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Energy generation and storage are perhaps two of the most
imperative, ongoing, and challenging issues facing the world
to date. The rapidly growing global energy demand is plac-
ing increasingly greater burdens on the incumbent fossil-
fuel based infrastructure necessitating the development and
mobilization of alternative technologies, particularly those
focused on exploiting or scavenging new and clean energy
sources alongside the development of highly efficient energy
storage devices. Though advanced energy storage concepts
and regenerative energy systems have been the focus of
considerable attention over the past decade, the advent of the
nanoage added traction to field by promising the potential to
fabricate, for the first time, a wide range of truly novel devices
that will enable this paradigm shift in energy applications.
However, breakthroughs are needed to synthesize, engineer,
and manufacture, en masse, nanomaterials and micro- and
macrostructures based thereon. Central to this is a new
understanding of the atomistic assembly of such materials
in order to study energy transduction at nanoscale and to
elucidate the underlying chemical and physical mechanism
involved in high efficient energy conversion and storage.

This special issue—which focuses on the science and
engineering of nanomaterials and nanodevices used in
all forms of energy harvesting, conversion, storage, and
utilization—consists of 13 papers spanning topics detail-
ing the empirical exploitation of nanowires for enhanced
supercapacitors to thermoelectric generators, photocatalytic
nanoparticles, and small molecule based organic solar cells.
L. Chen et al. discuss the use of scanning force microscopy
to investigate frictional images of newly cleaved surface
domains of single crystal BaTiO

3
under ambipolar biases,

providing a new method to determine domain polarization

direction, whereas H.-S. Tsai et al. synthesized novel one-
dimensional SiO

2
/Ta
2
O
5
core-shell nanostructures, propos-

ing a Ta-O diffusion-controlled growth process. P. Hiralal et
al. report on the tailored growth of carbon nanostructures for
application in high-frequency supercapacitors formed from
engineered vertically aligned nanocarbon electrodes which
are shown to enhance the porosity and electrolyte permeabil-
ity within the device, resulting in a novel fabrication route
to realise a functionally advanced compact energy storage
platform. In a similar approach, H. Xu et al. summarise their
work towards the preparation of Co

3
O
4
nanoparticles which

facilitate long-lifetime and electrochemically superior super-
capacitors by undertaking detailed studies of the electrode
metrology. Z. Ma et al. report on energy recovery of coolant
heat for internal combustion engines using thermoelectric
generation technology. They showed that cooling improved
with increased fan speeds and that the Seebeck coefficient was
reduced with an increase in temperature difference between
the two ends of thermoelectric generator.
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The possibility of enhancing the frequency performance of electrochemical capacitors by tailoring the nanostructure of the carbon
electrode to increase electrolyte permeability is demonstrated. Highly porous, vertically oriented carbon electrodes which are in
direct electrical contact with themetallic current collector are produced viaMPECVDgrowth onmetal foils.The resulting structure
has a capacitance and frequency performance between that of an electrolytic capacitor and an electrochemical capacitor. Fully
packaged devices are produced on Ni and Cu current collectors and performance compared to state-of-the-art electrochemical
capacitors and electrolytic capacitors. The extension of capacitive behavior to the AC regime (∼100Hz) opens up an avenue for a
number of new applications where physical volume of the capacitor may be significantly reduced.

1. Introduction

Electrical energy storage devices exploit a range of charge
storage mechanisms, ranging from purely physical processes,
as employed in dielectric capacitors, all the way to the full
electrochemical reactions employed in batteries.These differ-
ent mechanisms result in remarkable performance variation
between the various technologies.

Dielectric capacitors store energy in the electric field aris-
ing from polarization of highly mobile surface charges.These
devices have the capability of high frequency operation, but
their overall energy storage density is small. Batteries, on the
other hand, store chemical potential energy and require ions
to move through an electrolyte as well as undergo chemical
reactions at the electrodes.This results in considerably slower
charge and discharge rates, but since the bulk of the electrode
is used, the resulting energy density is several orders of
magnitude higher. Various electrical energy storage devices,
for example, electrolytic capacitors, supercapacitors [1], and
radical batteries [2], sit between these extremes and have

correspondingly intermediate performances. For example,
supercapacitors have a battery-like structure, consisting of
electrodes and an electrolyte, but store charge in an electric
field like a dielectric capacitor [1].

Carbon is the material of choice for most electrochemical
capacitors due to its low cost, abundance, rich chemistry, and
electrochemical stability. Its multiple allotropes and plethora
of morphologies have made it possible to tailor carbon for
multiple applications such as electrodes which are transpar-
ent [3], have high surface area [4], have high conductivity [5],
and are flexible [6] or even stretchable [7]. Commercial super-
capacitor electrodes typically consist of activated carbon with
highly developed specific surface areas (∼2000m2/g) and
intricate pore structures [8]. However, this very characteris-
tic, which provides high capacitance values, also limits the
ionic permeability through the electrodes, which, in turn,
results in slower charge/discharge times. As a consequence,
their frequency of operation is limited to a fewHertz, thereby
excluding any AC applications.
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In this work, the morphology of the carbon electrode
material is tailored for high electrolyte permeability and
easy pore access with the aim of increasing the possible fre-
quency range of operation. In particular, we focus on carbon
nanowalls (CNWs), a form of 2D carbon grown vertically
onto a metallic current collector. The application of CNWs
for high frequency supercapacitors builds up on the concept
demonstrated byMiller et al. [9]. As the synthesis requires no
use of a catalytic layer, it results in direct electronic contact
of the CNWs to the collector as well as excellent electrolyte
permeability. Pioneering efforts onCNWsynthesis have been
made by the Wu group [10]. CNWs intrinsic large specific
surface area makes them attractive for charge storage appli-
cations, but also for other electrochemical applications such
as sensing [11]. A high density of edges means they have been
considered as field emission sources [12] as well as templates
for the growth of other nanostructured materials [13].

2. Experimental Method

Direct growth of vertically oriented CNWs onto various
substrates by microwave plasma enhanced chemical vapor
deposition (MPECVD) has already been described elsewhere
[14, 15]. The synthesis is driven by field-boosted mecha-
nism(s), and the result is advantageous as it generally consists
of single step processingwith very reasonable deposition rates
[16]. Plasma deposition systems are often scalable, opening an
avenue for larger scale applications. Flexible substrates such
as metal foils or wires can be used. Here, a MPECVD system
(CVD-CN-100, Ulvac, Japan Ltd.) is used for CNW growth
on metallic foils (Ni and Cu, Nilaco Corp., 99.9% purity).

In brief, the CNW deposition is conducted within a
vertical cylindrical quartz tube about 5 cm in diameter and
24 cm in length, using a coupled rectangular waveguide to
deliver microwaves from a microwave source (2.45GHz,
500W), applied perpendicular to the tube. Two circular
parallel plate electrodes are used to apply a DC bias along the
longitudinal axis of the reactor. Temperature increase inside
the reactor is a result of microwave field energy absorption
and energy transfer from the establishment of an electrical
current between the two electrodes. No additional heater or
temperature regulation is available. The microwave field and
applied bias voltage cause the ionization of either annealing
(H
2
) or growth/reaction gases (H

2
+ CH

4
) and establish a

vertically directed electrical current.
As electron mobility is higher than ion mobility, the

formation of a positive ion plasma sheath upon the lower
electrode that holds the sample is understood, which under
certain conditions can lead to carbon material deposition
onto the target substrate. For CNT deposition, the direction-
ality of the gas species in combination with suitable catalytic
particles, resulting from the decomposition of thin metal
layers, for example, enables the creation of CNT nucleation
sites and allows the formation of vertically aligned CNTs
[17]. CNW formation, on the other hand, is not driven by
the presence of catalytic nanoparticles/materials; however an
alumina spacer is used to electrically isolate the target sample
from the lower electrode. When Ni substrates are used,

the electrically insulating spacer prevents the formation of
carbon fibres or tubes [18].

The growth conditions used are common for both Ni
and Cu foil samples presented here. The process starts with
3 minutes H

2
flow (20 sscm), during which the bias voltage

is progressively increased from 0 to 100V. After sample
annealing, reaction gases, H

2
: CH
4
(20 : 20 sccm), are intro-

duced for 10 minutes, in which the first 2 minutes are a
transitory stage while the DC bias is steadily raised from
100V to 200V. A pressure of 1.5mTorr is kept constant during
both processing phases. Under these conditions we obtain
a uniform black, densely covered surface with vertically
oriented graphene flakes forming a porous nanostructured
3D architecture (Figure 1). In the literature plasma-deposited
carbon flakes are typically made from single layer graphene
sheets to a few-tens-of-nanometers-thick graphite.

As a comparison, electrodes were also fabricated using
state-of-the-art activated carbons designed for lower resis-
tance values (Kuraray, YP-80). An aqueous paste was pre-
pared by blending water, 1.6% wt carboxymethyl cellulose
(CMC) solution, binder (styrene-butadiene), and activated
carbon powder (9.3 : 5 : 0.2 : 5). The resulting paste was then
bar-coated onto a 1mil aluminum foil with conducting
carbon coating (Intelicoat Technologies) and dried overnight
in a vacuum oven at 80∘C, resulting in a ∼30 𝜇m thick film.
Samples of the correct size where then punched out for
capacitor fabrication.

Packaged electrochemical capacitors are fabricated by
sandwiching two∼1 cm2 as-grown electrodes between 25 𝜇m-
thick cellulose separators soaked in a solution of 1M
tetraethyl ammonium tetrafluoroborate (TEABF

4
) in propy-

lene carbonate. The sandwich structure was then packaged
into type 2032 coin cells. Despite the slightly high internal
resistance which results from this specific type of packag-
ing, it is useful to demonstrate the practical performance
figures on a packaged device. Electrochemical properties of
the capacitor were studied with a potentiostat/galvanostat
(Autolab PGSTAT 302N).

3. Results and Discussion

The typical microscopic morphology of CNWs is shown in
Figure 1(a). Vertically oriented and curly flakes are randomly,
but homogeneously, distributed on the Ni sample surface.
Similar morphologies are obtained on Cu foil substrates (not
shown) [14, 15]. Flake dimensions are about 1 𝜇m or less in
length and thicknesses around 10–20 nm, thinning from base
to top. The structure leads to pores of 100–400 nm aperture.

Raman spectra (532 nm laser excitation) of the deposited
material show it to be crystalline and multilayered (graphi-
tized) carbon with limited crystal size and with presence of
defects (Figure 1(b)). G and 2D bands are found at wavenum-
bers 1586 and 2690 cm−1, respectively, as a signature of
graphite-like material (in-plane vibrational modes) [19]. The
2D peak width (FWHM ∼83 cm−1) indicates that thematerial
consists of multilayer graphene, although precision in the
number of layer determination is compromised, specifically,
by the CNW vertical orientation. Additionally, the rela-
tive intensities of the G and 2D bands are dominated by the
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Figure 1: Building blocks of the electrochemical capacitors (ECs) of the current study. (a) Top view scanning electron microscopy (SEM)
images of CNWs deposited onto Ni foil by MPECVD. (b) Typical Raman spectrum of CNWs on Ni substrate. (c) Size comparison of the
CNW EC and electrolytic capacitors of similar capacitance. It should be noted here that the active volume of the device within the coin cell
is only ∼0.01 cm3 and a much smaller coin cell could be used while still maintaining performance.

strong(er) disorder-induced D band (1348 cm−1) [20]. The
similarity of these spectra with that of MPECVDmultiwalled
CNTs [18] should be noted.

In summary, the Raman spectroscopy analysis confirms
the observations of CNWs by SEM imaging (roughness,
possibility of amorphous carbon covering the CNWs surface,
high density of edges, etc.). Grain boundaries and limited
crystal domains (finite size) are characteristic features of
CNWs. Further characterization, such as by XPS and HR-
TEM, would be needed to assist a refined elucidation of
chemical and structural characteristics of CNWs as well as
details of their morphological variability: purity, contamina-
tion, thinning from top to base, contact to themetal substrate
and its characteristics, and so forth.

The packaged coin cell is shown in Figure 1(c), along with
commercial electrolytic capacitors of similar capacitance.The
2032 coin cell packaging is used as standard in our lab, and
although a significant part of it remains hollow in this case,
already a significant volume reduction can be observed for
similar capacitance values. This potential size reduction is
advantageous for multiple applications. It is estimated that
packaged volumes can easily reach ∼1/10th the volume of the
equivalent electrolytic capacitor, but this depends very much
on the frequency to be used as well as the type of packaging
chosen. However, it is important to note that applications of
electrochemical capacitors (ECs) will be more limited as a
result of the smaller voltage window (∼2.5 V).

Cyclic voltammograms of the four devices on study are
shown on Figure 2. At slow scan rates, up to ∼0.1 V/s, the
voltammogram of the activated carbon device (Figure 2(a))
has an almost rectangular (ideal) form common in these
sorts of devices and a capacitance ∼2 orders of magnitude
higher than the other devices in the comparison.The latter is
expected due to the higher mass of carbon in each electrode
(2 versus≪0.2mg/cm2). However, note that as scan rate goes
up, the resistive component starts dominating and the curves
tend towards a resistance-dominated behavior. Figures 2(b)
and 2(c) show the voltammograms for CNWs on Cu and Ni,
respectively.The rectangular shape is well maintained even at
50V/s, already indicating better capacitive behavior at higher
frequencies. It should be noted that, despite using carbon
electrodes with an organic electrolyte (propylene carbonate,
PC), the voltage window is limited to around 1-1.1 V. This
seems to occur even when using more electrochemically
stable current collectors such as aluminium. The reason
behind this is not yet clear and is subject to further study.
Figure 2(d) shows measured voltammograms of a commer-
cial electrolytic capacitor of similar capacitance, illustrating
near-ideal behaviour.

Several things may be extracted from the cyclic voltam-
mograms. Figure 3(a) shows the variation of current at mid-
point of the cycle with scan rate for the different devices. Val-
ues are normalised with respect to the highest value of each
sample. Note that, given the similarity between the CNW
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Figure 2: Cyclic voltammograms of the devices under study: (a) activated carbon electrodes (YP-80), inset: zoomed version of the slow
scan rates showing the rectangular shape, (b) CNW on Cu electrodes, (c) CNW on Ni electrodes, and (d) a commercial 220 𝜇F electrolytic
capacitor. Note the approximately 2 orders of magnitude difference in the current density of the activated carbon device and the rest, but also
how the curves from this device tend toward a pure resistance with increasing scan rate.

samples, only the device onNi is shown for the sake of clarity.
A linear relation signifies constant capacitance with cycling
rate which implies all the surface area of the electrode is
easily accessible by the electrolyte at a fast rate, that is, high
permeability. Although over the faster scan rates the CNW
device exhibits a quasilinear relation, which has also been
noted with graphene electrodes [21], there is a nonlinearity
on the slower scan rates, better observed in Figure 3(b) which

shows the normalized capacitance versus scan rate. Here an
initial decay can be observed, afterwhich capacitance remains
relatively constant. This would suggest the presence of small
pores which are not so readily accessible at faster scan rates,
but also that there is in addition a significant proportion
of easily accessible pores giving the constant capacitance at
higher scan rates. This is not the case with activated carbon,
where pore structure is hierarchical, from macropores to
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Figure 3: Comparative rate and frequency performance of the capacitors. (a)Normalised current (fromCVs) versus scan rate. (b)Normalised
capacitance versus scan rate (from CVs) showing the rate of decay of capacitance with increasing scan rates. (c) Bode phase plot. (d)
Electrochemical impedance spectroscopy data expressed as Nyquist plots over the frequency range of 10 kHz–0.05Hz. Inset shows zoom
at low impedance.

mesopores to micropores, each with increased resistance to
electrolyte penetration [8]. A significant contribution to the
large surface area of activated carbon is provided by the
micropores (<2 nm), and as a result capacitance fades very
quickly with scan rate.The electrolytic capacitor on the other
hand maintains constant capacitance throughout the tested
range. It should be noted that the absolute capacitance of the
electrolytic capacitor is of similar magnitude to the CNW
capacitor at higher frequencies, whilst still retaining a size
advantage. However, it can be noticed from Figure 3(b) that
at low scan rates the capacitance of the CNW capacitor goes
up to ∼3x the value at fast scan rates. Peak capacitances at

(50mV/s) are 0.6, 205, and 0.18mF for the CNW, activated
carbon, and electrolytic device, respectively.

Figure 3(c) shows a Bode phase plot of the capacitors
studied. All capacitors show capacitive behavior (near −90∘
phase angle) at low frequency and resistive behavior (near
0∘ phase angle) at high frequency. However, the transition
occurs below 1Hz for the activated carbon device, whilst the
CNWcapacitors start changing above 100Hz.The electrolytic
capacitor tested decayed at around 1000Hz. Again, this
disparity can be ascribed to electrode porosity differences.
Figure 3(d) shows the impedance spectra of the devices,
which were measured from frequencies ranging from 10 kHz
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to 0.05Hz. The inset shows the high frequency and low
impedance area in detail. Note that the activated carbon
sample is only visible in the expanded view as the impedance
values only span a small range. The positioning of these
spectra in the inset is a clear indication of the relative device
equivalent series resistances (ESR). There are no features
associated with a series passive layer (high-frequency semi-
circle), whichwould add series resistance. At high frequencies
(10 kHz), supercapacitors behave like a resistance. At low
frequency, the imaginary part of the impedance sharply
increases and the plot tends to a vertical line characteristic
of capacitive behavior (note the relative scales of the axes)
[22]. The relative angle with respect to the real axis, or in
other words the rate of increase of real impedance, provides
an indication of the degree of resistance of the system; that is,
the Cu based device is less resistive than the Ni one.

4. Conclusions

The possibility of enhancing the frequency performance of
electrochemical capacitors by tailoring the nanostructure
of the carbon electrode to increase electrolyte permeability
is demonstrated. Highly porous carbon electrodes which
are in direct electrical contact with the metallic current
collector are produced via MPECVD growth on metal foils.
The resulting structure has a capacitance and frequency
performance between that of an electrolytic capacitor and
an electrochemical capacitor. However, the extension of
capacitive behavior to the AC regime (∼100Hz) opens up
an avenue for a number of new applications where physical
volume of the capacitor may be significantly reduced.

We demonstrate the performance of fully packaged
devices and compare performance on Ni and Cu current col-
lectors. Although the capacitance, frequency performance,
and nanostructure are not significantly different between the
different current collectors, for low ESR applications the Cu
electrode is preferred, although this may limit the voltage
window.
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In order to achieve the energy recovery of the coolant heat for internal combustion engine (ICE) using the thermoelectric generation
(TEG) technology, one test bed for studying the influence of temperature on the characters of thermoelectric generators was
established and the relationship between the temperature and characters of thermoelectric generator was researched based on
it. The results showed that the cooling effect improved with the increase of fan speed which the fan was installed in the vertical
direction of the radiator, but the cooling effect had a limit speed value. And it also indicated that the forced air cooling was better
than the natural convection cooling method which can effectively reduce the temperature of the cold end while it has little effect on
the hot end temperature. Moreover, the Seebeck coefficient was reduced with the increase of temperature difference between the
two ends of thermoelectric generator and the Seebeck coefficient was also declined with one end temperature rise when the other
end temperature was constant.

1. Introduction

Conventional internal combustion engine (ICE) thermal
efficiency is only about 40% of the fuel energy, while about
as much as 60 percent of the energy has not been effectively
utilized which results in the fact thatmost of the energy is lost
to the air in the form of heat and a huge waste of energy [1].
Therefore, if the fuel economy and engine thermal efficiency
can be improved effetely it has an important significance for
energy conservation and environment pollution.

Thermoelectric generation technology (TEG) is a new
kind of energy recovery technology which can convert heat
into electricity directly using the Seebeck effect of thermo-
electricmaterials.Therefore, based on thermoelectric conver-
sion principle the engine exhaust gas heat and coolant heat
can be recovered.This kind of energy recovery technology has
stable performance, no noise, nowear, small size, lightweight,
long life, and other advantages which have caught more and
more attention in recent years [2, 3].

There are two types of engine energy that can be recycled
using TEG technology; one is the coolant and the other is
the exhaust gas. Currently, many researchers are paying more
attention to the relationship of thermoelectric structure [4],

cooling method [5–7], fin length [8], and radiator structure
[9–11] on heat transfer efficiency for engine exhaust gas
energy recovery. While few researches have been done about
coolant energy recovery and only one explore by using
thermoelectric power generation to replace the radiator has
been reported whose results showed that the energy recovery
efficiency was 3.2% and 10%when the speed was 80 km/h and
at idle speed respectively [12].

