experiment; 
the bacterial density was only 0.09x103 CFU / 
mL. 
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Figure 1. Changes of Vibrio spp.  in pond water. Values (mean ± SD) with different letters are 
statistically significant from each other (t- test; P<0.05) 

The density of Vibrio spp. maintenance of 
less than 103 CFU / mL and a percentage of blue 
colonies (typical colonies of V. 
parahaemolyticus and V. vulnificus on TCBS 
selective medium) less than 100 CFU/ml are 
considered to be within the safe range [5]. 
Besides, AgNPs products of the INT are 
recognized by the Pasteur Institute in Ho Chi 
Minh City to kill bacteria on fruits and shrimp 
disease bacteria. Testing results of AgNPs also 
confirmed that AgNPs are capable of killing 
cyanobacteria and types of bacteria: Escherichia 
coli, Vibrio anguillarum, Vibrio harveyi, V.  

Fluvialis, V.Parahaemolyticus [6]. Thus, when 
AgNPs is added to water as a bactericide, it can 
effectively control the density of Vibrio spp. In 
particular, at the concentration of 0.05 ppm, 
AgNPs have a control effect Vibrio spp. In water 
at the early stage of stocking, it is effective to 
reduce a part of pathogenic bacteria when these 
bacteria increase. 

3.2 Results of evaluating the growth of 
shrimps in all treatments after 45 days. 

The widespread applications of different 
AgNPs are present in aquaculture. Recently, 
several research groups focused their efforts on 
the knowledge of toxicological effects of metal 
and metal oxides nanoparticles in marine 
organisms. Despite this growth in the field and 
with the remarkable antiviral and/or 
immunostimulant activity observed for AgNPs 
in other organisms. After 45 days of experiment, 
body weight was about 0.74 - 1.14 g / head and 
body length was about 3.83 - 4.5 cm / head. The 
value of SGRL and SRGW of shrimp were 

respectively 2.77 - 3.13% / day and 7.12 - 8.01% 
/ day. . This confirms that the results of this 
study are completely consistent. In addition, the 
growth targets of the control treatments were 
statistically different from the treatments 
supplemented with AgNPs. In particular, in the 
treatment using AgNPs at the concentration of 
0.05 ppm, there was a clear difference compared 
to the remaining treatments, specifically, the 
average body weight and length of shrimp were 
1.14 g / head and 4.50 cm / head. In particular, 
the growth rate of shrimp weight in the 
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treatment using AgNPs with 0.05 ppm had 
SGRL and SGRW values of 3.13% / day and 
8.01% / day, the highest among all the 
experiments. In addition, in treatments using 
AgNPs with concentrations of 0.1 ppm and 0.2 
ppm, there was no significant difference 
compared to control treatments (p <0.05). 

The FCR value of shrimp after 45 days of 
experiment was about 1.09 -1.56 of which, in 
the treatment using AgNPs at 0.05 ppm had the 
lowest FCR, significant difference compared to 
the statistics. With the remaining treatments and 
control treatments (p <0.05). AgNPs treatment 
in WSSV-infected Penaeus vannamei had an 
immunostimulant effect, using non-toxic 
concentrations, by the induction of shrimp 
innate immune response. Our results have 
shown that AgNPs promotes the expression 
increase of LGBP, a key component in the 
innate immune system of arthropods [7]. We 
suggest that these occur through the recognition 
of metallic silver of AgNPs or by their 
interaction with the WSSV viral envelope to 
trigger the PAMPs recognition proteins 
activation. Both suggested processes, acting 
independently or concomitantly, decrease 
mortality of infected shrimps.  