The main reason of fewer researches on coolant energy
recovery is that the coolant temperature generally does not
exceed 110 degrees centigrade which is much lower than the
exhaust gas temperature. However, in the view of engine
heat balance, coolant energy is also considerable compared
with the engine exhaust gas energy. Meanwhile the cooling
system has cooling fans and pumps at the present which
provides good premise for TEG and the TEG modules
are commercially available without using special production
whose temperature limit is 220 degrees centigrade which is
higher than the coolant temperature. So it is very convenient
for practical applicationwith the commercial TEG for coolant
energy recovery.

For the application of TEG technology for coolant energy
recovery, the first thing is to reveal the effect of temperature

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2014, Article ID 719576, 6 pages
http://dx.doi.org/10.1155/2014/719576

http://dx.doi.org/10.1155/2014/719576


2 Journal of Nanomaterials

Heat
Hot end

Load

Thermocouple

Cold end

TEG modules

Fan

Figure 1: Diagram of TEG module test.

100

80

60

40

20

0

Te
m

pe
ra

tu
re

 (∘
C)

0 2 4 6 8 10 12 14 16 18 20

Time (min)

Coolant
Hot end
Cold end

Figure 2: Temperature trend during the coolant temperature rise.

on the characters of the thermoelectric generator. So one
test bed was established which can be used to study the
characters of TEG based on analysis of engine coolant heat
energy recovery.

2. Test Bed Set

The schematic diagram of the TEG test bed is shown in
Figure 1 and the system can be divided into four parts: the
cold end, the hot end, the TEGmodules, and the load. Among
them, the cold end is made of aluminum and the dimension
(𝐿×𝑊×𝐻) is 300mm× 100mm× 35mmwhile the thickness
is 5mmwhich is cooledwith forced air.Thehot end ismade of
cast aluminum and the shape is a box which can contain pure
water for heating. The TEG model type is F30345 and size is
40 × 40 × 3.8mm whose internal resistance is 2.4Ω. In order
to measure the temperature of the cold and hot side the flat
type 𝐾 thermocouple is applied whose width is 3.7mm and
thickness is only 0.28mm and the accuracy is ±1.5 degrees
centigrade and the reaction time is 2.50 s which is suited for

measurement requirements. For increasing thermal conduc-
tivity and contact of the cold and hot end the silicone is used
to connect the four parts. Meanwhile, in order tomeasure the
temperature of coolant and ambient, respectively, the𝐾-type
nickel-chromium- nickel silicon thermocouple is also used.

Then the processing circuit for thermocouple and Altai’s
USB2002 acquisition system are also used for data acquisi-
tion. At the end the real-time recording temperature, voltage,
and other experimental data are gathered into a PC for data
storage.

3. Results and Discussion

3.1. Process of the Temperature Rise. Figure 2 shows tem-
perature trend of the hot end and cold end during the
coolant temperature rise process. It can be seen that the
hot end has a same trend as the coolant during the heating
process, but at the end the coolant temperature reaches 100
degrees centigrade while the hot end temperature is only 80
degrees centigrade. The reason is the thermal resistance of
the aluminum container wall between the coolant and the
hot end, which causes the temperature difference between the
coolant and the hot end. Therefore, in practical applications,
this kind of thermal resistance should be minimized and the
material with big thermal conductivity such as brass can be
considered.

However, the temperature rise trend of the cold end shows
a significantly different chat during the heating process. From
the figure it can be seen that there is a 4 s delay of the cold
end and the temperature of the cold end is almost the same as
the ambient temperature at the first 4 s of the heating process.
Then the temperature rises with the coolant temperature and
the temperature keeps at 49 degrees centigrade at the end
naming about 18 s later than the start.

The material of the cold and the hot end of TEGmodules
is ceramic and the core material is the semiconductor whose
thermal conductivity is small. So at the beginning the cold
end temperature remains the ambient temperature.

But, with the continuous heating process, the cold end
temperature rises slowly. It can be explained by the small
distance between the cold end and the TEGmodules. Because
of the small distance between the hot end and the cold end,
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the heat can be transmitted through the TEG modules and
the surrounding air even though their thermal conductivity
is small. However, when the heat transmitted to the hot end is
equal to the heat transferred to the heat sink the temperature
does not rise.

3.2. Effect of Cooling Methods on Temperature. From the
above analysis, the temperature difference across the TEG
can be kept at about 30 degrees centigrade using natural air
cooling method. For generating more power larger tempera-
ture difference is needed so the forced air cooling method is
applied. The fan used in this test is voltage control and rated
voltage is 12 V; therefore, several different cooling effects in
the analysis are simulated by changing the voltage of the fan.

Figure 3 shows the temperature of both ends of TEG
at different voltages. Compared with nature air cooling
method the temperature difference across TEG is signif-
icantly reduced by approximately 24 degrees centigrade
which can make the temperature difference reach 50 degrees
centigrade ormore. So it is obvious that forced air cooling can
increase temperature difference. It also can be found that the
hot side temperature is reduced by about 2 degrees centigrade
although the cooling fan is located in the cold end. According
to heat theory, there are threeways for heat transmission: heat
conduction, convection, and radiation. For this test the heat
conduction plays an important role in heat transmission and
the hot end heat obtained from the coolant is constant. The
cold end temperature decreases obviously which can improve
the heat radiation and reduce the hot end temperature when
the surrounding ambient temperature of TEG is reduced.

It also can be found in Figure 3 that the cold end
temperature decreases become obvious when the fan voltage
rises from 6V to 12V. Namely, forced air cooling can improve
the cooling effect, but there is a limit.

The coolingmethod adopted in this test is an axial fan plus
radiator, namely, the jet cooling method whose cooling air
flow direction is the vertical direction of the radiator which
will cause pressure loss. When the fan speed continues to
increase the pressure loss is also increasing. Then the cooling
effect is getting smaller and smaller with the increase of fan
speed [13].

3.3. Influence of Temperature Difference in Seebeck Coefficient.
It is well known that the Seebeck coefficient can be defined as

𝛼 =

𝑉

𝑜

(𝑇

𝐻
− 𝑇

𝐶
)

, (1)

where 𝛼 is Seebeck coefficient; 𝑉
𝑂
is open circuit voltage, V;

𝑇

𝐻
is temperature of hot end, ∘C; 𝑇

𝐶
is temperature of cool

end, ∘C.
Figure 4 shows the open circuit voltage increase with the

temperature difference of both ends and the fitter line. It is
revealed that the open circuit voltage has an almost linear
relationship with the temperature difference of both ends, but
it still has some error between the experiment points and
linear fitter line which means the Seebeck coefficient is not
constant. So the influence factor is researched in the following
part.
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Figure 3: Temperature of both ends of TEG at different input
voltages.

Figure 5 shows the curve between the temperature dif-
ference of both ends and the Seebeck coefficient when the
data is measured during the temperature rise process and
the Seebeck coefficient is calculated by (1). It is revealed
that when the temperature difference across TEG ends is 16
degrees centigrade the Seebeck coefficient was 0.049 and the
Seebeck coefficient value continue to decrease with the rise of
temperature difference. Andwhen the temperature difference
is 65 degrees centigrade the Seebeck coefficient decreases
to 0.031. It can be concluded that the Seebeck coefficient
decreases with the increase of temperature difference.

It can be found from the material of TEG that the
N-type material is mainly Bi

2
Te and P-type material is

mainly Sb
2
Te
3
∘

. It is known about the characteristics of
semimonomer material that Seebeck coefficient is reduced
with the increase of temperature. For this experiment both
the hot and cold end temperature increase during the heating
process, so the Seebeck coefficient of the TEG decreases with
the temperature increase.

Note that, when the temperature difference increases the
open circuit voltage is increased because of temperature dif-
ference increase although the Seebeck coefficient decreases.
So the higher temperature difference across TEG higher open
circuit voltage can be reached.

From the above analysis, it can be seen that the tempera-
ture difference has an effect on Seebeck coefficient, which also
means the Seebeck coefficient is not constant. Therefore, for
further analysis the temperature of the hot end and cold end
is fixed constant, respectively.

3.4. The Effect of TEG Ends Temperature on Seebeck Coeffi-
cient. Figure 6 shows the Seebeck coefficient change with the
cold end temperature with the hot end temperature being
fixed at 80 degrees centigrade and the Seebeck coefficient
being also calculated using (1). It can be seen that when the
cold end temperature is 25 degrees centigrade the Seebeck
coefficient is about 0.038 while the Seebeck coefficient is
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only 0.002 which is decreased by 5% when the cold end
temperature is 45 degrees centigrade. It is revealed that the
Seebeck coefficient of TEG decreases with the cold end
temperature rise and the hot end temperature fixed.

From the foregoing analysis, the Seebeck coefficient of the
semiconductor material reduces with the temperature rise.
So when the temperature of the hot end is fixed, the Seebeck
coefficient reduces with cold end temperature rise, which also
based on the characters of semiconductor material.

The same trend can be seen in Figure 7 which shows the
Seebeck coefficient change with the hot end temperature with
the cold end temperature being fixed at 25 degrees centigrade.
It can be reached from the figure that when the hot end
temperature is 50 degrees centigrade the Seebeck coefficient
is about 0.042, while the Seebeck coefficient is only 0.039
which is reduced by approximately 0.003 when the cold end
temperature is 75 degrees centigrade.

4. Conclusion

Based on the test bed the relationship between the temper-
ature and characters of TEG was studied and the following
conclusions can be reached.

(1) The forced air cooling method can effectively reduce
the temperature of the cold end andhas little influence
on the hot end of TEG and it is recommended for
energy recovery based on TEG.

(2) Using the axial fan plus the radiator cooling method
has a speed limit and the cooling effect is almost
unchangedwith the increase of rotational speedwhen
the fan speed reaches the limit because of pressure
lose.

(3) The Seebeck coefficient was reduced with the increase
of the difference between the two ends of thermo-
electric generator because of the characteristics of
semimonomermaterial that the Seebeck coefficient is
reduced with temperature increase.

(4) The Seebeck coefficient is also declined with one end
temperature rise while the other end temperature is
fixed and the reason is also the characteristics of
semimonomer material.
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Conductive carbon nanocoatings (conductive carbon layers—CCL) were formed on 𝛼-Al
2
O
3
model support using three different

polymer precursors and deposition methods. This was done in an effort to improve electrical conductivity of the material through
creating the appropriate morphology of the carbon layers. The best electrical properties were obtained with use of a precursor
that consisted of poly-N-vinylformamide modified with pyromellitic acid (PMA). We demonstrate that these properties originate
from a specific morphology of this layer that showed nanopores (3-4 nm) capable of assuring easy pathways for ion transport in
real electrode materials. The proposed, water mediated, method of carbon coating of powdered supports combines coating from
solution and solid phase and is easy to scale up process. The optimal polymer carbon precursor composition was used to prepare
conductive carbon nanocoatings on LiFePO

4
cathode material. Charge-discharge tests clearly show that C/LiFePO

4
composites

obtained using poly-N-vinylformamide modified with pyromellitic acid exhibit higher rechargeable capacity and longer working
time in a battery cell than standard carbon/lithium iron phosphate composites.

1. Introduction

There are many reports on the improvement of electro-
chemical performance of electrode materials for lithium-
ion batteries using carbon coatings [1–9]. The compounds
reported for the coating formation include carboxylic acids
[2], polyalcohols [3], resins [4, 5], and sugars [6]. To form
the carbon coatings, the compounds were deposited on the
electrode material grains and pyrolysed. However, morphol-
ogy of these layers was not discussed in detail. Characteristic
of carbon coatings deposited on electrodes is that they can
react with the electrolyte thereby giving rise to the formation
of passive insulating layers. To avoid these destructive effects,
the carbon conductive layers should stickwell to the electrode
material and be able to reduce an interface area of the
electrode/electrolyte composite. This reduction is needed to
retard the growth of the solid electrolyte interface (SEI) that is
responsible for the magnitude of the ion transport across the
interface. In view of the above, the formation of nanochannels
(the appropriate porous structure) in the conductive carbon

layers (CCL) can provide suitable pathways for the transport
of ions (e.g., Li+) from the electrolyte to the cathode and
vice versa. Such a composite material should assure also a
sufficient electrical conductivity.

The aim of the present work was to study the influence
of different polymer precursors, methods of their deposition
and transformation into CCL on the morphology, electrical
properties, and the performance of formed layers on the
surface of LiFePO

4
active cathode material in lithium battery

cell. Amodel composite system consisting of the CCL formed
on fine grains of 𝛼-Al

2
O
3
was chosen. The 𝛼-alumina is

a well-defined inert support for the CCLs preparation and
characterization because of its chemical and thermal stability
and insulating behavior.The systemwas studied with thermal
gravimetric analysis (TGA), Raman spectroscopy (RS), elec-
trical conductivity (EC), specific surface area (BET-N

2
) mea-

surements, and finally by transmission electron microscopy
(TEM). Optimal composition of polymer carbon precur-
sor was used to prepare C/LiFePO

4
cathode composites.
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Composites with 7wt% of carbon were characterized using
electrical conductivity measurements (EC) and transmission
electronmicroscopy (TEM).The galvanostatic tests using CR
2032 cells were carried out to reveal electrochemical behavior
of C/LiFePO

4
nanocomposite material.

2. Material and Methods

The idea of C/𝛼-Al
2
O
3
composite preparation is presented in

Figure 1. Twomethods of the composite precursors formation
were applied.

In the first, the free radical precipitation polymerization
of freshly distilled acrylonitrile (AN) was performed in
the presence of 𝛼-Al

2
O
3
grains (POCh, Poland, 99.99%,

𝑆BET = 24m
2 g−1). The procedure was described in our pre-

vious paper [10]. Briefly, C/𝛼-Al
2
O
3
grains were suspended

in water solution of AN (7wt.%) and the polymerization
was initiated by 2,2-azobis(isobutyramidine hydrochloride)
(Aldrich), upon which the obtained PAN/𝛼-Al

2
O
3
samples

were washed, filtered, and dried in the vacuum at 50∘C. In
the second method, the 𝛼-Al

2
O
3
grains were impregnated

with polymers in water solutions. The polymers used were
poly-N-vinylformamide (PNVF) obtained by radical-free
polymerization from N-vinylformamide (Aldrich) [11] and
pyromellitic acid modified (5–10wt.%) PNVF (MPNVF)
[12]. To achieve the impregnation, 𝛼-Al

2
O
3
grains were

suspended in the solutions of respective polymers in water
(8–15wt.%). Suspensions were stirred continuously until the
solvent evaporated and the viscosity of the solutions became
high enough to avoid sedimentation. Then the samples were
dried in an air drier at 90∘C overnight. Mass ratios, at which
the polymer precursors were combined with 𝛼-Al

2
O
3
in

the above composite precursors preparation procedures, are
compiled in Table 1.

To obtain C/𝛼-Al
2
O
3
composites, following the prepa-

ration, the PAN/𝛼-Al
2
O
3
, PNVF/𝛼-Al

2
O
3,
and MPNVF/𝛼-

Al
2
O
3
composite precursors were pyrolysed in a tube furnace

under the flowof 99.999%argon (5 dm3 h−1) at 550 and 600∘C
for 24 h. Active carbon was placed in front of the samples to
consume traces of oxygen and thus minimize losses in the
carbon layers.

The obtained C/𝛼-Al
2
O
3
composites were deep black

with foamed slag-like structure, the one prepared from the
MPNVF precursor being special in that it looked glassy and
lustrous like graphite.

LiFePO
4
powder was produced using high tempera-

ture ceramic synthesis which is described in detail in [13].
C/LiFePO

4
composites were prepared from the PNVF and

MPNVF precursor (with 5% content of pyromellitic acid)
by wet polymer impregnation followed by controlled pyrol-
ysis. PNVF/LiFePO

4
and MPNVF/LiFePO

4
were calcined in

600∘C for 12 h under constant argon (99.9997%) flow.
Carbon content in composites was determined by the

temperature programmed oxidation (TPO) using TGA [12].
All the samples prepared were subjected to further analysis.

The Raman spectroscopy measurements were performed
for model composites (C/𝛼-Al

2
O
3
) on thin pellets containing

10mg of the carbon sample and 200mg of KBr. The carbon

Table 1: Mass ratios of polymer precursors to 𝛼-Al2O3 applied in
the composite precursors preparation and the carbon content in the
resulting C/𝛼-Al2O3 composites.

Polymer
precursor (PP)

PP/𝛼-Al2O3
ratio

Carbon content in
C/𝛼-Al2O3, wt%

Carbonization
efficiency, wt%

PAN

0.4 1.6 4.0
0.8 5.1 6.9
1.2 10.3 9.6
1.6 20.6 16.3
2.0 37.2 29.6

PNVF

1.0 6.6 7.0
1.2 8.1 7.3
1.4 9.6 7.5
1.6 11.5 8.1
2.4 25.3 14.1
3.2 31.9 14.6
4.8 47.7 14.7

MPNVF

0.2 2.0 11.7
0.4 5.6 16.0
0.6 9.7 18.2
0.8 13.5 18.7
1.1 17.4 18.6
1.8 23.8 17.4
3.3 40.0 20.0

samples were prepared by pyrolysis under the same pro-
cess conditions as those applied in composites preparation.
Spectra were recorded at room temperature using a triple
grating spectrometer (JobinYvon, T 64000) equipped with
a liquid nitrogen cooled CCD detector (JobinYvon, Model
CCD3000). The spectral resolution of 2 cm−1 was set. An
excitation wavelength at 514.5 nm was provided by an Ar-
ion laser (Spectra-Physics, Model 2025). The laser power at
the sample position was about 20mW. Raman scattered light
was collected with a 135∘ geometry, and 5000 scans were
accumulated to ensure acceptable signal-to-noise ratio.

The electrical conductivity of the composites was mea-
sured using the 4-probe method at temperatures from the
range between −40∘C and +55∘C. Due to their high elasticity,
the carbon coated composite powders failed to be prepared
in the form of pellets by the standard procedure. Instead, the
powders were placed in a glass tube and pressed by a screw-
press between parallel gold disc electrodes (𝜙 = 5mm) till the
measured resistance remained constant.

The specific surface areameasurements of the composites
were performed in Micrometrics ASAP 2010 using the BET
isotherm method. For that about 500mg of each sample was
degassed at 250–300∘C for 8 h under a pressure of 0.26–
0.4 Pa and subjected to N

2
sorption at −195.8∘C.The pore size

distribution was determined using the BJH method.
Transmission electron microscopy investigation was per-

formed using TECNAI G F20 (200 kV) coupled with an
energy dispersive X-ray spectrometer (EDAX). In order to
fully describe morphology of obtained composite grains,
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Figure 2: Raman spectra of the pyrolysed carbons derived from
PAN, PNVF, and MPNVF precursors.

analysis was carried out in a bright field (BF) and high
resolution (HREM) modes.

The charge-discharge cycling studies were conducted
in two-electrode configuration using CR 2032 coin cell
Li/Li+/(C/LiFePO

4
) between 2.7 and 4.2V at different C

rates in room temperature conditions. LiPF
6
(1mol) solution

in EC/DEC (1 : 1) was used in cells as an electrolyte. All
galvanostatic measurements were carried out using ATLAS
0961 MBI system.

3. Results and Discussion

The results of the Raman spectroscopy (RS) measurements
are presented in Figure 2. The degree of carbon materials
graphitization was characterized using the integral inten-
sity ratio D/G, where the D band (defect mode at about
1350 cm−1) corresponds to sp3 diamond-like carbon struc-
tures and the G band (about 1600 cm−1) to sp2 graphitic
structures [14–17].

It was found that the graphitization degree increased with
a decrease in the D/G ratio. The lowest value of the D/G
ratio was observed for MPNVF precursor. This indicates the
formation of the highest amounts of the graphite domains
in the carbonized sample compared to the other precursors.
Also, the G peak of the carbonized MPNVF precursor was
downshifted and its width decreased, which suggests 2D
ordering (1st phase of graphitization) [14–16]. Thus, the
modification of PNVF by pyromellitic acid improves the
polymer carbonization and the carbon layer formation. This
may result from the fact that the planar structure of the PMA
molecules serves as a nucleus of the graphite domains, which
compete with the formation of the disordered structures.
Likewise, for the same precursor the highest carbonization
efficiency (the lowest loss of the carbon atoms from the
precursor) was achieved (Table 1).

The results of the electrical conductivity measurements
carried out on the C/𝛼-Al

2
O
3
samples are presented in

Figure 3(a). As expected, the electrical conductivity of the
composites increased with an increase in carbon loading. For
the PNVF precursor, however, this increase was found much
slower above 12 wt.% of C. Such an effect was not observed
for the CCL obtained from the PAN andMPNVF precursors.
By contrast, the activation energy of electrical conductivity
remained nearly constant in the range of carbon content stud-
ied, suggesting a preservation of the conductivity mechanism
of the CCL. Of the samples examined, the best electrical
properties, that is, the highest conductivity and the lowest
activation energy, were revealed by the composite based on
the MPNVF precursor. Taking into account the results of the
RSmeasurements, it may be concluded that the improvement
of the electrical conductivity arose from the action of the
pyromellitic acid modifier facilitating the achievement of the
2D ordered graphite structure. This way the desired value
of the electrical conductivity of 10−2 S cm−1 was achieved.
Simultaneously, the lowest activation energy (about 0.08 eV)
of the electrical conductivity for these composite materials
was observed.

The change in specific surface area with the carbon con-
tent on the C/𝛼-Al

2
O
3
composites is presented in Figure 3(b).
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Figure 3: Electrical properties (a) and dependence of the specific surface area (b) of the C/𝛼-Al
2
O
3
composites on carbon content.

For all studied samples specific surface areas increased
linearly with carbon loading up to 25–30wt.%, the rate of
this increase being dependent on the polymer precursor.
This suggests that the initial porous structure of the CCL
was preserved regardless of the carbon content. Interestingly,
for the PNVF precursor surface areas measured in the low
carbon loading region were found much higher than those
for MPNVF. This difference means that the modification of
PNVF, with the PMAmodifier resulting in MPNVF, brought
about the formation of another type of CCL, where most
probably the formed graphite domains are locally arranged in
a manner that they limit the formation of disordered carbon.

The N
2
-adsorption-desorption isotherms and pore size

distributions in the C/𝛼-Al
2
O
3
composites are presented in

Figure 4.The observed shapes of the isotherms (Figures 4(a)–
4(c)) correspond to the mixed I and IV types of isotherms
(according to IUPAC nomenclature). Such shapes indicate
the presence of micro- and mesopores within the CCL.
The hysteresis loop of the H4 type (IUPAC) suggests the
slotted pores located within the intergranular spaces. The
textural properties of the composites on the other hand are
generally similar, but there are differences in the pore size
distribution (Figures 4(d)–4(f)). The smallest pores were
found in the composite obtained from the PAN precursor.
This fact can be related to the applied preparation method,
that is, the precipitation polymerization resulting in filling
of the pores by carbon particles. Unlike the PAN derived
composite, the PNVF derived composite (Figures 4(b) and
4(e)) revealed a highly porous structure with a relatively
high number of micropores (about 30%), this morphology
being in agreement with the highest specific surface area
(Figure 3(b)). By contrast, the composite derived from the
MPNVF precursor showed a very uniform distribution of
the mesopores with sizes within the range of 3–4.5 nm
(Figure 4(f)). Also, the specific surface area of this composite
that is lower by about 50% than that of the unmodified
precursor (PNVF) (Figure 3(b)) suggests that a tighter carbon

film with a lower content of the disordered carbon was
formed in this sample.

Based on the electrical and morphological properties
determined for the C/𝛼-Al

2
O
3
composites derived from the

polymer precursors under investigation, the following struc-
tural model of these materials may be proposed (Figure 5).
The CCL obtained from the PAN precursor (Figure 5(a))
consists of tightly packed small carbon particles, while that
obtained from the PNVF precursor (Figure 5(b)) is built of
carbon whiskers, this latter structure being reflected in a
high specific surface area and a high share of micropores in
this sample. This same PNVF precursor, when modified with
pyromellitic acid (MPNVF precursor), strongly diminishes
the specific surface area of the resulting composite, which
is due to the formation of a tight, highly conductive carbon
film with the defined porous structure that is dominated by
mesopores with an arrow size distribution (Figure 5(c)).

The result, of the performed TEM studies on C/𝛼-Al
2
O
3

composites obtained fromMPNVF precursor, is presented in
Figures 6(a) and 6(b). A uniformdispersion of ceramic grains
in an amorphous carbon matrix is observed in Figure 6(a).
Moreover, Figure 6(b) revealed that obtained nanosized car-
bon coatings adhered closely to the ceramic support.

The C/𝛼-Al
2
O
3
composite morphology together with the

electrical properties (Figure 3(a)) indicates that the MPNVF
is an optimal polymer carbon precursor.Thus, the C/LiFePO

4

composite was prepared from MPNVF precursor with 5% of
PMA with carbon content of 6wt.%.

TEM observations of C/LiFePO
4
obtained fromMPNVF

correspond to those of the model composites. Formed car-
bon coatings adhere well to the surface of active material
grains; no voids can be visible at the CCL/material interface
(Figures 6(c) and 6(d)). Figure 6(c) presents part of a single
grain of LiFePO

4
covered with conductive carbon layer

with thickness of about 10 nm. The high resolution electron
microscopy micrograph (Figure 6(d)) shows a boundary
between LiFePO

4
grain and amorphous carbon layer.
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Figure 5: Model cross-section of the CCL composites derived from: PAN (a), PNVF (b), and MPNVF (c) precursors.
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Figure 6: TEMmicrographs of C/Al
2
O
3
and C/LiFePO

4
composites: (a) and (b) bright field micrographs of the C/Al

2
O
3
composite obtained

from the MPNVF precursor, (c) bright field micrograph of a part of the LiFePO
4
grain coated with amorphous carbon (marked with black

arrow), and (d) high resolution micrograph of carbon/active material interface.
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Carbon coating improved electrical conductivity of
LiFePO

4
cathodematerial from 10−9 S cm−1 to the satisfactory

level of ∼10−2 S cm−1. Electrical conductivity measurements
of C/LiFePO

4
composites confirmed better performance of

composites obtained from MPNVF carbon precursor (con-
ductivity of C/LiFePO

4
obtained from MPNVF is c.a. one

order of magnitude higher then conductivity of C/LiFePO
4

obtained from PNVF).
Charge-discharge cycling tests were carried out under

C/10 rate. Figure 7 shows charge/discharge profiles of
C/LiFePO

4
composites prepared form MPNVF. Curves for

first, second, and tenth cycles are presented. From voltage
profile shapes it can be seen that carbon layer undergoes
activation during the first few cycles. Discharge capacity is
c.a. 130mAh g−1 after 10th cycle. Long term cycling stability
tests show that composites with carbon coating prepared
from PNVF precursor stopped working after 40 cycles and
those with carbon prepared fromMPNF were working stably
with retained capacity after 100 cycles.

Complete structural and electrochemical analysis of
C/LiFePO

4
composites obtained from different polymer pre-

cursors can be found in our previous work [17].

4. Conclusions

The electrical and morphological properties of the model
C/𝛼-Al

2
O
3
composites showed a strong dependence on the

nature of the polymer carbon precursors used to form carbon
nanocoatings.This leads to the conclusion that the properties
of CCL may be controlled by a proper composition of
the polymer precursor. It was shown that the modification
of poly-N-vinylformamide precursor with pyromellitic acid
improved the electrical properties of the carbon coating and
gave rise to the formation of the optimal pore structure. The
proposed, water mediated, method of carbon coating of pow-
dered supports, consisting of the use of polymer precursors,
is capable of creating an appropriate mesoporous structure of

the CCL which may assure easy pathways for ion transport
(e.g., Li+). The method combines coating from solution and
solid phase and is easily scalable. This feature may be used in
preparation of carbon coated cathodematerials composite for
lithium-ion batteries. Moreover, these carbon films exhibit
good electrical properties, which already fulfill the demand
for low-conducting cathode materials (e.g., LiFePO

4
) to be

applied in lithium-ion batteries. Also, due to its tightness,
the CCL formed with use of the MPNVF precursor should
be capable of improving chemical resistance of the cathode
materials to the action of the electrolyte in the battery. On the
other hand, the proposed method of C/𝛼-Al

2
O
3
composites

formation, showing relatively high specific surface area and
controlled porous structure of carbon layers, may be applied
in preparation of novel composite adsorbents.
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III–V semiconductor nanowire (NW) materials possess a combination of fascinating properties, including their tunable direct
bandgap, high carrier mobility, excellent mechanical flexibility, and extraordinarily large surface-to-volume ratio, making them
superior candidates for next generation electronics, photonics, and sensors, even possibly on flexible substrates. Understanding
the synthesis, property manipulation, and device integration of these III–V NW materials is therefore crucial for their practical
implementations. In this review, we present a comprehensive overview of the recent development in III–V NWs with the focus on
their cost-effective synthesis, corresponding property control, and the relevant low-operating-power device applications. We will
first introduce the synthesismethods and growthmechanisms of III–VNWs, emphasizing the low-cost solid-source chemical vapor
deposition (SSCVD) technique, and then discuss the physical properties of III–VNWs with special attention on their dependences
on several typical factors including the choice of catalysts, NW diameters, surface roughness, and surface decorations. After that,
we present several different examples in the area of high-performance photovoltaics and low-power electronic circuit prototypes to
further demonstrate the potential applications of these NWmaterials. Towards the end, we alsomake some remarks on the progress
made and challenges remaining in the III–V NW research field.

1. Introduction

In the past decades, semiconductor nanostructures have
attracted numerous research attentions due to their unique
fundamental physical properties aswell as the great potentials
for various technological applications [1–6]. In particular,
most III–V semiconductor nanowires (NWs) have direct
bandgap which can be controllably manipulated over a wide
range by tailoring their stoichiometry, being advantage for
full-spectrum photovoltaics. Many of these NWs (e.g., InAs)
also hold impressively high carrier mobilities for high-speed
devices which cannot be easily achieved in silicon and other
nanostructures [7, 8]. At the same time, these NW materials
also show a number of key advantages over their bulk coun-
terparts. For example, downscaling of the semiconductor

materials into NW crystals would render them mechanical
flexibility, making them ideal active materials for future
flexible electronics [9–14]. Likewise, their remarkably large
surface-to-volume ratios as well make the NWs attractive
for the high-performance sensors. With the unique one-
dimensional structure, miniaturized co-axial core-multi-
shell heterojunctions could also be produced, which further
improves the application potentials of the NWs [15]. Yet, for
the practical implementations, these intriguingNWmaterials
with the better understanding about their syntheses, proper-
ties manipulations and low-cost integrations are still needed
[16–22].

The purpose of this work is to present a general overview
of the recent development in III–V NWs with the focus
on their cost-effective synthesis, corresponding property
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manipulation as well as the relevant low-operating-power
device applications. We will first go over the synthesis meth-
ods and investigate the growth mechanisms of III–V NWs,
emphasizing in the low-cost solid-source chemical vapor
deposition (SSCVD) technique. Various physical properties
of III–V NWs would then be assessed with the special
attention in their dependences on several typical factors
including the choice of catalysts, NW diameters, surface
roughness and surface decorations, and so forth. In the later
stage, different examples in the area of high-performance
photovoltaics and low-power electronic circuit prototypes
would also be demonstrated through the device integration
of these NWs.

2. Synthesis of III–V NWs

2.1. The SSCVD Growth Method. Generally, semiconductor
NWs can be synthesized by employing metal nanoclusters
as catalysts via vapor-liquid-solid (VLS) and/or vapor-solid-
solid (VSS) growthmechanisms [15, 23–25]. In a VLS growth,
vapor-phase precursors are introduced at temperature above
the eutectic point of the metal-semiconductor system, result-
ing in liquid droplets of the metal-semiconductor alloy. Con-
tinuously feeding the precursors leads to the supersaturation
of catalytic droplets, upon which the semiconductor material
starts to nucleate out of the melt and grow into crystalline
NWs [26].Unlike theVLSmechanism, inVSS, themetal nan-
oclusters exit as solid particles. It is believed that the particles
can provide low-energy interface for trapping the precursor
materials and yield higher epitaxial growth rates than else-
where on the substrate [27]. Specifically, various techniques
have been hired to generate vapor-phase precursors for the
growth of NWs, including chemical vapor deposition (CVD)
[23], pulsed laser ablation [28] and molecular beam epitaxy
(MBE) [29]. Among all, a CVD growth method utilizing the
conventional tube furnace and solid powder source, namely
solid-source CVD, has been widely explored in recent years
for the growth of various III–V NWs due to its relatively
low setup and operating cost, simple growth procedures and
importantly no involvement of toxic gas precursors, as com-
pared to other sophisticated growth systems such asMBE and
metal-organic CVD. Figure 1 depicts the typical schematic
illustration of the SSCVD growth setup. Source powder is put
at the upstream of a two-zone tube furnace, while hydrogen
is used as a carrier gas to transport the evaporated source
material to the downstream, and a substrate pre-coated with
catalysts is positioned at the downstream for the NW growth
[25, 30–32]. Here, we discuss the applications of this SSCVD
method in the syntheses of different NWmaterials.

2.2. Synthesis of P- and As-Based NWs. Phosphorus (P)-
and arsenic (As)-based III–V NW materials have moderate
bandgaps and thus show good photon-response to visi-
ble and/or infrared lights as well as excellent on/off ratio
when configured into field effect transistors (FETs), holding
great potentials for application in future electronics and
optoelectronics. MBE and MOCVD methods were typical
adopted for the NW growths following the VLS and/or (VSS)

Upstream zone Downstream zone

Precursor vaporH2

Figure 1: Schematic representation of the typical SSCVD setup and
the growth process. Not drawn in scale. Reproduced from [32] with
permission fromThe American Chemical Society.

growth mechanisms; however, single-crystalline substrates
are typically employed as the underlying templates for the
epitaxial growth of such NWs, which could result in the
relatively low growth yield of NWs as well as high cost,
restricting the subsequent device integration for certain
applications. Alternatively, applying the SSCVDmethod with
metal (Au, Ni, or others) nanoclusters as catalysts, high-
quality NWs such as InP and InAs could be easily synthesized
on amorphous Si/SiO

2
substrates with high density, via VLS

or VSS mechanisms [31, 35].
Although the SSCVD method is a versatile tool for

the NW growth, technical modifications are still needed
to make it applicable to certain systems, especially for
the synthesis of arsenic (As)-based ternary NW materials.
For example, for the growth of InGaAs NW, it is difficult
to obtain high-quality NW through the standard SSCVD
method. In this regard, we developed a two-step growth
method in order to overcome this growth challenge [18]. As
compared to the conventional single-step method, the two-
step approach has an additional nucleation step at a higher
temperature before the regular growth step. As shown in
Figure 2(a), for a conventional single-step growth, the grown
NWs exhibit kinked morphologies with severe surface over-
coating. This may be ascribed to uneven growth rate at the
catalyst-NW interfaces due to the co-existence of some solid
phase in the catalyst droplets given that the temperature
between the catalytic eutectoids and the NW growth are
similar. On the other hand, when a two-step method is
used, NWs are grown in a relatively straight manner and
long, without significant surface over-coating, because of the
minimization in the chances of solid phase formation within
the catalysts (Figure 2(b)). Notably, utilizing this two-step
method, bandgap tunable In

𝑥
Ga
1−𝑥

As NWs with different
chemical compositions can also synthesized by manipulating
the source powder mixture ratio and appropriate growth
parameters [41].

Moreover, the two-step growth process is also adopted
to achieve single-crystalline GaAs NWs where an initial
high temperature nucleation process is employed to ensure
the formation of high Ga supersaturated Au-Ga alloy seeds,
which yields in long (>60 𝜇m) and thick (>80 nm) NWs
with the minimal defect concentrations and uniform growth
orientations [33]. To further verify the crystal quality dif-
ference between these two growth techniques (one-step
versus two-step), room temperature photoluminescence (PL)
and Raman spectroscopy are performed. As presented in
Figure 2(c1), it is clear that the two-step grown NWs have
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Reproduced from [18, 33] with permission fromThe American Chemical Society.

a PL peak at ∼882 nm (∼1.41 eV), which is consistent to the
bandgap of bulk zincblende GaAs. Importantly, the single-
step NWs do not give any luminescence even after surface
passivation, indicating that the quenched PL mainly comes
from the presence of crystal defects in the single-step growth.
Also, based on the Raman spectra (Figure 2(c2)), the wider
and lower relative peak intensity of LO(Γ) in the single-step
NWs probably originate from the related crystal defects such
as As precipitates in the NWs. As will be discussed later, these
NWs would exhibit distinct conducting behavior with the n-
type characteristics in single-step NWs versus p-type features
in two-step NWs due to the different degrees of crystallinity
(Figure 2(c3)).

2.3. Synthesis of Sb-Based NWs. Antimony (Sb)-based NW
materials are as well intriguing owing to their narrow direct
bandgap and excellent carrier mobilities, with InSb and GaSb
having the highest electron (n-type) and hole (p-type) mobil-
ity, respectively, among all III−Vs, which make them ideal
materials for field-effect transistors (FETs), quantum devices,
thermoelectrics and long-wavelength detectors, and so forth

[42–48]. In addition, given that the high performance n-
type NWs (such as InAs and InGaAs) have been successfully
demonstrated [7, 8, 11, 18, 41], the synthesis of p-type NWs
is particularly important for the practical design and imple-
mentation of NW based CMOS electronic circuits. However,
the growth of high-quality III-Sb NWs is still challenging
because of the tendency of the constituent Sb to aggregate
on top of the growing layer without being incorporated into
the NW growth. Recently, our group has demonstrated a suc-
cessful synthesis technique utilizing Au nanoclusters as the
catalysts to achieve high density GaSb NWs on amorphous
Si/SiO

2
substrates via the SSCVD method. By adjusting the

source temperature, growth time and altogether with the
carrier gas flow rate, a Sb-supersaturated environment is
expected to be induced, which are favorable for the growth
of high-quality GaSb NWs. In this way, the obtained NWs
are crystalline and stoichiometric with uniform diameters as
well asminimal surface coatings.When configured into FETs,
the NWs exhibit respectable p-channel device characteristics
with the peak hole mobility of ∼30 cm2 V−1 s−1 and effective
hole concentration of ∼9.7 × 1017 cm−3 [32].
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In addition to the intrinsically p-typeNWs, in-situdoping
during the growth is another feasible way to obtain the p-
type conductivity in NWs. For example, we have achieved
this p-type doping in the synthesis of InSb NWs via the
SSCVDmethod by intentionally adding carbon powders into
the InSb source [34]. The grown NWs exhibit excellent crys-
tallinity (Figures 3(a) and 3(b)) and uniform stoichiometric
composition along the entire length of the NWs. Due to the
in situ carbon-doping, the NWs show high-performance p-
type transport properties with the peak hole mobility of 140
cm2 V−1 s−1 when configured into FETs (Figures 3(c) and
3(d)). Notably, high electrically active carbon concentrations
of ∼7.5 × 1017 cm−3 are achieved which are essential for
compensating the electron-rich surface layers of InSb to
enable the heavily p-doped and high-performance device
structures.

3. Manipulations of NW Properties

Materials at nanoscale often exhibit novel properties which
are lacked in bulkmaterials due to the quantum confine effect

as well as large surface-to-volume ratio. Such nano-effects
are particularly evident in semiconductorNWsystems.Many
factors, such as the choice of catalyst, NW diameters and
surface roughness may have noticeable influence on the
properties of NWs. Here, we discuss these factors in details
and demonstrate the rational utilization of them to achieve
manipulation of the NW properties.

3.1. Influences of the Catalyst Choice on Electronic Transport
Properties of NWs. For the NW growth, either via VLS or
VSS mechanism, metallic catalysts are always employed. The
choice of catalyst material is very important as it could
not only influence the composition and morphology, but
also affect the electronic transport properties via in-situ
doping (often unintentional) and defect/vacancy formation.
For instance, InAs NWs are often synthesized by the SSCVD
method using different metal nanoclusters (e.g., Ni and
Au) as catalysts. It is found that the NW morphology as
well as the transport properties has strong dependences
on the choice of the catalyst [35]. The Ni catalyzed NWs
were relatively straight and uniform on substrates, in which
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∼98% of the NWs exhibit a very unvarying n-type behavior
with strong gate dependence, giving the impressive OFF
current (∼10−8–10−10 A) with the maximum 𝐼ON/𝐼OFF > 10

4

(Figures 4(a), 4(c) and 4(d)). On the other hand, the Au-
catalyzed NWs show tapered morphology and unstable plus
non-uniform electrical properties with ∼80% of the NWs
exhibiting weak gate dependence characteristics (Figures
4(b), 4(c) and 4(d)).The unstable and non-uniform electrical
transport performance is ascribed to the non-stoichiometric
composition of the NWs due to the different segregation or
NW growth schemes from the Au catalyst.The lateral growth
or sidewall over-coating may induce intrinsic defects such as
interstitials or vacancies, resulting in the unstable and non-
uniform electrical properties of grown NWs.