CONCLUSION  

In experiments, the results showed that the 
addition of AgNPs at appropriate concentration 
has the effect of killing Vibrio spp. without 
affecting the microbial ecosystem in the culture 
water. In the treatment using AgNPs with a 
concentration of 0.05 ppm, the growth indicators 
of shrimp were superior to the remaining 
treatments. In particular, the relative growth rate 
in terms of length and volume are SGRL = 3.13 
± 0.02 (% / day), SGRW = 8.01 ± 0.71 (% / day) 
and FCR reach 1.09 ± 0.30. Based on the 
research results, we recommend using AgNPs at 
a concentration of 0.05 ppm for 45 days to 
control Vibrio spp. aims to limit the disease.  
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ABSTRACT 

 
Currently, cancer is a leading cause of death worldwide. Although chemotherapy is a common method 
to kill cancer cells, many side effects exist due to non-specific distrubution of antitumor drugs. For 
example, sorafenib is an oral multikinase inhibitor that can suppress tumor cell proliferation, 
angiogenesis and induce cancer cell apoptosis; however, sorafenib is a hydrophobic antitumor drugs 
with low bioavailability and severe side effects which greatly restricted its clinical application. To 
overcome these issues, in this study, we developed a silica containing redox nanoparticle (siRNP) to 
improve bioavailability of sorafenib and suppress its unwanted side effect. siRNP was desiged from 
PEG-siPMNT, an amphiphilic block copolymer possessing high drug absorption characteristics of 
silica moieties in addition to antioxidant properties of nitroxide radical to scavenge reactive oxygen 
species. Our result showed that siRNP was successfully prepared with 50-60 nm in diameter and siRNP 
significantly improved the solubility of sorafenib after encapsulation. Using MTT assay, we confirmed 
that  sorafenib-loaded siRNP signficantly improved the antiproliferative effect of sorafenib against 
colon cancer cell and liver cancer cell lines. Interestingly, sorafenib-loaded siRNP signifincantly 
decresed toxicity of free sorafenib in normal endothelial cell. In tumor bearing mice model, we also 
confirmed that the anticancer activity of sorafenib-loaded siRNP was remarkbly improved as compared 
to free sorafenib. In summary, the siRNP exhibits a promising potential as hydrophobic drug nano-
carrier for cancer treatment. 
Keywords: Cancer, Redox Nanoparticle, Reactive Oxygen Species, Sorafenib, Adverse Effect 

INTRODUCTION 

At present, cancer is one of the leading causes 
of death. Althought chemotherapy is a common 
method to kill cancer cells, many side effects exist 
due to non-specific distrubution of antitumor drugs,  
causing serious damages on healthy tissues and 
organs. Since most of conventional anticancer 
drugs are hydrophobic, it is not easy to 
solubilize in aqueous media, which reduces their 
therapeutic efficiency. For example, sorafenib is 
an oral multikinase inhibitor that can suppress 
tumor cell proliferation, angiogenesis and induce 
cancer cell apoptosis; however, sorafenib is a 
hydrophobic antitumor drug with low 
bioavailability and severe side effects which greatly 
restricted its clinical application [4]. On the other 
hand, oxidative stress is defined as an imbalance 
between production of reactive oxygen species 
(ROS) and antioxidant defenses and 
overproduced ROS cause the damage of 
important biomolecules and cells lead to the 

increase tumor progression and metastasis [3]. 
Therefore, it is important to suppress 
overproduced ROS in tumor environment. It has 
been reported that combination treatments of 
antitumor drug and antioxidant were reported to 
improve antitumor efficiency [3,5]. However, 
low molecular weight antioxidants are not 
always effective to scavenge ROS at the tumor 
environment since they spread entire body and 
rapidly metabolizes after administration. To 
improve bioavailability of sorafenib and suppress 
the ROS-induced toxicity, we have been 
developing antioxidant nanoparticles (siRNP) to 
solubilize the sorafenib by encapsulation into 
siRNP (sorafenib@siRNP). siRN was prepared by 
self-assembing PEG-siPMNT, an amphiphilic block 
copolymer possessing high drug absorption 
characteristics of silica moieties in addition to 
antioxidant properties of nitroxide radical to 
scavenge ROS [6]. In this study, we investigated 
the nanoparticle properties before and after 
loading sorafenib as well as the anticancer 
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activity of sorafenib@siRNP in vitro and in vivo 
as compared to free sorafenib. Our results 
showed that sorafenib@siRNP exhibited 
significantly higher therapeutic treatment against 
cancer cell lines and suppressed tumor growth in 
tumor bearing mice without any noticible 
toxicity.  