3.2. Diameter-Dependence of NW Properties. Diameter is
another key feature for the NW characterization. Different
diameter implies different surface-to-volume ratio, which
could significantly influence the electronic properties ofNWs

[49–54]. It is well known that for III–V NWs, there always
exists an amorphous oxide shell over the core NW material
when it is exposed in ambient environment. In GaAs NWs,
these oxide shells could deplete the carrier density in theNWs
by contributing abundant acceptor-like interface trapping
states and/or defects, in which the depletion space-charge
region can extend deep inside the NWs. Our study further
reveals that this effect could result in distinct electronic
properties of NWs when they have different diameters. As
depicted in Figure 5 [36], for large diameters (𝑑 > 70 nm),
the NWs give intrinsically n-channel conduction behav-
ior because of the minimal space-charge depletion effect,
whereas for NWs with small diameters (𝑑 < 40 nm), owing
to the enhanced surface-to-volume ratio, the contribution
coming from the oxide trap states becomes pronounced
and yields full depletion of the NWs which further exhibit
inverted p-channel behavior. For NW diameters between
40 < 𝑑 < 70 nm, ambipolar conduction in lower current
magnitude is observed. Besides to provide a facile method
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for manipulating the conduction type (p-type versus n-
type) of NWs, this study also suggests that the diameter
scaling of NWs not only affects their carrier mobility and
gate control efficiency [7], but also alters their electronic
transport via the different contributions of the native-oxide-
induced space-charge depletion; therefore, careful device
design considerations are required for achieving the optimal
device performances.

From the viewpoint of device design, miniaturization
of NW diameters is always helpful to improve the gate
electrostatic control as well as to lower the off-state current.
On the other hand, diameter scaling ofNWswould inevitably
introduce more surface scattering and higher surface carrier
recombination, which are detrimental to the carrier mobility
of NW transistors. This way, investigating the dependence
of carrier mobility on NW diameter is essentially important
for future device geometrical design and optimization. Two-
step grown In

0.7
Ga
0.3
As NWs are chosen for this study due

to their intrinsically higher electron mobility. By exploring
the electrical characteristics of NW transistors, the peak
electron field-effect mobility is found to decrease as the NW
diameter reduces, with the peak mobility of ∼4500, 3000,
and 1400 cm2 V−1 s−1 at room temperature for representative
thick (𝑑 = 41.9 nm), medium (𝑑 = 32.4 nm), and thin NWs
(𝑑 = 19.3 nm), respectively (Figure 6), which experimentally
confirms that diameter scaling of NWs could lead to carrier
mobility degradation.The same dependency is also observed
at low-temperature current-voltage (I-V) measurement [37],
which eliminates the influence of acoustic phonon scattering
and thermal activated surface/interface traps in this diameter
scaling, revealing the impact of surface roughness scattering
(will be discussed later) on the mobility degradation for
miniaturized NWs.

3.3. Surface Roughness Effects. Theoretically, the surface
roughness could induce significant changes in the NW elec-
tronic band structure and modulate its transport properties,
including carrier mean free paths, mobilities and others [55–
57]. In our study, we use high-quality InAs NWs as models
to explore the electron mobility dependence on the surface
roughness. The NW dimensions and surface conditions are
characterized by AFM, and the electrical characteristics of
the NWs are investigated by configuring them into back-
gate FET devices [38]. Figure 7(a) displays the statistics of
the peak electron mobility of NWs as a function of surface
roughness with different diameter ranges. One can see that
the tendency of degradation of electronic mobility goes with
the increase of NW surface roughness. Low-temperature
electrical measurements are also performed in order to
further elucidate the role of surface roughness among all
possible scattering mechanisms by decoupling the influence
of phonon scattering and thermal activated surface/interface
traps. As shown in Figure 7(b), all mobility values with
different surface roughness are improved at 77K because
of the frozen of all phonon modes and surface traps; how-
ever, this improvement is more profound for smooth NWs,
highlighting the dominant role of surface roughness for the
observed mobility degradations. This mobility degradation

agrees well with the theory that surface roughness can easily
induce changes in the local electronic band structures, which
act like scattering potentials that scatter carriers moving
in the NW, reducing the mean free time and mobility
consequently [55–58].

3.4. Metal-Cluster-Decoration for Manipulations of NW Elec-
tronic Properties. In general, FETs can be constructed into
two distinct operation modes, namely depletion mode (D-
mode) and enhancement mode (E-mode), and both device
modes are needed for the assembly of electronic circuits.
However, most of the III–V NW FETs operate in the D-
mode which is unfavorable for the energy-efficient circuit
design as a gate voltage is required to achieve the device OFF
state. In order to control the device operationmodes, we pro-
pose a facile “metal-cluster-decoration”methodwhich allows
manipulations of the threshold voltages (𝑉TH) of n-type III–
V NWFETs based on the work function difference between
the metal clusters deposited and the NWmaterials [39]. As a
demonstration, 1.0 nm thick Au and 20 nm thick Al

2
O
3
were

sequentially deposited onto as-fabricated InAs NW FETs
(where the Al

2
O
3
is anticipated to behave as a protection or

passivation layer), and the electrical performances of the InAs
NW FET were measured both before and after the Au cluster
decoration. As shown in Figure 8, the InAs NWFET operates
initially in the D-mode, as the device exhibits non-zero
drain current at the zero gate voltage; however, after the Au
cluster decoration, the𝑉TH shifts positively and thusmake the
NWFET operated in the E-mode. Quantitative assessment
reveals that a𝑉TH shift of ∼4V is obtained by the 1.0 nm thick
Au decoration. In addition, in a control experiment, where
the InAs NW FET is only decorated with 20 nmAl

2
O
3
, no

shift of the 𝑉TH is observed; instead, the Al
2
O
3
layer just

greatly reduced the device hysteresis. In this case, the role
of Au cluster decoration is experimentally demonstrated to
move positively the 𝑉TH of InAs NWFETs and transform the
device operation from D-mode to E-mode while the Al

2
O
3

layer can protect the device from the detrimental influences
of the ambient environment. Further experiments on the𝑉TH
manipulation effects of different metals (including Ni, Cr,
and Al) indicate that the 𝑉TH has a strong dependence on
the work functions of the metal clusters deposited. Basically,
for the decoration with low work function metals clusters
(e.g., Al), the 𝑉TH is negatively shifted for the D-mode
NW transistors, whereas for the high work function metal
clusters (e.g., Au), the 𝑉TH is positively moved and thus E-
mode device operation are obtained. The same trend is also
observed in NW devices with other III–V compositions,
including InP and In

0.6
Ga
0.4
As. The metal cluster induced

𝑉TH shifts can be understood through a band-bendingmodel.
Specifically, the prepared InAs NWs are intrinsically n-type
with the Fermi level, E

𝐹
, lying near or slightly pinned above

the conduction band edge at equilibrium (𝑉GS = 0V) because
of the relatively high free electron concentration induced
from the NW surface defects; therefore, a negative gate bias
is required to move the bands up or push the 𝐸

𝐹
down in

order to deplete the free carriers to achieve the device off-
state, which is known as D-mode device operation. When
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Figure 6: Electrical characterization of In
0.7
Ga
0.3
As NWFETs with different NWdimensions. (a) Transfer characteristics of three back-gated

In
0.7
Ga
0.3
As NW FETs with different NW diameters (d = 19.3, 32.4, and 41.9 nm, after the native oxide deduction) for 𝑉DS = 0.1V. The inset

shows the transistor schematic with Ni S/D metal contacts. (b)–(d) Output performance of the three corresponding devices as shown in (a).
(e) Field-effect electron mobility assessment for the same set of NW FETs under 𝑉DS = 0.1V as presented in (a). The black dotted line is the
experiment data while the solid red line is the smoothed data curve. (f) Peak field-effect mobility as a function of NWdiameter for ∼100 NWs
with the diameters ranging from 14 to 54 nm. Reproduced from [37] with permission fromThe American Institute of Physics.
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Figure 7: (a) Peak field-effect mobility as a function of surface roughness for NWs with three different diameter ranges: 26.9 ± 0.7 nm,
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the Au clusters are decorated onto the NW channel, due to
the large positive work function difference (𝑊

𝑀
–𝑊
𝑆
), the

equilibrium band structure is locally disturbed to induce
a upward band-bending at the Au/NW interface such that
the free electrons are depleted to move the 𝐸

𝐹
down to the

intrinsic level, 𝐸
𝑖
(𝑉GS = 0V), causing a positive shift in the

device 𝑉TH. As such, the NW device would exhibit a zero
current at the off-state at a zero gate bias unless a positive
gate bias is applied to push the bands down to extract the
carriers (E-mode characteristics). On the contrary, when Al
clusters are deposited, the negative 𝑊

𝑀
–𝑊
𝑆
would create

a downward band-bending at the Al/NW interface so that
free electrons are donated to the NWs leading to a higher
on-current and a negative shift in the device 𝑉TH. With this
simple method, both D-mode and E-mode devices can be
obtained, which provides broad opportunities for energy-
efficient circuit applications.

4. Device Applications of III–V NWs

Having discussed the synthesis and property manipulation of
III–VNWs, here, we illustrate a few examples to demonstrate
their potential applications. It is known that for bulk metal-
semiconductor contacts, metal-induced gap states often
determine the Schottky barrier heights rather than the work
function of metals used as a result of Fermi level pinning by
the interface states [59]. On the other hand, NWs synthesized
via VLS or VSS typically have catalytic clusters at the NW tips
where the nanoscale contact between themetallic catalyst and
the semiconductor should be extremely conformable with
minimized interfacial states. In this regard, this nanoscale
contact can be utilized to realize NW photovoltaic devices

by forming additional high-quality Schottky junctions at the
other end of NWs [40]. For example, Figure 9(a) presents
the Au-catalyzed GaAs NWs grown with the catalytic tips
(Au-Ga alloy) confirmed by SEM. It is clear that the typical
tipped device exhibits a gigantic resistance in the dark due
to the low intrinsic carrier concentration of the NW as well
as the improper electrical contacts of the devices. However,
upon illumination, the device exhibits obvious photovoltaic
behavior which delivers a 𝑉oc of ∼0.6V, a 𝐽sc of ∼11mA/cm2,
and a fill factor (FF) of ∼0.42, corresponding to an overall
energy conversion efficiency of∼2.8%underAM 1.5G illumi-
nation (100mW/cm2). For comparison, similar asymmetric
Ni/NW/Au device with bare NWs (in which the catalyst
tips are removed by sonication) and thermal evaporated
electrodes exhibits a much smaller 𝑉oc, 𝐽sc, and efficiency
(Figure 9(b)) due to Fermi level pinning of the GaAs NWs
at both contacts, which emphasizes the effective formation
of Schottky barrier at the catalytic tip/nanowire contact
interface. This study may provide a novel configuration for
NW photovoltaics, and the resulting efficiency might be
further improved by minimizing the inactive GaAs NW
channel.

The most intriguing property of III–V NWs lies in their
achievable ultrahigh carrier mobilities, making them highly
attractive materials for next generation electronic devices.
Especially, recent advances of NW contact printing technol-
ogy have provided a useful platform for NW assembly and
integration [9–14]. Combining the contact printing approach
with our “Metal-Cluster-Decoration” method, we can obtain
both depletion mode (D-mode) and enhancement mode (E-
mode) FETs with parallel NW arrays at well-defined loca-
tions. Based on that, n-channel metal oxide-semiconductor
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Figure 8: Au cluster decoration on InAs NWFETs. (a) Typical SEM image and schematic configuration of an Au decorated InAs NWFET.
(b) 𝐼DS-VGS curves of the InAs NWFET before and after the decoration (decoration: Au cluster with an equivalent film thickness of 1.0 nm
covered with a 20 nm thick evaporated Al
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3
layer; 𝑉DS = 0.1V). (c) 𝐼DS-𝑉GS curves of the InAs NWFET before and after Al
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(control; 𝑉DS = 0.1V). (d) Field-effect electron mobility of the InAs NWFET as a function of gate voltage before and after the Au cluster
decoration (𝑉DS = 0.1V). (e) TEM image of the InAs NW after the decoration and inset is the diameter distribution statistic of decorated Au
clusters. (f) HRTEM image of the Au cluster decorated InAs NW and inset is the corresponding FFT. Reproduced from [39]. with permission
fromWILEY-VCH Verlag GmbH and Co. KGaA.
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Figure 9: Typical I-V curves of the single GaAs NWphotovoltaic device under the dark and 1 sun illumination (AM1.5G, 100mW/cm2) with
the current density (J) normalized to the light absorption cross-sectional area (right axis). Insets show the corresponding SEM images of the
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Figure 10: Application of themetal decorationmethod in transforming printed NWparallel array devices into E-mode and in the fabrication
ofNMOS inverters composed of an E-mode andD-modeNWFETs. (a) SEM image and schematic illustration of anAu-cluster-decorated InAs
NW array FET. (b) 𝐼DS-𝑉GS curves before and after decoration (decoration: Au clusters with an equivalent film thickness of 1.0 nm covered
with a 20 nm thick evaporated Al

2
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3
layer; 𝑉DS = 0.1V). (c) Field-effect mobility of an InAs NW array FET before and after decoration

(𝑉DS = 0.1V). (d)The voltage transfer characteristics (red) and the corresponding gain (black) of the representative NMOS inverter, the inset
is the schematic circuit diagram of the inverter. Reproduced from [39] with permission fromWILEY-VCH Verlag GmbH and Co. KGaA.

(NMOS) inverters are constructed, with Au-decorated E-
mode InAs NW FETs as the drivers and original D-mode
InAs NW FET as the loads. Figure 10 shows the device
structure of NW array FETs and the electrical characteristics
of FETs as well as the NMOS inverters [39]. The transfer
curve in Figure 10(d) demonstrates clearly that the input
signal is inverted with a high gain (−𝑑𝑉OUT/𝑑𝑉IN) of ∼13.
More importantly, due to the high electron mobility and low
operating voltage of these InAs NWs, the power dissipation
of this III–V NW NMOS inverter is found to be respectively
low. Specifically, there is no power consumed at 0V input
as a result of the “OFF” state of the driver; on the other
hand, at 5 V input, the output current is the saturation current
of the load at 0V gate bias (∼0.8𝜇A). As such, the static
power dissipation is estimated to be as low as ∼4 𝜇W, which
is comparable to the lowest NW NMOS reported values and
far lower than their planar counterparts [60, 61].

Apart from NMOS, CMOS is also needed for the com-
plex circuit design. We have demonstrated the controllable
formation of these p-type and n-type GaAs NWs obtained
via different growth techniques such as single-step and two-
step method in order to manipulate the crystal defects. In
this case, integration of these NWs into CMOS inverters
has been realized as well. As given in Figure 11 [33], the
output voltage is clearly transformed to the inverse of the
input with different 𝑉DD of 2–5V (0V is logic “low”, while
2–5V is logic “high”) and a gain (defined as −𝑑𝑉OUT/𝑑𝑉IN)
of ∼2.5 is achieved with the efficient response to alternating
voltage at 1Hz with 𝑉DD = 2 and 5V. All of these confirm
the validation of in-situ transformation of the input voltage.
Although there is still a margin for the inverter to enhance
the gain to enable higher frequency response, it is already
the first illustration of an all intrinsic unintentionally doped
GaAs NW fabricated CMOS inverter, showing the successful
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Figure 11: CMOS inverter composed of FETs with one p-type NW (two-step grown) and one n-type NW (single-step grown). (a) 𝐼DS-𝑉GS
curves of the corresponding p-FET and n-FET, and the inset illustrates the equivalent circuit diagram. (b) Transformation curves of the typical
NW CMOS inverter. (c) Corresponding gain as a function of the input voltage. (d) Output response to the alternating voltage input of 1Hz.
Reproduced from [33] with permission fromThe American Chemical Society.

modulation of NW electronic transport properties by simply
controlling the crystal quality, holding the promise for next-
generation NW electronics by this facile management of
catalytic alloy supersaturation.

5. Conclusion

In summary, semiconductor NW materials have attracted
huge research attention for nearly two decades. In this review,
we attempted to illustrate some recent progresses made in
the area of III–V NWs, covering from the cost-effective
synthesis, property manipulation to the device applications.
Because of the simple setup and good controllability, the
solid-source CVD approach has been widely employed for
the growth of various III–V NW materials. Generally, by
properly controlling the experimental parameters such as

the source composition, catalyst, growth temperature, dura-
tion time and gas flow, and so forth, NWs with different
chemical composition, morphology and tailorable properties
could be synthesized, which provides broad opportunities
for exploring the potential applications of NWs. It is worth
noting that owing to the miniaturized radial dimension and
large surface-to-volume ratio, NW properties are found to
be influenced by many factors, including the catalyst choice,
diameter, surface roughness, and so forth. Meanwhile, the
external environment could also have significant effect on
their properties. Understanding these factors is essentially
important for the optimization of corresponding device
performance; while on the other hand, these factors could
be intentionally utilized in order to manipulate the NW
properties. With the progresses made in the NW synthesis
and assembly, many fascinating applications of NWs have
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as well been demonstrated in electronics and photovoltaics.
However, there still requires a substantial effort to put
NW materials into practical applications, demanding more
systematic investigation as well as technological innovations
from their synthesis to the device design.
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[27] K. A. Dick, K. Deppert, T. Mårtensson, B. Mandl, L. Samuelson,
andW. Seifert, “Failure of the vapor-liquid-solid mechanism in
au-assisted MOVPE growth of InAs nanowires,” Nano Letters,
vol. 5, no. 4, pp. 761–764, 2005.

[28] A. M. Morales and C. M. Lieber, “A laser ablation method for
the synthesis of crystalline semiconductor nanowires,” Science,
vol. 279, no. 5348, pp. 208–211, 1998.

[29] C. Colombo, D. Spirkoska, M. Frimmer, G. Abstreiter, and
A. Fontcuberta I Morral, “Ga-assisted catalyst-free growth
mechanism of GaAs nanowires by molecular beam epitaxy,”
Physical Review B-Condensed Matter andMaterials Physics, vol.
77, no. 15, Article ID 155326, 2008.

[30] N. Han, F. Wang, A. T. Hui et al., “Facile synthesis and growth
mechanism of Ni-catalyzed GaAs nanowires on non-crystalline
substrates,” Nanotechnology, vol. 22, no. 28, Article ID 285607,
2011.

[31] A. T. Hui, F. Wang, N. Han et al., “High-performance indium
phosphide nanowires synthesized on amorphous substrates:



14 Journal of Nanomaterials

from formation mechanism to optical and electrical transport
measurements,” Journal of Materials Chemistry, vol. 22, no. 1,
Article ID 10704, 2012.

[32] Z.-X. Yang, F.Wang, N. Han et al., “Crystalline GaSb nanowires
synthesized on amorphous substrates: from the formation
mechanism to p-channel transistor applications,” ACS Applied
Materials and Interfaces, vol. 5, no. 21, pp. 10946–10952, 2013.

[33] N. Han, J. J. Hou, F. Wang et al., “GaAs nanowires: from
manipulation of defect formation to controllable electronic
transport properties,” ACS Nano, vol. 7, no. 10, pp. 9138–9146,
2013.

[34] Z. Yang, N. Han, F. Wang et al., “Carbon doping of InSb
nanowires for high-performance p-channel field-effect-
transistors,” Nanoscale, vol. 5, no. 20, pp. 9671–9676, 2013.

[35] S.-Y. Chen, C.-Y. Wang, A. C. Ford et al., “Influence of
catalyst choices on transport behaviors of InAs NWs for
high-performance nanoscale transistors,” Physical Chemistry
Chemical Physics, vol. 15, no. 8, pp. 2654–2659, 2013.

[36] N. Han, F. Wang, J. J. Hou et al., “Controllable p-n switching
behaviors of GaAs nanowires via an interface effect,”ACSNano,
vol. 6, no. 5, pp. 4428–4433, 2012.

[37] J. J. Hou, F. Wang, N. Han et al., “Diameter dependence of
electronmobility in InGaAs nanowires,”Applied Physics Letters,
vol. 102, no. 9, Article ID 093112, 2013.