EXPERIMENTAL 

Materials 
siRNP was prepared by dialysis of 

amphiphilic block copolymer PEG-siPMNT, 
which was synthesized as previously reported 
[2]. Sorafenib (LC Laboratorises), DMSO 
(dimethyl sulfoxide) (Xilong Chemical Industry 
Incorporated Co. Ltd),  DPPH (2,2-diphenyl 
picrylhydrazyl), Dimethylformamide (DMF, 
FUJIFILM-Wako – Japan), 4-amino-2,2,6,6-
tetramethylpiperidine-1-oxyl (amino-TEMPO, 
Tokyo Chemical Industry, Tokyo, Japan), 2,2-
Diphenyl-1-(2,4,6 trinitrophenyl) hydrazyl (DPPH) 
Sigma-Aldrich (St. Louis, MO, USA), 2,5-
diphenyl-2H-tetrazolium bromide (MTT) Sigma-
Aldrich (St. Louis, MO, USA). 

 
Figure 1. Molecular structure of PEG-siPMNT and 
schematic illustration of the sorafenib encapsulated 
silica containing redox nanoparticle (siRNP) [2]. 

Preparation of siRNP and sorafenib@siRNP 
The siRNP was prepared from PEG-siPMNT 

by the dialysis method (Fig. 1). PEG-siPMNT was 
dissolved in DMF, and the polymer solution was 
transferred into a membrane tube 
(Spectra/Por,molecular-weight cutoff size 3500; 
Spectrum Laboratories, Inc., Rancho Dominguez, 
CA) and then dialyzed for 24 h against 2 L of water, 
which was changed after 2, 5, 8 and 20 h. After 24 
h, the solution was used as siRNP. 

For preparation of sorafenib@siRNP, suitable 
ratios of PEG-siPMNT and sorafenib were 
dissolved in DMF and the resulting solution was 
transferred into the membrane tube and dialyzed 
against 2 L of water for 24 h similar to the 
preparation of siRNP to obtained 
sorafenib@siRNP. 

Characterization of siRNP 

The sizes of siRNP and sorafenib@siRNP were 
evaluated by DLS (dynamic light scattering) using a 
Zetasizer Nano ZS (Malvern Instruments, Ltd., 
Malvern, UK). The DLS measurements were 
carried out at 25 °C at a detection angle of 173°. The 
antioxidant activity of nanoparticle was measured 
by DPPH antioxidant assay. Reaction were wrapped 
in aluminum foil and kept at 30 °C for 30 min in 
dark. All measurements were done under dim ligh 
and measurements were done at 517 nm.  

Cell line and culture 
Human liver carcinoma cell (Hep-G2), colon 

caner cell (C-26) and bovine aortic endothelial 
cell (BAEC) were obtained from Riken 
BioResource Center (Riken Tsukuba Institute, 
Ibaraki, Japan). Cell lines were cultured by 
Dulbecco's Modified Eagle Medium (DMEM, 
Sigma-Aldrich, St. Louis, MO) containing 5% fetal 
bovine serum (Sigma-Aldrich, St. Louis, MO), and 
1% antibiotics (penicillin/streptomycin/neomycin, 
Invitrogen, Carlsbad, CA) in a humidified 
atmosphere of 5% CO2 at 37 °C. 

Animals 
All experiments were performed using 7-

week-old male Balb/c mice (22-25 g) purchased 
from Charles River Japan, Inc. (Kanagawa, 
Japan). Mice were maintained in the 
experimental animal facilities at the University 
of Tsukuba. All experiments were performed 
according to the Guide for the Care and Use of 
Laboratory Animals at the University of 
Tsukuba (Application #18-193). 

Cell uptake  
Cellular uptake of siRNP in vitro was observed 

in colon cancer C-26 cell by Rhodamin-labeled 
siRNP using a fluorescent microscope. 

Cell viability assay 
The anticancer activity and toxicity of 

sorafenib@siRNP was evaluated by cell viability 
using MTT test. Cell lines (HepG2, C-26 and 
BAEC) were seeded into 96-well plate (104 
cells/well) and incubated for 24 h at 37 °C, 5% CO2 

. Samples including free sorafenib and 
sorafenib@siRNP were added and kept for 24 h  at 
37 °C, 5% CO2.  MTT solution (0.5 mg/mL) was 
added to each well and incubated for 4 h at 37 °C, 
5% CO2. The formazan crystals were dissolved by 
addition of DMSO and absorbance was measured at 
570 nm. 

Murine model of colon cancer  
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Preparation of murine model of colon cancer 
was conducted by injecting colon cancer cells. C-26 
cells (106 cells/mouse) were transplanted 
subcutaneously into the mice’s  right leg. The mice 
was intraperioneally injected with sorafenib or 
sorafenib@siRNP for 12 d after tumor inoculation. 
Tumor volumes were measured and calculated as 
1/2 × length × width2. 

RESULTS AND DISCUSSION 

Characterization of siRNP 
Sorafenib, is a hydrophobic drug, was 

encapsulated into siRNP by self-assembling 
using dialysis method. After encapsulation in 
siRNP, sorafenib solubility was significantly 
improved as shown in Figure 2A. The prepared 
nanoparticles were analyzed by transmission 
electron microscopy (TEM) after drying up, 
which showed spherical shape (Fig. 2C) with the 
hydrodynamic size of nanoparticle was about 44 
nm, which was further confirmed by DLS 
measurement (Fig. 2B). the size of siRNP 
slightly increases after sorafenib encapsulation 
(Fig. 2B). Antioxidant activity of siRNP was 
lower than nitroxide radical TEMPOL, which 
can be explained due to the confinement of 
nitroxide radical into the core of siRNP (Fig. 
2D). 

 
Figure 2. The characterzations of siRNP and effect 
of sorafenib@siRNP, A. Solubility of sorafenib, B. 
The size of siRNP, C. The TEM image of siRNP, D. 
Antioxidant activity activity of siRNP. 

Cell uptake 
The internalization of nanoparticle into cancer 

cell plays important role in cancer therapeutics. As 
shown in Figure 3, using Rhodamine-labeled siRNP 

(red signal), it is confirmed that siRNP rapidly 
internalizes into colon cancer cell within 1 h and 
localized in cytosol, which suggesting the potential 
drug delivery of siRNP into cancer cells.   

 
Figure 3. Cellular uptake of Rhodamin-labeled 
siRNP in colon cancer cell using  fluorescent 
microscope. 

Cell viability in vitro 
The anticancer acitivty was evaluated using 

liver cancer cell (Hep-G2) and colon cancer cell 
(C-26). As shown in Fig. 4A and B, the 
anticancer activity of sorafenib@siRNP was 
significantly improved as compared to free 
sorafenib. It is interesting to note that 
sorafenib@siRNP remarkably decreased its 
toxicity against normal cell line (BAEC) (Fig. 
4C). On the basis of these in vitro assessments, 
it is anticipated that the encapsulation of 
sorafenib in siRNP has poteintial high activity in 
cancer treatment. 

 
Figure 4. Effect of sorafenib@siRNP on cell 
viability, A. Cytotoxicity capacity of 
sorafenib@siRNP against colon cancer cell C-
26, B. Cytotoxicity capacity of sorafenib@siRNP 
against liver hepatocellutar carcinoma,  C. 
Cytotoxicity capacity of sorafenib@siRNP 
against normal cell BAEC 

Antitumor activity in vivo 
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Finally, in vivo experiment using colon 
cancer bearing mice, the treatment of 
sorafenib@siRNP exhibited significantly higher 
anticancer efficacy to suppress tumor growth as 
compared to free sorafenib and sorafenib-loaded 
control nanoparticle (without ROS scavenging 
property). This result indicates that siRNP not 
only improved the bioavailability of sorafenib, 
but also enhanced anticancer treatment by ROS 
scavening effect. 