[38] F. Wang, S. Yip, N. Han et al., “Surface roughness induced elec-
tron mobility degradation in InAs nanowires,” Nanotechnology,
vol. 24, no. 37, Article ID 375202, 2013.

[39] N. Han, F. Wang, J. J. Hou et al., “Tunable electronic transport
properties of metal-cluster-decorated III-V nanowire transis-
tors,” Advanced Materials, vol. 25, no. 32, pp. 4445–4451, 2013.

[40] N. Han, F. Wang, S. Yip et al., “GaAs nanowire Schottky barrier
photovoltaics utilizing Au–Ga alloy catalytic tips,” Applied
Physics Letters, vol. 101, no. 1, Article ID 013105, 2012.

[41] J. J. Hou, F. Wang, N. Han et al., “Stoichiometric effect on
electrical, optical, and structural properties of composition-
tunable InxGa1-xAs nanowires,” ACS Nano, vol. 6, no. 10, pp.
9320–9325, 2012.

[42] B. M. Borg, K. A. Dick, B. Ganjipour, M. Pistol, L. Wernersson,
and C. Thelander, “InAs/GaSb heterostructure nanowires for
tunnel field-effect transistors,” Nano Letters, vol. 10, no. 10, pp.
4080–4085, 2010.

[43] B. Ganjipour, H. A. Nilsson, B. Mattias Borg et al., “GaSb
nanowire single-hole transistor,”Applied Physics Letters, vol. 99,
no. 26, Article ID 262104, 2011.

[44] A. W. Dey, J. Svensson, B. M. Borg et al., “Single InAs/GaSb
nanowire low-power CMOS inverter,” Nano Letters, vol. 12, no.
11, pp. 5593–5597, 2012.

[45] C. Yan, X. Li, K. Zhou et al., “Heteroepitaxial growth of GaSb
nanotrees with an ultra-low reflectivity in a broad spectral
range,” Nano Letters, vol. 12, no. 4, pp. 1799–1805, 2012.

[46] W. Xu, A. Chin, L. Ye et al., “Charge transport and trap
characterization in individual GaSb nanowires,” Journal of
Applied Physics, vol. 111, no. 10, Article ID 104515, 2012.

[47] S. Bandyopadhyay and J. Anderson, “Capacitive infrared pho-
todetector for room temperature operation,” Applied Physics
Letters, vol. 102, no. 10, Article ID 103108, 2013.

[48] B.Mattias Borg and L. E.Wernersson, “Synthesis and properties
of antimonide nanowires,” Nanotechnology, vol. 24, no. 20,
Article ID 202001, 2013.

[49] J. P. van der Ziel, R. D. Dupuis, R. A. Logan, and C. J. Pinzone,
“Degradation of GaAs lasers grown by metalorganic chemical

vapor deposition on Si substrates,” Applied Physics Letters, vol.
51, no. 2, pp. 89–91, 1987.

[50] M. G. Mauk, S. Xu, D. J. Arent, R. P. Mertens, and G. Borghs,
“Study of novel chemical surface passivation techniques on
GaAs pn junction solar cells,” Applied Physics Letters, vol. 54,
no. 3, pp. 213–215, 1989.

[51] K. Adlkofer and M. Tanaka, “Stable surface coating of gallium
arsenide with octadecylthiol monolayers,” Langmuir, vol. 17, no.
14, pp. 4267–4273, 2001.

[52] F. Jabeen, S. Rubini, F. Martelli et al., “Contactless monitoring
of the diameter-dependent conductivity of GaAs nanowires,”
Nano Research, vol. 3, no. 10, pp. 706–713, 2010.

[53] H. Hasegawa, K. E. Forward, and H. L. Hartnagel, “New anodic
native oxide of GaAs with improved dielectric and interface
properties,” Applied Physics Letters, vol. 26, no. 10, pp. 567–569,
1975.

[54] M. Passlack, M. Hong, and J. P. Mannaerts, “Quasistatic
and high frequency capacitance—voltage characterization of
Ga2O3–GaAs structures fabricated by in situ molecular beam
epitaxy,” Applied Physics Letters, vol. 68, no. 8, Article ID 1099,
1995.

[55] S. Jin, M. V. Fischetti, and T. Tang, “Modeling of electron
mobility in gated silicon nanowires at room temperature:
surface roughness scattering, dielectric screening, and band
nonparabolicity,” Journal of Applied Physics, vol. 102, no. 8,
Article ID 083715, 2007.

[56] M. Lenzi, A. Gnudi, S. Reggiani, E. Gnani, M. Rudan, and
G. Baccarani, “Semiclassical transport in silicon nanowire
FETs including surface roughness,” Journal of Computational
Electronics, vol. 7, no. 3, pp. 355–358, 2008.

[57] A. Lherbier, M. P. Persson, Y. Niquet, F. Triozon, and S. Roche,
“Quantum transport length scales in silicon-based semicon-
ducting nanowires: surface roughness effects,” Physical Review
B-CondensedMatter andMaterials Physics, vol. 77, no. 8, Article
ID 085301, 2008.

[58] E. B. Ramayya, D. Vasileska, S. M. Goodnick, and I. Knezevic,
“Electron transport in silicon nanowires: the role of acoustic
phonon confinement and surface roughness scattering,” Journal
of Applied Physics, vol. 104, no. 6, Article ID 063711, 2008.
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The friction imaging of newlycleaved surface domains of single crystal BaTiO
3
energy storage materials under both positive and

negative voltage bias is investigated by scanning force microscope. When the bias was applied and reversed, three regions with
different brightness and contrast in friction image indicated different response to the biases: the friction image of domain A
displayed a great change in brightness while domains B and C displayed only a very small change. Possible mechanisms of the
interesting phenomena originating from different static force between different charged tip and the periodical array of surface
charges inside the inplane domains were proposed. These results provide a new method for the determination of the polarization
direction for the domain parallel to the surface and may be useful in the investigation of ferroelectric energy storage materials,
especially the relationship between the polarization direction of domain and the bias.

1. Introduction

Ferroelectric barium titanate ceramic (BaTiO
3
) is a promising

advanced material with the outstanding performance in
dielectric properties for energy storage applications. With
the high permittivity and volumetric efficiency [1, 2], BaTiO

3

was extensively used in electrical energy storage especially in
supercapacitor and multilayer ceramic capacitors (MLCCs).

It is worth mentioning that the performance of the
BaTiO

3
-based MLCCs was significantly affected by

microstructures such as domain orientation, domain
walls, and point defects [3, 4]. The ferroelectric domain
structure can be imaged by variety of techniques such as
electron microscopy techniques, optical microscopy and
X-ray techniques, and scanning probe microscopy including
piezoresponse force microscopy (PFM) and atomic force
microscope (AFM) [5, 6]. Actually, friction mode of atomic
force microscopy plays an important role in characterizing
the surface of specimen by applying a friction force between
tip and specimen [7–11].

Many previous works have reported the applications of
friction imaging on characterizing the ferroelectric domain
structure, which provided a clear picture for domain struc-
tures due to variant friction coefficients of different domains
[12–14]. Recently, owing to the great importance of friction
in industry, more and more research works were carried out
to investigate the origin of friction in the micro- or even
nanometer scale [15, 16] and even to explore efficient ways
to control the friction force. Bluhm et al. [17] studied the
friction imaging of domains with polarization perpendicular
to the surface of specimen of guanidinium aluminum sul-
fate hexahydrate (GASH) and triglycine sulfate (TGA) and
proposed that the chemical difference inside domains was
the origin for the different friction coefficient, which could
not be affected by the static electric force between tip and
specimen. Park et al. [9] reported the possibility of making
use of electric field to control the friction force between
tip and semiconductor, although its exact mechanism is not
clear until now. Although extensive attempts have beenmade
in last decade, there is still no convincing explanation on
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the exact mechanism for different polarization domain with
different friction coefficient.

In this report we investigate the friction imaging of
newly cleaved surface of single crystal BaTiO

3
under different

voltage biases. It was found that different domains showed
different dependence on voltage. Under different voltage
biases, the friction imaging of a fraction of domains displayed
a great change in brightness while that of the other domains
displayed only a very small change. Possible mechanisms of
the interesting phenomena originating from different static
force between different charged tip and the periodical array
of surface charges inside the inplane domains were proposed.

2. Materials and Methods

The multidomain single crystal BaTiO
3
was prepared by the

Institute of Physics, Chinese Academy of Sciences. First, the
specimen was broken into two parts, one of which was about
1 millimeter thick. The newly formed cross section with the
dimensions of 4mm × 1mm was regarded as the newly
cleaved surface. The newly cleaved surface was preferred
because it was almost not affected by the pollutants and the
free charges in air. The relative humidity was controlled to
be <40%, and the experiments were carried out in about one
hour.

Friction imaging was obtained through a commercial
scanning force microscope SPA-300HV (Seiko, Japan). The
scanning direction was perpendicular to the long beam of
the cantilever Sil-AF01A. The cantilever with a resonant
frequency of 12 kHz, a spring constant k of 0.15N/m, and a
beam length of 400 𝜇mwas used.The tip of the cantilever was
coated by a gold film. During the experiment, the specimen
stage was grounded and a voltage bias (+12V or −12 V) was
applied onto the cantilever tip via a direct current voltage
source.

The friction imaging was obtained on a same region of
the newly cleaved surface under three different experimental
conditions: without voltage bias, +12 voltage, and −12 voltage.
The imaging region is about 20𝜇m × 20𝜇m where there
coexist many domains that could be imaged.

3. Results and Discussions

Figure 1 is the morphologic image and the friction images
under different voltage biases. Three regions, respectively,
marked A, B, and C in Figure 1, were discussed. From the
morphologic image of Figure 1(a), it could be seen that the
roughness of the cleaved surface was small. But the normal
friction image without voltage bias (Figure 1(b)) has much
contrast between three regions. In the normal friction image
of Figure 1(b) without bias, Regions A and B showed almost
the same brightness while Region C was darker than A and
B. In addition, a significant fraction of domain boundaries
was observed clearly. When +12V bias was applied, it was
a surprise that the friction image in Figure 1(c) was much
different from Figure 1(b). In Figure 1(c), Region A became
darker, being a real difference from that in Figure 1(b).

However, the bright Region B still remained bright and the
dark RegionC remained dark in Figure 1(c).When−12 V bias
was applied, there was almost no change in the brightness of
Regions B and C, whereas Region A changed back to bright
(Figure 1(d)). That was to say, the friction images in Figures
1(b) and 1(d) were almost the same.

For single crystal materials, the regions with different
brightness in friction image were sometimes considered as
ferroelectric domains with different polarization directions
[18, 19]. Moreover, the cross section of single crystal multido-
main BaTiO

3
had many domains with different polarization

directions including both perpendicular and parallel to the
surface as reported by Soergel [20]. Therefore, it was sug-
gested that the three regions in Figure 1 were associated with
different oriented domains, which is similar to the results of
PFM in [21]. In our experiment results, when the bias changed
from 0V to +12V, domain A darkened while domain B
remained bright. But while the bias changes into −12 voltage,
domain A changed back into bright and domains B and C are
kept the same.Three domains exhibiting different lateral force
contrast were observed. The voltage bias had no effect on the
friction force in domains B and C but had significant effect in
domain A. When the tip was applied to positive voltage, the
friction force between positive charged tip and domain Awas
reduced dramatically compared with that for the negative or
zero voltage bias. The dramatic change of friction force could
be ascribed to the change of static electric interaction induced
by the different charged tip.

Correia et al. [14] suggested that the static electric inter-
action could not change the friction force. Although they
observed electric domains of GASH and TGS via scanning
force microscope in the friction mode, what they concerned
were the domains with the polarization direction perpen-
dicular to the surface. However, in our experiments, we
imaged the newly broken cross section of single multidomain
BaTiO

3
where there were all kinds of electric domains with

different polarization directions scattered on the surface.The
polarizations included not only the one perpendicular to
the surface but also the parallel to the surface. It was the
domains with polarization direction parallel to the surface
that changed their brightness in the friction imaging under
different voltage bias. According to the particular crystal
structure of BaTiO

3
, it was inferred that the charge distribu-

tion on the surface of domains with polarization direction
parallel to the surface was inhomogeneous, resulting in the
friction force change under different voltage bias.

It was well known that BaTiO
3
was tetragonal at room

temperature, where Ti4+ was at the off-center position of the
tetrahedral symmetry [1]. Thus the Ti4+ and the negative
charge center were denoted as O2− forming a permanent
electrical dipole. Figure 2 schematically showed the align-
ment of the permanent electrical dipoles in the domain with
the polarization direction parallel to the surface. As seen in
Figure 2, the separation between Ti4+ and the negative charge
center was 1.633 Å, much less than the separation 2.403 Å
between electric dipoles, which leads to an inhomogeneous
charge distribution of surface. In friction imaging with
scanning force microscope, while the tip was voltage biased,
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Figure 1: The morphologic image (a) and the friction images on a same region of the newly cleaved surface of single crystal multidomain
BaTiO

3
under three different experimental conditions: without voltage bias (b), +12 voltage (c), and −12 voltage (d). The specimen stage is

grounded.

the tip was charged and the interaction between the charged
tip and the inhomogeneous charge distribution resulted in an
inhomogeneous energetic barrier distribution .

Different charged tip corresponds to different inhomoge-
neous energetic barrier distribution on the domain parallel
to the surface, which is sketched as in Figure 3. For the case
shown in Figure 3, it was assumed that the tip was scanned
from left to right in the friction imaging. When the tip was
positive voltage biased, the Coulomb interaction between

the positive charged tip and the inhomogeneous charge
distribution leaded to a zigzag energetic barrier distribution
as in Figure 3(a). In this case, a small friction force was
obtained. However, for the negative voltage bias, the situa-
tion was inversed. The zigzag energetic barrier was shown
in Figure 3(b). A much large friction force was obtained.
Additionally, when a certain angle existed between the scan
direction and the polarization direction and a bias was
applied to the tip, the friction force would change a little. In
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Figure 3: The friction force between the voltage-biased tip and the
domain of BaTiO

3
with the polarization direction parallel to the

surface for the voltage bias is positive (left) and negative (right). It
is assumed that the tip is scanned from left to right in the friction
imaging. The Coulomb interaction between the charged tip and the
inhomogeneous charge distribution of the domain leads to a zigzag
energetic barrier distribution, which results in different friction
force.

this case, the qualitative result was the same. At the same time
the size of the tip had no effect on it.

Based on the above discussions and our experimental
results, the brightness of the image for the domain A charged
a lot: the friction force was much larger for the positive
charged tip than that for the negative charged tip. It was
thought that region A corresponded to the domain with
polarization direction parallel to the surface and is almost the
same as the scanning direction of the tip. As to the regions B
and C, the contrasts of them were not affected by the biases,
and their boundaries well agreed with the morphologic
image. So due to the titling of the domains, the polarization
directions of domains B andC could not be judged only based
on the friction force imaging and morphologic image and
further investigations were necessary.

4. Conclusions

The newly cleaved surface of a single crystal multidomain
BaTiO

3
was investigated through the friction imaging with

atomic force microscope. It was found that the brightness of
some regions changed when the tip was differently voltage
biased. It was proposed that the inhomogeneous charge dis-
tribution in the domain with polarization direction parallel
to surface resulted in this change. The experimental results
may provide a new method for the determination of the
polarization direction for the domain parallel to the surface,
which may be useful in the investigation of ferroelectric
energy storage materials.
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One-dimensional polycrystalline Ta2O5 nanostructures are synthesized by the annealing of the SiO2 nanowires at 950∘C in a
reductive Ta vapor ambiance. The formation mechanism of Ta2O5 nanostructures is discussed and illustrated in detail. The
nucleation and grain growth of Ta2O5 crystals were investigated during the formation of the SiO2/Ta2O5 core-shelled structures.
The diffusion-controlled growth is suggested to be the rate-determining step for the diffusion of the Ta atoms through the ash layer
to react with O atoms and substitute Si atoms.

1. Introduction

One-dimensional nanomaterials such as nanowires, nano-
rods, nanobelts, and nanotubes are much attractive owing to
their unique optical, electronic, and mechanical properties
[1–5]. Among them, the metal oxides so-called functional
materials, such as MgO [6], ZnO [7], SnO

2
[8], In

2
O
3
[9],

Ga
2
O
3
[10], WO

3
[11], and Ta

2
O
5
[12], are aimed to be

extensively studied. The growth methods, including vapor-
solid growth (VS) [7], vapor-liquid-solid growth (VLS) [13],
oxide-assisted growth (OAG) [14], solution-based growth
[15], solution-liquid-solid growth (SLS) [16], and template-
assisted growth [17], have been adopted and reported to
synthesize these one-dimensional nanostructures. Beyond
synthesis, these kinds of materials are applied in electronic
devices like field effect transistor [18–20].

So far, tantalum pentoxide (Ta
2
O
5
) has been a hot subject

both in the industry and the academic world. It is the
best candidate for the dielectric materials used in the next
generation dynamic random access memory (DRAM) due to
its high dielectric constant. In addition, the Ta

2
O
5
applied to

optical waveguide [21], antireflective coating layer [22], anti-
corrosion layer [23], chemical or biological sensitive layer [24,
25], and photocatalyst [26] possesses high refractive index,
high chemical stability, and high temperature piezoelectric
property. In Ta-O system, the Ta

2
O
5
can be categorized into

two equilibrium phases, including 𝛼-Ta
2
O
5
at high temper-

ature and 𝛽-Ta
2
O
5
at low temperature, respectively. Besides,

Fukumoto and Miwa claimed that hexagonal 𝛿-Ta
2
O
5
may

exist through the first principle ultrasoft pseudopotential
calculation [27]. Even if the amorphous and polycrystalline
Ta
2
O
5
thin films have been widely studied and synthesized,

nevertheless, its one-dimensional nanostructures are still
lacking in reports.

In this letter, we demonstrate how to fabricate the
Ta
2
O
5
/SiO
2
core-shelled structures and the Ta

2
O
5
NWs as

well as the Ta
2
O
5
nanotube via the annealing of SiO

2
NWs in

a Ta reductive ambiance.Themain idea is based on the lower
heat formation of Ta

2
O
5
, which can be formed by the oxida-

tion of Ta and the reduction of SiO
2
at the same time. The

growth mechanism of SiO
2
/Ta
2
O
5
core-shelled structures

was constructed and investigated. On the other hand, we first
illustrated the electronic structure of Ta

2
O
5
/SiO
2
core-shelled

nanowire by using the electron energy loss spectroscopy
(EELS). A couple of sequential experiments under different
annealing conditions were performed to realize the growth
mechanisms.

2. Experiments

The single crystal (100) Si (1–30Ω-cm) wafers were cleaned
by the standard RCA procedures. The Si substrate capped by

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2014, Article ID 914847, 8 pages
http://dx.doi.org/10.1155/2014/914847

http://dx.doi.org/10.1155/2014/914847


2 Journal of Nanomaterials

1𝜇m

(a)

1𝜇m

(b)

(220)
(002)
(111)
(110)
(001)

500nm

(c) (d)

Figure 1: (a) A top-view SEM image of SiO
2
nanowires grown at 1150∘C for 2 hours in a N

2
ambient. (b) A top-view SEM image of

polycrystalline Ta
2
O
5
/SiO
2
core-shelled nanowires synthesized by annealing SiO

2
nanowires in a reductive Ta vapor ambient at 950∘C for

4 hours. (c) The corresponding TEM image of (b) with the selected area diffraction (SAD) in the lower inset. (d) The SEM image of Ta
2
O
5

nanotubes after dipping into the dilute HF solution with the magnified SEM image in the lower inset.

a 2 nm thick Au layer deposited at a pressure of 5 × 10−6
Torr with a deposition rate of 0.01 nm/sec was annealed in a
horizontal furnace at 1150∘C for 2 hours in a N

2
ambiance to

grow SiO
2
nanowires. The SiO

2
nanowires produced by our

approachwere transferred into a Ta filament heating chamber
where the Ta atoms were constantly vaporized as the supple-
mentary source for annealing at a pressure <1 × 10−6 Torr
at 950∘C for 1–32 hours. The core-shelled structures of SiO

2

nanowires surrounded by a Ta
2
O
5
layer could be synthesized.

In addition, the Ta
2
O
5
nanotube could be formed by dipping

the Ta
2
O
5
/SiO
2
core-shelled nanowires in diluted HF solu-

tion (HF :H
2
O = 1 : 50) to remove the inner SiO

2
nanowire.

The wide angle X-ray diffraction spectrometer (Shimadzu)
and the grazing incidence X-ray diffraction spectrometer
(GIXRD, MAC) with a fixed incident angle of 0.5∘ were
used to identify the phases of the nanowires. Field-emission
transmission electron microscope (JEM-3000F, operated at
300 kV with point-to-point resolution of 0.17 nm) equipped
with an energy dispersion spectrometer (EDS) was used to
obtain the information of the nanostructures and the chem-
ical compositions. The surface morphology examined by a
field-emission scanning electron microscope (JSM-6500F)
was operated at 15 kV. In TEM, the electronic structure of
a single NW can be investigated by EELS. The electronic
structure in the valence band can be qualitatively identified

from the fine structures in the ionization edges. All of the raw
EELS spectra were calibrated in the relative energy position
by zero-loss peak and then subtracted by power law to
remove the background signal generated by plural-scattering
events. After recalibration of energy positions and removal of
multiple scattering effects, EELS spectra were deconvoluted
by the plasma and the low loss spectra by Fourier-logmethod
to obtain the true single-scattering spectrum.

3. Results and Discussion

Figure 1(a) shows the SEM image of SiO
2
NWs synthesized

by annealing the Au thin layer at 1150∘C for 2 hours in
a N
2
ambiance. The SiO

2
NWs with diameter of about

200 nm are uniformly distributed over all the substrate.
However, we can obviously find out that all the SiO

2
NWs

are almost wrinkled and tangled together. After annealing
in a Ta reductive ambiance for 4 hours, the morphology is
still identical, as shown in Figure 1(b). The corresponding
TEM image is shown in Figure 1(c) where the selected area
diffraction (SAD) is identified and shown in the inset. This
SAD analysis unambiguously gives us an evidence of the
SiO
2
NWs surrounded by Ta

2
O
5
uniformly. Moreover, the

morphology of Ta
2
O
5
/SiO
2
core-shelled structures can be

alternated by tuning the morphology of SiO
2
NWs. For the
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Figure 2: (a) A TEM image of the Ta
2
O
5
/SiO
2
core-shelled structures formed by annealing the Si NWs in a Ta ambient for 8 hours. (b) The

corresponding HRTEM image taken from the rectangular area marked as 1 of (a). (c) The EELS spectra of oxygen K-edge ELNES recorded
from a and b positions of (a) and the as-synthesized SiO

2
NWs. (d), (e) Other EELS spectra of the Ta

2
O
5
shell.

present case, the SiO
2
NWs formed by annealing the Au thin

layer at high temperature in aN
2
ambiance are almost tangled

together so that the core-shelled structures mostly form
multijunctions with 9∼11 nm thickness of the Ta

2
O
5
shell

after annealing in a Ta reductive ambiance. Furthermore, the
Ta
2
O
5
nanotubes can be formed after dipping the sample into

the dilute HF solution. An example is shown in Figure 1(d)
and the magnified SEM image is also shown in the inset.

The EELS spectrum can give us the information of chem-
ical bonding and relative electron configuration. Figure 2(a)
reveals the Ta

2
O
5
/SiO
2
core-shelled structures formed by

annealing the SiO
2
NWs in a Ta ambiance for 8 hours

and the corresponding high resolution TEM image taken
from a rectangular area marked as 1 in Figure 2(a) is
shown in Figure 2(b). The interplanar distances of 0.3 and
0.34 nm, which are consistent with planes of (110) and (101),
are indexed. Figure 2(c) shows the three different EELS
spectra of oxygen K-edge energy loss near edge fine structure

(ELNES) recorded from a and b positions in Figure 2(a)
and the as-synthesized SiO

2
NWs. All of the raw data have

been calibrated in energy scale by the zero-loss peak and
deconvoluted by the low loss region to reduce the multiple-
scattering effect. Five peaks were denoted as a

1
, a
2
, b, c, and

d at the positions of 533.1, 537.2, 542.9, 553.6, and 565.3 eV,
respectively. The peaks, a

1
and a

2
, are derived from the O

2p orbit hybridized with Ta 5d orbit to separate into two
symmetry bands identified as the 𝑡

2𝑔
and 𝑒
𝑔
by ligand-field

splitting, for which the term “ligand-field splitting”means the
“bare” (ionic) crystal field splitting plus hybridization [28].
The Δd between a

1
and a

2
in present study can be found

to be 4.1 eV. The peak b is originated from the oxygen 2p
orbit hybridized with the transition metal 6s and 6p orbits,
respectively.The peaks c and d resulted from the scattering of
the third- and the first-coordinated oxygen with the outgoing
or backscattering electrons. Furthermore, the oxygen K-edge
ELNES of the core-shelled structures (Ta

2
O
5
/SiO
2
) taken



4 Journal of Nanomaterials

50nm

Grain growth

(a)

50nm

Grains coalescence

(b)

50nm

Poly-Ta2O5 NW formation

(c)

Figure 3: (a) The formation process of polycrystalline Ta
2
O
5
nanowire nucleation of Ta

2
O
5
crystals via the reduction of SiO

2
. (b) The grain

growth of Ta
2
O
5
. (c) The polycrystalline Ta

2
O
5
nanowire formed through the intersection of grains.

from the position b in Figure 2(a), as shown in the upper
part of Figure 2(c), is different from the results of position
a. In order to make a comparison, the as-synthesized oxygen
K-edge ELNES of SiO

2
NWs was acquired as shown in

the middle of the Figure 2(c). Obviously, it suggests that
the oxygen K-edge ELNES recorded from the position b
in Figure 2(c) is superimposed by that of SiO

2
and Ta

2
O
5
,

revealing that the inner is a SiO
2
nanowire surrounded by

a uniform coating of Ta
2
O
5
shell. Other EELS spectra of

the shell shown in Figures 2(d) and 2(e) provide electronic
structure of Ta

2
O
5
as well. The peaks located at around

2200 eV and 1800 eV correspond to the Ta 3p3/2 and Ta
3d3/2, respectively. The peaks of Ta 4s and Ta 5p orbits are
also exhibited in the spectrum. Besides, the Si K-edge signal
comes from the SiO

2
core.

The heat of formation for transition metal oxides such as
HfO
2
, TiO
2
, and Ta

2
O
5
is lower than that of SiO

2
[29], result-

ing in the reduction of SiO
2
at high annealing temperatures.

Oppositely, the reduction of SiO
2
is prohibited if the heat of

formation for transition metal oxides is higher than that of
SiO
2
.The formation of Ta

2
O
5
phase is accomplished by the Ta

vapor to react with SiO
2
and the oxidation-reduction reaction

is given by

4Ta + 5SiO
2
→ 2Ta

2
O
5
+ 5Si. (1)

According to the thermodynamic calculation, the equi-
librium phases of Ta-SiO

2
system are Ta

2
O
5
and Ta

2
Si in

the temperature range from 700 to 1300∘C [30]. In our case,
the Ta

2
Si phase was not formed inside the Ta

2
O
5
nanowires

examined by the XRD spectra and the TEM diffraction
pattern. This result might be attributed to the activation
energy for the nucleation of the Ta

2
Si phase [31] in the

reaction of Ta-Si system, for which Ta atoms are difficult
to react with Si atoms at the annealing temperature below
1100∘C. Therefore, in our process, the annealing temperature

of 950∘C would not be high enough for the nucleation of
Ta
2
Si.
The polycrystalline feature is suggested to be caused by

two probable mechanisms: the segregation of Si via the grain
boundaries of Ta

2
O
5
nanowires and the anisotropic reduction

along the SiO
2
nanowires. The dislocations, which may be

caused by the Si atoms in the substitutional or interstitial
sites of the sublattice of Ta

2
O
5
, can be found inside the

grain of Ta
2
O
5
. The sequential formation mechanisms of the

polycrystalline Ta
2
O
5
nanowires via reduction of SiO

2
nano-

wires in the Ta vapor ambient are illustrated in Figures 3(a)
to 3(c). The Ta

2
O
5
nanocrystals first nucleated via reduc-

ing amorphous outer layer of the SiO
2
nanowires by Ta atoms.

The Ta
2
O
5
grain growth is through growth of the smaller

grains to reduce the grain boundary energy during the
continuous shrinking process of the inner SiO

2
nanowires;

consequently, the polycrystalline Ta
2
O
5
outer shells and

Ta
2
O
5
/SiO
2
core-shelled structures were obtained. As the

shrinking process proceeded, the pearl-like string of the
polycrystalline Ta

2
O
5
nanowires is the final form of the

feature.
Figure 4(a) illustrates the TEM image of Ta

2
O
5
/SiO
2

core-shelled nanowire whose granular morphology of the
surface exhibits the sizes of the nanocrystals below 3 nm after
annealing for 30 minutes. Figures 4(b) and 4(d) reveal the
amorphous-like regions betweenTa

2
O
5
grains taken from the

magnified image of rectangular area in Figure 4(a), respec-
tively. Autocorrelation function (ACF) analysis was used to
study the amorphous-like region for realizing whether it
is a purely amorphous structure or not. Figures 4(c) and
4(e) illustrate the ACF analytical results, which make a
comparison of the square areas of numbers (1) to (25), respec-
tively. The ACF data in Figure 4(c) indicates that fine Ta

2
O
5

grains exist in the outer periphery areas of the nanowire
and the core region of the nanowire still retains amor-
phous structure. The lattice fringes shown in Figure 4(e) are
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Figure 4: (a) A TEM image of a 30-minute annealed Ta
2
O
5
/SiO
2
core-shelled nanowire. (b) and (d) indicate the magnified TEM image of

rectangle area of (a). (c) and (e) indicate the corresponding ACF analysis results of square area numbers (1)∼(25) of (b) and (d).

clearly observed in the ACF results, which reveal that the
crystal structure in this area should be purely amorphous or
very short-range order. The ACF results strongly suggest that
there are fine grains in the amorphous-like region and their
phases are identified to be Ta

2
O
5
by verifying the spacing and

angle of plane. The data also indicates that the nearby fine
grains tend to orientate in the same direction for reducing
the total free energy. The grain growth proceeds via an
agglomeration mechanism during the annealing process.

Figures 5(a) to 5(e) show TEM images of the SiO
2
/Ta
2
O
5

core-shelled nanowire formed by annealing the SiO
2

nanowire in the Ta ambient for 1, 2, 4, 8, and 16 hr,
respectively. The TEM images indicate that the thickness
of Ta

2
O
5
shell layer increases and the diameter of SiO

2

core decreases simultaneously with the annealing time. The
number of Ta

2
O
5
grains decreases while the size increases

during the annealing process. This phenomenon also indi-
cates occurrence of agglomeration process during the grain
growth. Figure 5(f) shows the relationship between the
thickness of Ta

2
O
5
shell layer and the annealing time at

950∘C. The thickness of Ta
2
O
5
shell layer increases since the

Ta atoms diffuse through the shell layer and then reduce
SiO
2
core layer. The growth rate of Ta

2
O
5
shell layer could

be dominated by either diffusion or reaction mechanism.
As shown in Figure 5(f), the growth rate of Ta

2
O
5
shell

layer decreases with the annealing time, suggesting that
the diffusion through the shell layer would dominate the
reduction process. Szekely andThemelis proposed a cylinder
[32] growthmodel, which considers the reaction of a cylinder
material B reduced by another material A to form products
as given by

𝐴 + 𝑏𝐵 → products (2)
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Figure 5: (a) to (e) TEM images of Ta
2
O
5
/SiO
2
core-shelled nanowire formed under different annealing time of 1, 2, 4, 8, and 16 hours,

respectively. (f) The annealing time as the function of the thickness of Ta
2
O
5
shell layer. (g) The annealing time as the function of 𝑋

𝐵
+ (1 −

𝑋

𝐵
) ln(1 − 𝑋

𝐵
), from (3), with the corresponding fitting line.

𝑡

𝜏

= 𝑋

𝐵
+ (1 − 𝑋

𝐵
) ln (1 − 𝑋

𝐵
) (3)

𝜏 =

𝜌

𝐵
𝑅

2

6𝑏𝐷

𝑒
𝐶Ag

(4)

𝑋

𝐵
= 1 − (

𝑟

𝑐

𝑅

)

2

,
(5)

where 𝑡 is the reaction time, 𝜏 is the complete reaction time,
𝑋

𝐵
is the mole fraction of 𝐵 cylinder, 𝜌

𝐵
is the molar density

of 𝐵 cylinder, 𝑅 is the cylinder radius, 𝑏 is the equilibrium
constant of reaction, 𝐷

𝑒
is the effective diffusion coefficient

of gaseous reactant in the ash layer, 𝐶Ag is the concentration
of A vapor at cylinder surface, and 𝑟

𝑐
is the radius of

unreacted core, respectively. By applying the growth model,
the diameters of SiO

2
nanowires are assumed to be 60 nm and

the Ta vapor pressure source is a constant.The corresponding
relationship between the value of𝑋

𝐵
+(1+𝑋

𝐵
) ln(1−𝑋

𝐵
) and

the annealing time by fitting our experimental data is shown
in Figure 5(g). The complete reaction time computed from
the fitting line is about 30 hours, which quite matches with
the 32 hours for annealing of our experiments.

So far, we can confirm that the growth of the Ta
2
O
5
/SiO
2

core-shelled nanowires is controlled by diffusion through

the ash layer. But the problem, whether Ta atoms or Si atoms
are the most effective diffusion species during the reduction
process, still needs to be answered. It suggested that the
diffusion velocity of Si atoms should be larger than that of
Ta atoms. The gradient of the Si concentration between the
shell layer and the core causes the higher driving force for
diffusion of the Si atoms out of the ash layer. Also, the atomic
radius of theTa (146 pm) is larger than that of the Si (117.6 pm);
furthermore, the difference of the electronegativity between
the Ta (1.5) and O (3.44) is higher than that of the Si (1.9)
and O (3.44). This suggests that the diffusion of the Ta atoms
through the Ta

2
O
5
shell layer should be more difficult than

that of the Si atoms. Consequently, the diffusion of the Ta
atoms should be the rate-determining step of the diffusion-
controlled growth.

4. Conclusions

Polycrystalline Ta
2
O
5
nanostructures including nanowires,

nanotubes, and SiO
2
/Ta
2
O
5
core-shelled nanowires were

successfully synthesized via annealing of the SiO
2
nanowires

at 950∘C in a reductive Ta vapor ambiance. The Ta
2
O
5
phase

was formed from SiO
2
template reduced by Ta and the for-

mation mechanism of Ta
2
O
5
nanostructures was discussed.
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The sequential investigations of the nucleation and grain
growth of the Ta

2
O
5
crystals were monitored by the HRTEM

during the formation of the SiO
2
/Ta
2
O
5
core-shell structures.

The diffusion-controlled growth is suggested to be the rate-
determining step for the diffusion of the Ta atoms through
the ash layer to react with the oxygen atoms and replace the Si
atoms.This novel synthesis methodmay provide the solution
to produce other functional metal oxides nanostructures for
the future applications.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The research was supported by the National Science Council
through Grant nos. NSC 101-2112-M-007-015-MY3, 101-2218-
E-007-009-MY3, 102-2633-M-007-002, and 101-2221-E-007-
090-MY3 and the National Tsing Hua University through
Grant no. 102N2022E1. Y. L. Chueh greatly appreciates the
use of facility at CNMM, National Tsing Hua University,
through Grant no. 102N2744E1. This work is dedicated to
the memory of Professor Li-Jen Chou at National Tsing
Hua University, who passed away on December 14, 2012,
before the completion of this work. Professor Chou has made
significant contributions to nanoscience and engineering and
will be missed and remembered as a caring mentor and an
outstanding scientist.

References

[1] Y. L. Chueh, L. J. Chou, C. M. Hsu, and S. C. Kung, “Synthesis
and characterization of taper- and rodlike Si nanowires on
SixGe1-x substrate,” Journal of Physical Chemistry B, vol. 109, no.
46, pp. 21831–21835, 2005.

[2] A. B. Greytak, C. J. Barrelet, Y. Li, and C. M. Lieber, “Semicon-
ductor nanowire laser and nanowire waveguide electro-optic
modulators,” Applied Physics Letters, vol. 87, no. 15, Article ID
151103, 2005.

[3] C. S. Lao, J. Liu, P. Gao et al., “ZnO nanobelt/nanowire
schottky diodes formed by dielectrophoresis alignment across
au electrodes,” Nano Letters, vol. 6, no. 2, pp. 263–266, 2006.

[4] Z. Zhong, D. Wang, Y. Cui, M. W. Bockrath, and C. H. Lieber,
“Nanowire crossbar arrays as address decoders for integrated
nanosystems,” Science, vol. 302, no. 5649, pp. 1377–1379, 2003.

[5] R. F. Service, “Nanodevices make fresh strides toward reality,”
Science, vol. 302, no. 5649, p. 1310, 2003.

[6] P. Yang and C. M. Lieber, “Nanostructured high-temperature
superconductors: creation of strong-pinning columnar defects
in nanorod/superconductor composites,” Journal of Materials
Research, vol. 12, no. 11, pp. 2981–2996, 1997.

[7] M. H. Huang, S. Mao, H. Feick et al., “Room-temperature
ultraviolet nanowire nanolasers,” Science, vol. 292, no. 5523, pp.
1897–1899, 2001.

[8] Z. R. Dai, J. L. Gole, J. D. Stout, and Z. L. Wang, “Tin oxide
nanowires, nanoribbons, and nanotubes,” Journal of Physical
Chemistry B, vol. 106, no. 6, pp. 1274–1279, 2002.

[9] X. S. Peng, Y. W. Wang, J. Zhang et al., “Large-scale synthesis
of In
2
O
3
nanowires,” Applied Physics A: Materials Science and

Processing, vol. 74, no. 3, pp. 437–439, 2002.
[10] Y. C. Choi, W. S. Kim, Y. S. Park et al., “Catalytic growth of 𝛽-

Ga
2
O
3
nanowires by arc discharge,”AdvancedMaterials, vol. 12,

pp. 746–750, 2000.
[11] Y. B. Li, Y. Bando, D. Goldberg, and K. Kurashima, “WO

3

nanorods/nanobelts synthesized via physical vapor deposition
process,” Chemical Physics Letters, vol. 367, no. 1-2, pp. 214–218,
2003.
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Co
3
O
4
nanoparticles were fabricated by a novel, facile, and environment-friendly carbon-assisted method using degreasing cotton.

Structural and morphological characterizations were performed using X-ray diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). The component of the sample obtained at different temperatures was
measured by Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS). Nitrogen adsorption
and desorption isotherms were utilized to reveal the specific surface areas. The formation mechanism of Co

3
O
4
nanoparticles

was also proposed, demonstrating that the additive degreasing cotton played an indispensable role in the process of synthesizing
the sample. The resultant Co

3
O
4
sample calcined at 600∘C exhibited superior electrochemical performance with better specific

capacitance and long-term cycling life, due to its high specific surface areas and pores structures. Additionally, it has been proved
that this facile synthetic strategy can be extended to produce other metal oxide materials (e.g., Fe

3
O
4
). As a consequence, the

carbon-assisted method using degreasing cotton accompanied a promising prospect for practical application.

1. Introduction

In recent years, supercapacitors have been intensively
explored owing to their large energy density, fast recharge
capability, and long-term cycling life. Hence, they are widely
used in many areas, such as backup power source, hybrid
electric vehicle, and digital communication devices [1–3]. As
the core component of supercapacitors, electrode materials
including carbon materials [4, 5], transition metal oxides
[6, 7], and conducting polymers [8, 9] have a crucial effect on
the performance of supercapacitors.The carbonmaterials are
relatively low-cost and stable, but they exhibit poor specific
capacitance, limiting their wide application. Similarly, the
short cycle life of conducting polymers hinders their practical
application. RuO

2
possess a higher specific capacitance than

conventional materials. Nevertheless, the high cost of Ru
restricts its commercial application. Therefore, it is essential

to find other newmaterials with better performance and low-
cost.