CONCLUSION 

Using silica containing redox nanoparrticle 
(siRNP) to encapsulated sorafenib  was able to 
enhance solubility of hydrophobic drug 
improving its bioavaibility. Moreover, 
sorafenib@siRNP with antioxidant activity 
exhibited the higher antiproliferative effect 
against cancer cells and decreased toxicity in 
normal cells. Sorafenib@siRNP also exhibited 
higher anticancer efficacy in tumor bearing mice 
model as compared to free sorafenib without 
noticible adverse effect. The results in this study 
indicate potential applications of siRNP as drug 
nano-carrier in cancer treatment.  
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ABSTRACT 
 

In this paper, Nikel particles were loaded on ceria oxide flowers dispersed on framework of inorganic 
fibers as catalyst for dry reforming methane. The tests of dry reforming of methane were performed at 
700-800°C. With the Ni/Ce flowers, at 700°C, 750°C and 800°C initial CH4 conversion and after 100 h 
were 85-63%, 93-88%, 96-87%, respectively. Without the dispersion of ceria oxide flowers, these were 
96-70% at 800°C. The samples after 100 hours of reforming at 800°C were reactivated and then 
reforming the reaction again for another 100 hours. The conversion of CH4 after hydrogen reactivation 
was higher and more stable than the original catalyst by a few %. 
Keywords: dry reforming, ceria oxide flower, reactivation 

INTRODUCTION 

CO2 and CH4 are the major greenhouse 
gases generated by human activities such as 
transportation, electricity, industry, etc. and 
fermentation of organic waste [1]. To suppress 
global warming, it is necessary to promote usage 
of CH4 and CO2 mixture as energy resources. In 
rural areas, organic wastes derived from 
agriculture activities have to be utilized as 
renewable resources. For power generation, 
these are digested under anaerobic condition 
(methane fermentation) to produce biogas (60% 
CH4-40% CO2) [2].  

Dry reforming is a method to produce 
syngas (mixture of hydrogen and carbon 
monoxide) from the reaction of methane and 
carbon dioxide follow the reaction: CH4 + CO2 
↔ 2 CO + 2 H2 [3]. With the syngas product 
(hydrogen and carbon monoxide), dry reforming 
can be applied directly to solid oxide fuel cell. 
The side reactions which lead to the formation 
of coke (carbon) are the main reason for the 
reduction of the methane conversion by time. 
The catalysts frequently used for dry reforming 
reaction are transition metals (Cu, Co, Ni...) or 
noble metal catalysts (Pt, Ru, Rh...) supported 
on oxide-based materials [4]. 

Ceria (CeO2) has attracted much attention to 
be used as the promoters for three-way catalysts, 
catalyst supports, electrolytes for solid oxide 
fuel cells, oxygen sensors.  Besides, CeO2 can 
be processed and formed in various structures 

and morphologies including nanowires, 
nanorods, nanotubes, and mesoporous structures 
via various synthesis routes using different 
techniques such as sol–gel method, 
hydrothermal method and template-assisted 
method [5]. 

In this paper, the flower-like ceria 
microspheres were prepared by hydrothermal 
synthesis method and used as a catalyst support 
to load transition metal Ni for dry reforming of 
methane. The paper structured catalyst (PSC) 
samples were fabricated from the obtained 
flower-catalyst, alumina-silica fiber and was 
used as a catalyst for methane reforming. The 
dry reforming characterization was performed at 
700-800°C and the methane conversion of the 
samples was calculated basing on the 
concentrations of the gases by gas 
chromatography (GC).  

EXPERIMENTAL  

Preparation of Flowerlike-CeO2 Powder 
(Ce(F)) 

To obtain Ce(F), 15 mL Ce(NO3)3 solution 
of 0.05M (0.0075 mol) and 75mL glucose 
solution of 0.02M (0.015 mol) under magnetic 
stirring followed by adding acrylic acid (2.05 
mL – 0.03 mol) to form a translucent 
solution. After that, 6.6 mL ammonia solution 
(25 wt %) was diluted in 20 mL deionized, and 
the diluted ammonia solution was supplied 
dropwise to the above mixture. The solution was 
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stirred at 30°C for 5 h to form a deep brown 
solution and transferred into a Teflon-lined 
autoclave (150 mL), sealed and kept at 180°C 
for 72 h, and naturally cooled down to room 
temperature. The resulting orange suspension 
was washed with water and alcohol for several 
times, and then dried at 80°C overnight. The 
flowerlike-Ce(OH)CO3 microspheres were 
finally obtained. By the subsequent calcination 
at 600°C for 6 h in air, the flowerlike-CeO2 
(Ce(F)) microspheres were obtained. 

Preparation of NiO/Ce(F) Catalyst Powder  
The NiO/Ce(F) catalyst powder was 

prepared by the impregnation method. 2 g of 
Ce(F) was added into 4 mL of 0.5 M Ni(NO3)2 
solution with polyvinylpyrrolidone (5 wt%), and 
kept for 5 h, then dried at 80 °C for 8 h. The 
green powder was calcined at 550 °C for 6 h to 
obtain NiO/Ce(F) powder. 

Preparation of PSC samples 
 Ni/Ce(F)-PSC. 1.21 g of ceramic fiber 
(Al2O3: 48 wt%, SiO2: 52 wt%) and 0.012 g of 
cotton fiber were mixed in 100 mL of DI water. 
After adding 2.42 g of NiO/Ce(F) and 0.6 mL of 
2 wt% cationic polymer solution 
(polydiallyldimethylammonium chloride), the 
suspension underwent ultrasonic treatment for 
15 min followed by magnetic stirring for 1 h. 
Then, 0.6 mL of 2 wt% anionic polymer solution 
(acrylamide-co-acrylic acid) was added with 
continuous magnetic stirring for 15 minutes. 
After 1 h stabilization, the suspension was 
mixed again just before filtration to obtain a 
wet-state sheet with a diameter of 6.6 cm, which 
was pressed and dried at 80°C overnight. 
Finally, 3-3.5 wt% Ni-loaded Ce(F)-dispersed 
PSC (Ni/Ce(F)-PSC) was obtained by heat 
treatment at 600°C for 5 h with subsequent 
reduction treatment. 

Ni/PSC. The Ni/PSC was prepared with the 
same process of the Ni/Ce(F)-PSC but without 
the NiO/Ce(F) powder. After obtaining pure 
ceramic paper (including ceramic fiber only 
after heat treatment at 600˚C for 5 h), the 
Ni/PSC was prepared by 
the impregnation method: 4 mL of 0.5 M 
Ni(NO3)2 solution was added into the pure 
ceramic paper, kept overnight and dried at 80˚C 
in 8 h. The green paper was calcined at 600˚C 
for 6 h to obtain the Ni/PSC have 8-10 wt% Ni-
loaded PSC (Ni-PSC).  
Dry Reforming Tests with PSCs 

Dry reforming of CH4 was performed in a 
reactor and follow the procedure of Shiratori et. 
Al. [6], as shown in Figure 1. Three PSCs with 
a thickness of 1.5 mm for each PSC were 
installed in an porcelain tube with 20mm of 
inner diameter, the temperature was increased 
to reaction temperature within under N2 
atmosphere for 1 h and applied 150 mL min-1 of 
H2 to reduce NiO to Ni catalyst. To start the 
100-h dry reforming test, the mixed gas of CH4 
and CO2 (20 mL min-1 for each gas) was applied 
with a gas hourly space velocity (GHSV) of 
~2300 h-1. The mixed gases after reforming 
reaction were analyzed every 1 h in the first 40-
h and 2 h in the next 60-h by automatic gas 
chromatography (GC-20B; Shimadzu Corp., 
Japan). 

The conversion of CH4 and GHSV were 
calculated as follows: 

Methane conversion (%): 

 𝒳𝒳𝐶𝐶𝐻𝐻4(%) = �1 − %𝐶𝐶𝐻𝐻4 𝑜𝑜𝑜𝑜𝑜𝑜
%𝐶𝐶𝐻𝐻4 𝑖𝑖𝑖𝑖

� ∗ 100 

GHSV = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑟𝑟 𝑓𝑓𝑡𝑡𝑡𝑡𝑓𝑓 𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟 (𝑚𝑚𝑚𝑚 ℎ−1)
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑡𝑡𝑟𝑟𝑟𝑟 𝑣𝑣𝑡𝑡𝑡𝑡𝑣𝑣𝑚𝑚𝑟𝑟 ( 𝑟𝑟𝑚𝑚3)

 

 
Figure 1. Schematic illustration of the setup for 
the test of DRM using PSCs 
Reactivation of PSC 

The PSC after 100 h of dry reforming 
reaction was reactivated by gas supply of 100 
mL.min-1 CO2 for 1 h at the previous reaction 
temperature. Then the 100-h dry reforming was 
started for the next test, the mixed gas of CH4 
and CO2 (20 mL min-1 for each gas) was 
applied. 
Characterizations 

The microstructures of Ce(F), NiO/Ce(F), 
Ni-PSC, Ni/Ce(F)-PSC were observed by a field 
emission scanning electron microscope (FE-
SEM-SU8000, Hitachi, Japan). The percentage 
of nickel loading was determined by inductively 
coupled plasma (ICP) spectrometer (Shimadzu 
ICPE-9000, Japan). Raman spectroscopic 
analysis of coke/ carbon deposited on the PSC 
samples after reforming tests was carried out 
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using a Raman microscope Labram 300, Horiba 
Jobin Yvon, France. 