Co
3
O
4
has gained recognition as one of the most ideal

electrode material for supercapacitors due to its extremely
high theoretical specific capacitance of 3,560 F/g. In addition,
it is known to all that the crystallinity, morphology, specific
surface area, chemical compositions, and structural stability
of nanomaterials all have dramatic effects on the performance
of the supercapacitors [10–12]. In this regard, much effort
has been devoted to synthesizing Co

3
O
4
with well-controlled

dimensionality, sizes, and crystal structure. Ma et al. reported
a carbon-assisted carbothermal method to synthesis the
single-crystalline Co

3
O
4
octahedral cages with tunable sur-

face aperture. The prepared Co
3
O
4
exhibits a high specific

surface area and superior electrochemical performance due
to its unique architecture [13]. Du et al. used the carbon
spheres obtained through hydrothermal carbonization as
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the sacrificial template and successfully synthesized Co
3
O
4

hollow spheres by a one-pot calcinations method [14]. Addi-
tionally, it was proved that the carbon spheres soft-template
and the NH

3
released from hexamethylenetetramine played

key roles in the formation of these novel structures. Liu et al.
fabricated Co

3
O
4

nanowire@MnO
2

ultrathin nanosheet
core/shell arrays through a general 3D interfacial carbon-
assisted hydrothermal method. And the array synthesized
shows a high capacitance with good cycle performance and
remarkable rate capability [15]. Zhang et al. described the
synthesis of high purity octahedral Co

3
O
4
with the help of

carbon materials using one step microwave reaction [16]. On
the basis of the above reports, the carbon-assisted route was
deemed to one of the most practical techniques to fabricate
well-controlled Co

3
O
4
with high purity and outstanding

properties on account of its simple synthetic process and
affordable carbon materials. In particular, the carbon can
provide a weak reduction environment, which was beneficial
to promote nuclei oriented growth in the solid state reaction
[17–22]. The downside of the method mentioned in these
reports was, of course, that the carbon materials had to be
synthesized through a series of routes before the preparation
of Co

3
O
4
. What was worse, the byproducts (e.g., NH

3
)

produced may be unfriendly to the environment.
Herein, we report on the preparation of Co

3
O
4
nanopar-

ticles through a novel, facile, and environment-friendly
carbon-assisted method using degreasing cotton. To the best
of our knowledge, this is the first time that the degreasing
cotton was used as the carbon material to prepare Co

3
O
4
.

In our work, the Co
3
O
4
nanospheres were successfully

synthesized and the formation mechanism of Co
3
O
4
was

proposed. Their electrochemical capacitance behavior with
high capacitance and durable cycle life in 6M KOH solution
was also discussed. Encouragingly, superparamagnetic Fe

3
O
4

was also successfully fabricated via the same method as
reported in our previous paper [23].

2. Materials and Methods

2.1. Synthesis. All chemicals were of analytical grade and
used as received without further purification. In a typical
experimental process, 17.46 g Co(NO

3
)
2
⋅6H
2
O was dissolved

in a 20mL deionized water under agitated stirring for 10min
to get a pink solution.Then, 1.5 g degreasing cottonwhichwas
cut into pieces was immersed into the pink solution and kept
in an ultrasonic bath for 10min. Subsequently, the degreasing
cotton was collected and transferred into a quartz petri dish.
The whole reaction system was performed at 200, 400, and
600∘C, respectively, for 2 h in air in the tube furnace (OTF-
1200X-III, Hefei, China) with a heating rate of 10∘Cmin−1.
Accordingly, the obtained samples with degreasing cotton
were denoted as Co-200, Co-400, and Co-600, respectively.

2.2. Characterization. The crystal structure of the sample
was studied by X-ray diffraction (XRD, a Bruker D8, 𝜆 =
1.5406 Å) in the 2𝜃 of 10–80∘ with scan rate of 10∘/min
and CuK𝛼 radiation, 40KV. Scanning electron microscopy
(SEM) images were performed on a HitachiS-4800 scanning

electron microscope. The particle shapes and sizes were
characterized by TEM measurements (JEOL JEM-1200EX)
with an accelerating voltage of 120KV. Specific surface areas
and pore size distributions were computed from the results
of N
2
physisorption at 77K (Micromeritics ASAP 2020) by

using the BET (Brunauer-Emmett-Teller) and BJH (Barrett-
Joyner-Halenda). Fourier transform infrared (FT-IR) spectra
of samples were recorded from KBr pellets in the range of
500–4000 cm−1 on an Avatar 360 spectrometer.

2.3. Electrochemical Performance Measurements. All electro-
chemical measurements were performed by an electrochem-
ical workstation (CHI660E, Shanghai, China) in a three-
electrode cell system with Pt foil as the counter electrode and
a standard calomel electrode (SCE) as the reference electrode
at room temperature. The working electrode was prepared
by mixing of the prepared Co

3
O
4
, acetylene black as the

conducting agent, and polyvinylidene fluoride (PVDF)with a
ratio of 8 : 1.5 : 0.5 in a few drops of N-Methyl-2-pyrrolidone.
Subsequently, the mixture was pressed onto a treated nickel
foam (10mm × 5mm × 1mm, 110PPI, 300 g ± 20/m2, Taiyuan
Yingze Lzy Battery Sales Department, China) which served
as a current collector under a pressure of 10MPa and dried
at 80∘C for 12 h. The 0.5 cm2 electrode contains 11mg pure
Co
3
O
4
nanoparticles and the thickness of the electrode is

estimated 0.237mm by the Digital Indicators (Guilin Guan-
glu Measuring Instrument Co., Ltd., China). The electrolyte
used was 6M KOH solution. Cyclic voltammograms (CV)
were conductedwithin the potential range from−0.1 to 0.50V
at various scan rates. The constant current charge-discharge
measurement was carried out at a current density of 3 Ag−1
within a potential window from 0 to 0.50V. The impedance
spectra were estimated by applying an AC voltage of 5mV
amplitude in the frequency range from 0.01Hz to 100 kHz.

3. Results and Discussion

3.1. The Structures and Morphologies of Samples. The phase
identity of the samples calcined at different temperatures
(200∼600∘C) was determined by X-ray diffraction. As shown
in Figure 1, all the calcined products were in good agreement
with the standard spinel cubic Co

3
O
4
spectrum [PDF No.

42-1467]. Sample Co-200 should be a mixture of CoCO
3

and Co
3
O
4
, reflected by characteristic peaks of CoCO

3

[PDF No. 78-209] at 24.5, 42.4, and 54.0∘, respectively.
Besides, sample Co-600 showed strong and sharp shapes of
peaks, and no impurity peaks were observed, manifesting
the successful preparation of Co

3
O
4
. Furthermore, the peak

intensity increased and peak width decreased with increasing
calcination temperature, suggesting that higher temperature
had a good favor to the crystallization of Co

3
O
4
. According

to Scherrer’s formula,𝐷 = 0.89𝜆/(𝐵cos𝜃) (𝐷, average dimen-
sion of crystallites; 𝜆, the X-ray wavelength; 𝜃, the Bragg
Angle; 𝐵, the pure diffraction broadening of a peak at half-
height) the crystalline size of Co-200, Co-400, and Co-600,
calculated from the strongest peak located at (311) plan were
estimated to be 24.22, 29.77, and 51.64 nm, respectively. The
increase of crystal size can be explained by the ripening
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Figure 1: XRD patterns of different samples obtained at 200∼600∘C.

and agglomeration of the small crystallite during calcination
procedure at high temperature [24]. In conclusion, the results
implied that the calcination temperature had a significant
effect on the Co

3
O
4
.

To better understand the possible phase evolution, the
FT-IR spectrum is depicted to reveal the composition of
the product calcined at different temperatures. In Figure 2,
the strong peaks at 3425 and 1642 cm−1 are attributed to
the molecular water and hydrogen-bond O–H groups [25].
The bands around 836 and 1317 cm−1 are associated with
the characteristic peaks of CO

3

2− anions and the stretching
vibrations of band in C–O, respectively. The first band at
570 cm−1 is associatedwith theOB3 (where B represents Co3+
in an octahedral hole) vibration in the spinel lattice, while the
second band at 658 cm−1 is attributed to the ABO3 vibration
(where A denotes the Co2+ in a tetrahedral hole), confirming
the existence of Co

3
O
4
[26, 27].The band at 1385 cm−1 which

becomes weak with the increasing temperature suggests that
NO
3

− anions exist as free anions with high 𝐷3ℎ symmetry,
and thus few of the NO

3

− anions are coordinated to Co2+ in
the solid phase [28, 29]. This may be the reason why there
is no spectrum detection of Co(NO

3
)
2
in XRD spectrum,

in Figure 1. The FTIR spectrum provides further evidence of
the phase structure changes, which correspond with the XRD
results.

Figure 3 shows the XPS measurement of sample Co-600,
which is carried out for further investigation of the chemical
composition. Figure 3(a) shows the regional Co 2p spectra of
Co-600. Two strong peaks of Co 2p

3/2
and Co 2p

1/2
center at

780.4 and 795.6 eV, respectively.The positions of the peaks are
similar to the results reported elsewhere [30, 31]. The energy
difference between the peak of Co 2p

3/2
-Co 2p

1/2
splitting is

about 15 eV, suggesting the presence of Co2+ and Co3+ species
in the sample. O 1s peak at 531 eV is found in Figure 3(b),
which should be attributed to the lattice oxygen of Co

3
O
4
.

The major peak of C 1s is observed in Figure 3(c), which can
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Figure 2: IR spectra of different samples obtained at 200∼600∘C.

be assigned to the product calcined of degreasing cotton.The
full survey scan spectrum is provided in Figure 3(d). All the
above characteristics suggest that the sample Co-600 is pure
Co
3
O
4
.

To observe the morphology and microstructure of the
product calcined at different temperatures (200∼600∘C),
SEM and TEM are employed in Figure 4. Figures 4(a) and
4(b) clearly imply that the sample calcined at 200∘C is a mix-
ture of sphere-like products in large size and nanoparticles
with irregular shape. From Figure 4(c), it was apparent that
the nanoparticles are in the period of nucleation, and the
particles are seriously aggregated. Meanwhile, in Figure 4(d),
the particles are sphere-like structures with an average size
of 30 nm, which is very close to the particle size calculated
by the Scherrer’s formula according to the XRD pattern
(Figure 1). In addition, disordered hole-like arrangement
of pores is clearly seen from Figure 4(d), suggesting the
formation of porous structure, which may be formed due to
the agglomerated nanoparticles [14]. Surprisingly, it can be
clearly seen from the panoramic view (Figures 4(e) and 4(f))
that the sample contains uniform and weak agglomerated
Co
3
O
4
nanospheres with 50 nm in diameter after calcinations

at 600∘C. The reason will be discussed below. Moreover,
disordered hole-like arrangement of pores also can be seen
in Figure 4(e).

Brunauer-Emmett-Teller (BET) surface areas and Bar-
rett-Joyner-Halenda (BJH) pore size distributions of the
as prepared Co-600 are shown in Figure 5. The isotherms
exhibit the typical type of IV, according to the IUPAC classifi-
cation.There is a sharp increase in the uptake of N

2
at higher

relative pressure (𝑝/𝑝
0
> 0.9), suggesting the existence of

macropores resulted from the interparticle space in the
samples [32], which facilitates the electrolyte/ion accessibility
to nanoparticles. Additionally, an obvious macropore region
is observedwhich is due to the higher fraction ofmacropores.
According to the corresponding BJH pore size distribution
curve, the pore size distribution has a relatively intense
peak of 10 nm and a wide distribution centered at 60 nm
(>50 nm), showing a bimodal nature and hierarchical poros-
ity composed ofmesopores andmacropores.TheBET surface
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Figure 3: XPS spectra of the Co-600:(a) Co 2p spectra of Co-600, (b) O 1s spectra of Co-600, (c) C 1s spectra of Co-600, and (d) full survey
scan spectrum of Co-600.

areas were calculated to be 17.64m2/g and the average pore
size is 23.67 nm. Supposing that the Co

3
O
4
nanoparticles

are almost spherical (as confirmed by SEM and TEM), the
surface area can be calculated as the equation 𝐷BET =
6000/(𝜌 ∗ SBET) [26], where 𝐷BET represents the diameter
of a spherical particle (nm) and 𝜌 and SBET represent the
theoretical density of Co

3
O
4
(6.05 g/cm3) and the specific

surface area of Co
3
O
4
(m2/g), respectively. The results show

that the particle size is 56.22 nm, which is very close to the
XRD andTEMvalues. Generally, the carbon-assistedmethod
using degreasing cotton provides a facile and environmental
route for the preparation of the sample with both high BET
surface area and high crystallization.

3.2. Formation Mechanism. Based on the analysis above, the
formation and changing procedure of Co

3
O
4
nanoparticles

can be described as shown in Figure 6. It is revealed that the
synthetic process includes two steps, the precursors gradually
transform from Co(NO

3
)
2
to CoCO

3
and finally to pure

Co
3
O
4
, as the calcination temperature increased. Meanwhile,

the CoCO
3
underwent both the phase and shape changed

during calcinations. The morphology of sample changed
from irregular shape to sphere-like to sphere and the similar
results is observed in Wang et al.’s work [13]. Particularly
noteworthy is that the degreasing cotton is indispensable in
the successful formation of Co

3
O
4
. On the one hand, the

carbon resulted from the thermal treatment of degreasing
cotton plays an important role in the synthesis of Co

3
O
4

nanospheres, because Wang et al. [13] and Wang [33] had
proved that the recrystallization took place between Co

3
O
4

and carbon during carbothermal reaction, this also may be
the reason of the phenomenon observed in Figure 4. On the
other hand, CO

2
has a crucial effect on the nucleation of

CoCO
3
. Furthermore, additive degreasing cotton is decom-

posed completely and released, leading to the formation of
porous structure of Co

3
O
4
[34]. Corresponding reactions are

shown as follows:

(C
6
H
10
O
5
)

𝑛
+ 6𝑛O

2
→ 6𝑛CO

2
+ 5𝑛H

2
O (1)
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Figure 4: SEM and TEM images of samples obtained at different temperatures. (a) and (b) 200∘C, (c) and (d) 400∘C, and (e) and (f) 600∘C.
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CO
2
+H
2
O → CO

3

2−
+ 2H+ (2)

Co2+ + CO
3

2−
→ CoCO

3
(3)

3CoCO
3
+

1

2

O
2
→ Co

3
O
4
+ 3CO

2
(4)

However, considering the limitations in length, the more
detailed information on the formation mechanism of Co

3
O
4

will be discussed in our next stage of researches.

3.3. Electrochemical Performances. Figure 7(a) illustrates the
potential versus time for theCo

3
O
4
obtained by the annealing

temperature of 200, 400, and 600∘C at the scan rate of
10mV/s. All curves exhibit apparent pseudocapacitance fea-
tures with similar line-type, demonstrating the capacitance
that mainly derives from the rapid reversible redox of active
materials (Co

3
O
4
) within the potential range from −0.1 V

to 0.5 V [35]. Additionally, compared with Co-200 and Co-
400, Co-600 has the largest areas and the highest polarization
voltage, suggesting that the Co-600 has the best specific
capacitance (𝐶) and the fastest diffusion of electrolytic ions
for the electrochemical oxidation. Such behavior is probably
due to the high crystallinity of Co-600 and interconnected
macropores in Co-600 mentioned above. The two redox
couples 𝑃

1
/𝑃

4
and 𝑃

2
/𝑃

3
stand for the following reactions

[36]:

Co
3
O
4
+OH− +H

2
O←→ 3CoOOH + e− (5)

CoOOH +OH− ←→ CoO
2
+H
2
O + e− (6)
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Figure 7: (a) Cyclic voltammograms (CV) behavior of samples obtained at different temperatures and (b) cyclic voltammograms (CV)
behavior of Co-600 in 6M KOH electrolyte at various scan rates.

The specific capacitance (𝐶) of the Co-600 can be calcu-
lated according to the following equation:

𝐶 =

1

𝑚V (𝑉
𝑎
− 𝑉

𝑐
)

∫

𝑉
𝑐

𝑉
𝑎

𝐼 (𝑉) 𝑑𝑉, (7)

where 𝐶 is the specific capacitance (F/g), 𝑚 is the mass
of Co

3
O
4
(g), V represents the scan rate (V/s), and 𝐼(𝑉) is

a current response in accordance with the sweep voltage.
𝑉

𝑎
denotes the potential (V) when the electrode starts

to discharge, and 𝑉
𝑐
denotes the potential (V) when the

electrode ends up discharging. (𝑉
𝑎
−𝑉

𝑐
) denotes the potential

range of CV (V).
In Figure 7(b), based on (7), the specific capacitance

of Co-600 is evaluated as 468.18, 326.51, 264.58, 220.26,
198.86, and 171.13 F/g at scan rates of 10, 20, 40, 60, 80,
and 100mV/s, respectively. Such behavior is primarily due
to the diffusion of OH− which becomes slower with the
increase of scan rate, and the ions cannot reach the inter
surface of Co

3
O
4
[37, 38].The capacitance of the synthesized

Co
3
O
4
is relatively high compared with the results reported

of different morphologies of Co
3
O
4
[10, 12, 27]. Moreover,

with an increase in scan rate, the cathodic and anodic peaks

shift to lower and higher potentials, respectively, and the
CV curve characteristic shape has not changed significantly,
demonstrating that the Co

3
O
4
has an outstanding capability

and the electrolyte ions have a fast diffusion [39]. We also
calculate the electrochemical utilization from 𝑧 = 𝐶 × Δ𝑉 ×
𝑀/𝐹 [27], where 𝐶 is the test specific capacitance (F/g), Δ𝑉
is the potential range (0.6V in this study),𝑀 is themolecular
weight of Co

3
O
4
(240.8 g/mol), and 𝐹 is the Faradic constant

(96,486C/mol). The value of 𝑧 is 1 if all of the electroactive
sites are involved in the Faradic reactions.The 𝑧 value is 0.701
at a scan rate of 10mV/s, confirming that the sample prepared
shows a high ratio contribution of the electroactive sites.

To acquire more information concerning the capability,
electrochemical impedance spectroscopy is employed to
show the Nyquist plots for the Co

3
O
4
electrode using a

sinusoidal signal of 5mV over the frequency range of 0.01Hz
to 105Hz. The Nyquist plots are given in Figure 8. As is
known, the internal resistance of Co

3
O
4
electrode in an

open circuit can be judged from the point of intersection
of the high frequency part at the real axis of the plots [40].
The internal resistance is less than 1.3Ω, which includes
the following terms: the ionic resistance of electrolyte, the
intrinsic resistance of the active material, and the contact
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Figure 8: Impedance plot of Co-600 electrode.
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Figure 9: (a) Charge-discharge curves and (b) cycle life and capacity retention of the Co-600 at the current density of 3 A/g in 6M KOH.

resistance at the electrode/current collector interface [41].
Besides, in the up-right corner of Figure 8, a depressed
semicircle can be discovered clearly in the high-to-medium
frequency region, which is related to Faradic reactions and its
diameter represents the interfacial charge transfer resistance
at the electrode/electrolyte interface [42], and the value
of the charge transfer resistance of the electrode is only
∼0.15Ω. Normally, in the low frequency range, the straight
sloping line represents the electrolyte diffusion process and
the diffusion of OH− ion in host materials, and a higher slope
of the impedance represents a lower diffusive resistance in
the electrode by the shortened diffusion path of OH− ion
[43, 44]. The impedance plot observed in Figure 8 shows a
sloppy line of diffusion process in a solid electrode, indicating
an excellent capacitive behavior of Co-600 material. All

these findings mentioned above demonstrate that the Co
3
O
4

prepared have a good frequency response and a fast ionic
motion with low diffusive resistance in solid electrode for
electrochemical capacitor.

Cyclability of the Co
3
O
4
materials as electrodes in

electrolyte is one of the important qualities for practical
applications. As shown in Figure 9, the Co-600 prepared is
charged-discharged at the current density of 3 A/g for 1000
cycles. Figure 9(a) depicts a chronopotentiogram including
the initial 11 cycles of the Co

3
O
4
electrode in 6M KOH

solution at 3 A/g, from which it can be seen that the charge-
discharge process of the electrode is reversible and the charge-
discharge curve is asymmetric.The specific capacitance of the
electrode can be calculated by using 𝐶 = 𝐼𝑡/Δ𝑉𝑚, in which
𝐼 is the discharge current, 𝑡 is the discharge time, Δ𝑉 is the
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potential range during discharge, and𝑚 is the mass of active
material in the electrode. According to the equation above,
the specific capacitance variation of Co

3
O
4
samples and the

capacitance retention are shown in Figure 9(b). During the
first 300 cycles, the specific capacitance increased from 213.33
to 222.93 F/g, which is due to the activation process of the
Co
3
O
4
electroactive material [12]. Thereafter, the specific

capacitance of the Co
3
O
4
declines with the increasing cycle

number. With cycle up to 1000 times, the supercapacitor still
remains 95.2%, suggesting that the Co

3
O
4
prepared has an

excellent stability for practical application.