RESULTS AND DISCUSSION 

Characterization of PSCs 
 

  

  
Figure 2. Structure of PSC blank (a), Ni-PSC (b, 
c, d). 

  

   
Figure 3. Structure of Ni/Ce(F)-PSC (a), Ce(F) 
(b), Ni/Ce(F) (c, d).  

Figure 2a shows the fiber network of PSC 
blank. Figure 2b, c, d show the fiber network of 
Ni/PSC including NiO nanoparticles formed on 
the fiber surface. Particle size was about 20-50 
nm. Figure 3a shows the structure of the 
Ni/Ce(F)-PSC in which, Ni/Ce(F) flowerlike 
microspheres on the ceramic fiber. Figure 3b 
describes the structure of Ce(F). Figure 3c, d 
show the distribution of Ni particles on the 
Ce(F) surface, where the Ni particles are evenly 
distributed across the petals of the Ce(F). The 
NiO nanoparticles were formed on the porous 
flowerlike CeO2 with the diameter of about 30-
50 nm. Ni loading in theory and Ni loading 
measured by ICP of PSCs are summarized in 
Table 1. 
Table 1. Ni loading PSCs 
Sample %Ni theory % Ni ICP 
Ni-PSC 8-10 7.3 

Ni/Ce(F)-PSC 3-3.4 3.0 

Dry reforming tests with the PSCs  

 
Figure 4. CH4 conversion measured during 100 
h DRM test. 

Figure 4 shows the CH4 conversion 
measured during 100 h DRM test at 700, 750 
and 800°C.  

At 700°C, with the Ni/Ce(F)-PSC, the initial 
CH4 conversion was 84%, conversion decreases 
by more than 20% after 100 hours application. 
At 750 and 800°C, the conversion rate decreases 
by about 5-7% after 100 h. For Ni-PSC, when 
the reaction at 800°C the conversion efficiency 
decreases rapidly after more than 30%.  
The Ni/Ce(F)-PSC and Ni-PSC after 100 hours 
of reforming at 800°C were reactivated by 
catalyzing CO2 through the catalyst and then 
reforming the reaction again for another 100 
hours. The results are shown in Figure 5. It can 
be seen that after reactivating the reforming 
reaction of Ni/Ce(F)-PSC and Ni-PSC, the 
conversion of CH4 to hydrogen was higher and 
more stable than the original catalyst by a 
few %.  

 

a 

c d 

a) b) 

c d 

b 
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Figure 5. CH4 conversion measured during 15 h 
DRM test at 750oC. 

 
Figure 6. Raman spectra of the PSCs after 100 
hours of reactivation. 

From the carbon raman result (Figure 6) of 
the PSCs after 100 hours of reactivation, it can 
be seen that the amount of carbon in Ni-PSC 
was higher than the Ni/Ce(F)-PSC. Their 
FESEM results (Figure 7) show that the carbon 
deposited on the PSC was carbon nanotubes. 

 

 
Figure 7. Structure of Ni-PSC (a, b), Ni/Ce(F)-
PSC (c, d) after 100 hours of reactivation. 

CONCLUSION 

In this study, the flower-like ceria 
microspheres with Ni nano particles were 
embedded on the PSC as a catalyst support for 
dry reforming of methane. With the amount of 
Ni in Ni-PSC higher Ni/Ce(F)-PSC, the methane 
conversion was lower and no more stable after 
100 h at 800˚C. Moreover, the coke amount 
formed on the catalyst was significantly reduced 
in the presence of the CeO2 flowers whereas the 
methane conversion efficiency was maintained. 
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