4. Conclusions

In summary, Co
3
O
4
nanoparticles were successfully prepared

by a novel, facile, and environmental carbon-assistedmethod
using degreasing cotton and were furthermore applied as
electrodes of supercapacitor. It also confirmed that the
additive degreasing cotton played an indispensable role in
synthesizing Co

3
O
4
with high specific areas. Importantly,

the carbon-assisted method using degreasing cotton can be
easily extended to prepare other systems concerning metal
oxide, such as Fe

3
O
4
. Electrochemical results indicated that

the as-prepared Co
3
O
4
can deliver a specific capacitance of

468.18 F/g at a scan rate of 10mV/s, and the charge transfer
resistance of the electrode was only ∼0.15Ω. Particularly,
there was only 4.8% decay of the specific capacitance at a cur-
rent density of 3 A/g upon 1000 cycles. These results showed
that the Co

3
O
4
we prepared had a promising potential for

practical application.
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Crystalline siliconPERCswith dot or line openings on rear surfacewere studied here. Bymeasuring theminor carrier lifetimes of the
PERCs with dot and line openings, passivation effects of rear surface with dot and line openings were discussed. The performance
affected by dot and line openings was analyzed in detail by testing the open-circuit voltages, short-circuit current densities, fill
factors, and conversion efficiencies of the PERCs.The results show that the wider space resulted in better minor carrier lifetimes on
the rear surface. And the cells with a line opening space of 0.5mm had an average of 0.22% improvement of conversion efficiency,
compared with the cells with full-area Al-BSF. On the other hand, the dot opening PERCs exhibited only a conversion efficiency of
17.4%, although there had been good rear surface reflectivity.The bad Al-Si alloy layer and large hollow densities in dot Al-contacts
resulted in bad performance of the PERCs with dot openings.

1. Introduction

In industrial solar cell manufacturing processes, crystalline
silicon solar cells (c-Si-SC) typically apply a full-area alu-
minum back surface field (Al-BSF) at the rear surface,
which is screen-printed and sintered at temperatures of
700–900 Celsius degree [1–4]. The Al-BSF provides a good
ohmic contact. However, the rear surface passivation is only
moderate on p-type silicon substrates. And, with a full-area
Al-BSF, the effective rear surface recombination velocities are
typically large, ranging from 200 to 600 cm/s. Theoretical
analysis has indicated that back light absorption and rear
surface recombination losses are totally around 4% in this
kind of c-Si-SC [5]. In order to improve the rear surface
internal reflectivity and passivation, local Al-contacts with
dielectric layer passivated rear surface, that is, passivated
emitter and rear cell (PERC) architecture, are performed [6–
9]. After PClO

3
diffusion, a dielectric layer is passivated on

the rear surface or both sides.Then, local windows are opened
by laser or chemical etching techniques on the dielectric

layer of rear surface, usually dot or line openings. And the
local Al-contacts are formed by Al screen printing techniques
on the rear opened windows. The opened Al-contact sizes
and the openings’ spaces on dielectric layer have significant
impact on the contact formation and the effective rear
surface recombination.The reported results have shown that,
regardless of dot or line openings, the conversion efficiencies
of PERCs are improved up to 2% [10, 11]. Many researches
about these had been done in laboratory, but few had been
done in solar cell manufacturers.

In this work, crystalline silicon PERCs with dot and line
openings of local Al-contacts were fabricated in a commercial
production line. The local Al-contracts were formed on the
dot or line openings of the rear surface of PERCs.The dot and
line openings had the same sizes and different dot-dot or line-
line spaces. By studying the minor carrier lifetimes of their
local Al-contact rear surface, the open-circuit voltages (Voc),
the short-circuit current densities (Jsc), the fill factors, and
conversion efficiencies of the PERCs,wider space can result in
better minor carrier lifetimes of rear surface, and the PERCs
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Figure 1: The schematic diagram of experimental wafers.

with line openings had better performance than the c-Si-SC
with full-area Al-BSF and the PERCs with dot openings. Our
experimental results showed that the line opening PERCs
with a space of 0.5mmhad an average of 0.22% improvement
of conversion efficiency. On the other hand, because of bad
Al-Si alloy layer and hollows existing in the dot Al-contacts,
the dot opening PERCs had a bad performance, comparing
with the solar cells with full-area Al-BSF and line openings.

2. Experimental Process

All wafers used here were p-type crystalline silicon wafers
with a thickness of 200𝜇m and bulk resistivity of 2.0Ω⋅cm
around.Thewafer size was 125mm× 125mm, and their entire
bulk minor carrier lifetimes were in ranges of 120 to 180 𝜇s,
measured by microwave photoconductivity decay method.
After normal cell processes, including washing, texture, and
POCl

3
diffusion, front and rear SiNx layers were deposited

by PECVD. Then, the wafers were used to open windows
on the rear surface by chemical etching technique. In our
experiments, the dot opening diameter and line opening
width were fixed at 100 𝜇m, and only dot-dot and line-line
spaces were changed. After opening, by Al screen printing
and rapid thermal process, PERCs with different openings
were fabricated out.

3. Results and Discussion

In order to study the PERCs with dot and line openings in
commercial processes, eachwaferwas divided into nine areas.
To the wafer with dot openings, the Number 2 to Number 8
areas were dot opening PERCs with different opening spaces.
For comparison, the Number 1 area was full size Al-BSF
c-Si-SC structure and the Number 9 area was not etched
for Al-contact. Similarly, the same layouts were distributed
for line opening wafer. Their schematic diagram was shown
in Figure 1 and their space values were listed in Table 1. In
our experiments, the dot opening space was changed from
0.14mm to 0.51mm, and the line opening space was from
0.25mm to 3.33mm.

Figure 2 showed two typical minor carrier lifetime maps
of PERCs’ rear surfaces ((a) line opening PERC and (b) dot
opening PERC). Seen fromFigure 2(a) (line opening PERCs),
the minor carrier lifetimes of the full Al-BSF rear surface

Table 1: Line and dot opening spaces of each area on SC wafers.

Number Line opening space (mm) Dot opening space (mm)
1 Full Al-BSF Full Al-BSF
2 0.25 0.14
3 0.33 0.16
4 0.5 0.2
5 1.0 0.28
6 1.43 0.33
7 2.0 0.4
8 3.33 0.51
9 No etching No etching

(Number 1 area) were comparable with the line opening
PERCs of the Number 5 to Number 8. And the minor carrier
lifetimes of the PERCs’ rear surface with narrow line-line
spaces (Number 2 area with 0.25mm; Number 3 area with
0.33mm; Number 4 area with 0.5mm) were much shorter
than the others with full-area Al-BSF and wide line-line
spaces (Number 5 to Number 8 areas). At the same time,
seen from Figure 2(b), the minor carrier lifetimes of dot
opening PERCs had similar results. Obviously, wider dot-dot
and line-line spaces had longer minor carrier lifetime, which
indicated that wider spaces of local Al-contacts resulted in
better passivation effects.

Figure 3(a) showed the measured minor carrier lifetimes
of nine pieces of dot opening wafers and ten pieces of line
opening wafers. At the same time, the mean values of minor
carrier lifetimes were also shown in Figure 3(b) according
to their area number on the wafers. As mentioned above,
since the PERCs with narrow space had much shorter minor
carrier lifetime than the c-Si-SC with full-area Al-BSF, their
measured lifetimes were not shown in Figure 3. Firstly, seen
from Figure 3, line opening PERCs had better minor carrier
lifetimes and passivation than the dot openings. Secondly,
the PERCs with narrower space had a short minor carrier
lifetime and worse passivation. On the other hand, seen from
the average minor carrier lifetimes of dot and line opening
PERCs as a function of space (as shown in Figure 3(b)), the
lifetime was almost increased monotonously. In particular,
theNumber 4 area of line opening PERCs had aminor carrier
lifetime of 29.5 𝜇s, which was between the Number 7 and
Number 8 dot opening PERCs (27 and 32.1 𝜇s, resp.). And as
we knew above, theNumber 4 area of the line opening PERCs
had a similar space with the Number 7 andNumber 8 areas of
the dot opening PERCs. Therefore, from the above analyzed
results, it was indicated that the dot-dot and line-line spaces
had very important effect on the rear surface passivation of
PERCs. Larger space had better passivation effect.

In order to exhibit the results of PERCs with different
openings, the testing results of c-Si-SC with full-area Al-
BSF (the 1st area in Figure 1), the PERCs with line openings
of 0.5mm space (the 4th area), and the dot openings of
0.51mm space (the 8th area) were used to compare. Figure 4
showed their statistical average results of Voc, Jsc, fill factors,
and conversion efficiencies (10 pieces per group). Seen from
Figure 4, the performance of the PERCs with line openings
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Figure 2: 2D maps of minor carrier lifetimes of PERCs with line (a) and dot (b) openings.
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Figure 3: (a) Statistical minor carrier lifetimes of cells with different openings; (b) statistical mean minor carrier lifetimes as a function of
neighbored local-contact space.

showed better Voc, Jsc and conversion efficiency. In partic-
ular, the average conversion efficiency of PERCs with line
openings had a 0.22% up, comparing with the cells with full-
area Al-BSF. While the PERCs with dot openings have bad
performance, their average conversion efficiency had only
17.4% and 0.8% loss to the cells with the full-area Al-BSF.
Therefore, although the measured total reflectivity and rear
surface reflectivity of PERCs’ rear surface were much better

than the cells with full-area Al-BSF (as shown in Figure 5),
the PERCs with dot openings exhibited still bad.

Figure 6 showed the cross sections of local Al-contacts
of above PERCs with line and dot openings. Seen from the
SEM pictures, the local contact with line openings had a very
distinct and thick Al-Si alloy layer (Figure 6(a)), while the
local contact with dot openings had only a very unclear and
thin Al-Si layer. Seen from Figure 6, the average thickness of
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Figure 5: (a) Total reflectivities of cells with full Al-BSF and PERCs with dot and line openings; (b) rear surface reflectivities of cells with full
Al-BSF and PERCs with dot and line openings.

the local contact with line openings was 3.9 𝜇m, while the
local contact with dot openings is around 0.8 𝜇m.Theunclear
and thin Al-Si layer in the local contact of PERC resulted in
worse Ohm contacts than the cells with line openings and
full Al-BSF. On the other hand, both in the PERCs with line
and dot openings, Kirkendall hollows were observed very
often [12]. By checking large amount of cross section SEM
pictures, there were almost the same hollow densities existing
in the wafers of the PERCs with line and dot openings.
Considered with the total Al-Si alloy surface, the PERCs
with line openings had also better Ohm contact than the dot
openings.Therefore, the bad Al-Si alloy layer on the local Al-
contacts and large hollow densities in the dot openings might
be the important factors resulting in the bad performance of

the PERCswith dot openings in our testing industrial product
line.

4. Conclusions

Crystalline silicon PERCs with local Al-contact rear surface
were studied here. The local Al-contracts were formed on
the dot or line openings of the rear surface by chemical
etching technique. The minor carrier lifetimes of the local
Al-contact rear surface with different dot-dot or line-line
space were measured by microwave photoconductivity decay
technique, and the open-circuit voltages short-circuit current
densities, fill factors, and conversion efficiencies of the PERCs
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Figure 6: Cross section SEM pictures of PERCs with line (a) and dot (b) openings.

were measured by online solar cell module testing setup. The
experimental results suggested that the wider space resulted
in better minor carrier lifetimes of rear surface. And The
PERCs with a line opening space of 0.5mm had an average
of 0.22% improvement of conversion efficiency, compared
with the solar cells with full-area Al-BSF and dot openings.
On the other hand, the dot opening PERCs exhibited only a
conversion efficiency of 17.4%, although there had been good
rear surface reflectivity. The bad Al-Si alloy layer and a lot of
hollows existing in dotAl-contacts resulted in comprehensive
bad performance of PERCs with dot openings.
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Vanadium pentoxide (V
2
O
5
) was inserted between the donor layer and the anode as a hole-extracting nanolayer. Compared with

devices without a hole-extracting layer, short-circuit current density (𝐽SC), open-circuit voltage (𝑉OC), fill factor (FF), and power
conversion efficiency (PCE) of rubrene/C

70
-based heterojunction solar cells with 3 nmV

2
O
5
nanolayer are enhanced by 99%, 73%,

20%, and 310%, respectively. We found that V
2
O
5
interlayer can effectively suppress the contact resistance and increase the hole

transport capability.The dependence of the device performance on V
2
O
5
layer thickness as well as fill factor on exciton dissociation

and charge transport was also investigated in detail.

1. Introduction

Solar cells are presently considered as an important source
of renewable and green energy to solve the energy crisis.
Due to potential applications of compatibility with flexible
substrates, low-manufacturing cost, and large-area fabrica-
tion [1–3], organic solar cells (OSCs) have received much
attention as one kind of the most promising devices in
energy harvesting area. Since the first discovery of donor-
acceptor heterojunction cell by Tang [4], the performance of
OSCs has greatly improved by the use of new materials [5],
nanostructuring [6], and the modification of interfaces [7, 8].

Improvements in the performance of OSCs are com-
monly achieved by inserting a hole-extracting layer between
the indium tin oxide (ITO) transparent conducting electrode
and the organic donor materials. The hole-extracting layer
improves the efficiency of hole transport from the active layer
into the ITO anode as its higher work function lowers the
energy barrier at the interface of ITO/organic donor layer [9].
Poly(3, 4-ethylenedioxythiophene) : poly(styrenesulfonate)
(PEDOT : PSS) is one of the most commonly used hole-
extracting layers in OSCs. However, PEDOT : PSS is burde-
ned with electrical inhomogeneity which limits electron
blocking capability as well as acidic nature which limits

the stability and the lifetime of the device [10, 11]. This has
driven the vigorous development of better hole-extracting
layers. Recent literatures have extensively focused on
transition metal oxides (TMO) because of their favorable
electronic properties, low optical absorption in the visible
spectrum, and high level of technological compatibility in
organic electronics [12]. For example, molybdenum trioxide
(MoO

3
) [13], vanadium pentoxide (V

2
O
5
) [14], and tungsten

trioxide (WO
3
) [15] have been shown to be promising

alternatives to PEDOT : PSS.
In our previous study, we had investigated the rubrene/

C
70
-based OSCs, which provided an open-circuit voltage

(𝑉OC) almost twice as high as that of devices based on
CuPc/C

60
[16, 17]. In this paper, we first demonstrate an

improvement in rubrene/C
70
-based OSCs efficiency by

inserting a transparent metal oxide V
2
O
5
thin film as the

hole-extracting layer. The effects of the morphology and
the thickness of the V

2
O
5
interlayer on the performance of

OSC were investigated. The efficiency is improved in OSC
with optimized thickness of V

2
O
5
interlayer, which is higher

than that with bare ITO by about 3 times. The mechanism
is discussed from perspectives of change in resistance, the
film transparency, and the charge transport behavior. Our
findings contribute to our understanding of hole-extracting
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Figure 1: (a) Device structure of rubrene/C
70
-based OSCs and (b) diagram of the energy level in OSCs.

behavior in OSCs and may be helpful in fabricating an
efficient conversion contact layer in tandem OSCs [18, 19].

2. Materials and Methods

Cells were fabricated on commercially available ITO thin film
coated glass substrates (180 nm ITO thickness with a sheet
resistance less than 10Ω/◻). After successive ultrasonic clean-
ing processes in acetone, ethanol, and deionized water for 15
minutes each, the ITO glass was then dried by high-purity
nitrogen flow before deposition.The organic andmetal oxide
layerswere grownby vacuumdeposition in a vacuum thermal
evaporation system with a base pressure of 6 × 10−6mbar.
The organic materials used in cells were rubrene (99%), C

70

(99%), and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
(BCP) (99%) without further sublimation before deposition.
The V

2
O
5
(99%) was used as received. An aluminum thin

film with the thickness of 150 nm was deposited in situ as
the cathode electrode.The deposition rates of V

2
O
5
, rubrene,

C
70
, BCP, and Al were 0.05–0.1/s, 0.06–0.15 nm/s, 0.8–1.5 Å/s,

0.01–0.04 nm/s, and 1.0–4.0 nm/s, respectively. The thickness
of layers was monitored by an INFICON XTM/2 oscillating
quartz thicknessmonitor.The schematics of cell structure and
energy level are shown in Figures 1(a) and 1(b).

The active area of the device irradiatedwas 0.5× 0.6mm2.
Current density-voltage (J-V) characteristics were measured
with a Keithley 2400 sourcemeter under an illumination
of 100mW/cm2 with an AM 1.5G solar illumination from
ABET Technologies, Sun 2000 Solar simulator. The solar cell
was calibrated using a reference Si solar cell. The surface
morphology of V

2
O
5
interlayer was analyzed by atomic

force microscope (AFM, CSPM 5500), and the transmission
spectra of theV

2
O
5
interlayerweremeasured byUV-Vis spec-

trophotometer (UV-2550). All measurements were carried
out in ambient air without any encapsulation.

3. Results and Discussion

Cells with the architecture ITO/V
2
O
5
(0 or 3 nm)/rubrene

(30 nm)/C
70

(30 nm)/BCP (6 nm)/Al (150 nm) (Figure 1(a))
were fabricated. Figure 2 shows J-V characteristics of the
device with 0 and 3 nm thick V

2
O
5
layer under 100mW/cm2
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Figure 2: The J-V characteristics of devices under 100mW/
cm2 white light illumination in air: ITO/V

2
O
5
(3 nm)/Rubrene/

C
70
/BCP/Al (solid circle) and ITO/Rubrene/C

70
/BCP/Al (open

circle).

white light illumination. In the absence of V
2
O
5
interlayer,

the simple device presents a power conversion efficiency of
0.42% with a low fill factor of 36.2%. The 𝐽SC and 𝑉OC are
2.3mA/cm2 and 0.51 V, respectively. However, by inserting
a 3 nm V

2
O
5
interlayer between the donor layer and anode,

the device exhibits a significant improvement in power con-
version efficiency (PCE) to 1.74%, with short-circuit current
density (𝐽SC) 4.58mA/cm2, open-circuit voltage (𝑉OC) 0.88V,
and fill factor (FF) 43.3%.

Figure 1(b) shows the diagram of energy level in the
rubrene/C

70
-based OSC [11, 20, 21]. Due to high work

function, the thermally evaporated ultrathin film of V
2
O
5
has

a more favorable energy level alignment for hole extraction
compared to bare ITO [22]. Figure 3 shows the surface mor-
phology of ITO and ITO coveredwith a 3 nmV

2
O
5
interlayer.

The surface of ITO substrate shows a root-mean-square
(RMS) roughness of 1.81 nm. After covering with a 3 nm thick
V
2
O
5
layer, the RMS roughness decreases to 1.46 nm. ITO
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Figure 3: The surface morphology of (a) ITO and (b) ITO coated with 3 nm of V

2
O
5
interlayer. The area is 29 × 29 𝜇m2.

with improved morphology will favor the contact between
the anode layer and the donor layer [23]. Some small islands
were observed on the surface of ITO coveredwith 3 nmV

2
O
5
,

which were made of oxide molecules aggregated together on
the surface. Minimization of the surface energy might play
a role in the formation of such islands which occupy a very
small amount of surface area, and the V

2
O
5
layer below the

islands should dominate the performance [24].
By introducing a 3 nm V

2
O
5
hole-extracting layer, the

device shows a remarkable increase in 𝐽SC from 2.30mA/cm2
to 4.58mA/cm2. It is known that the resistance of the active
materials and the contact resistance contribute to the series
resistance.Theoretically, inserting aV

2
O
5
layerwill introduce

two additional interfaces (rubrene/V
2
O
5
and V

2
O
5
/ITO)

which contribute to an increase in the contact resistance,
therefore, increasing the series resistance. However, the series
resistance (𝑅

𝑆
, defined by the slope of the J-V curve at

𝐽 = 0mA/cm2) is estimated to be 40 and 95.7Ω cm2 for
the device with and without V

2
O
5
interlayer, respectively.

Consequently, the decrease in series resistance of the device
indicates that the insertion of V

2
O
5
interlayer suppresses the

contact resistance remarkably. Although most of the carriers
are generated in the active layer, their collection is relative
to the contact resistance at the organic/electrode interface
[25]. Besides, the high work function of V

2
O
5
(7.0 eV) [9] will

enhance hole collection at the organic/ITO interface.
It is observable that the cell without a V

2
O
5
hole-

extracting layer exhibits a low 𝑉OC of 0.51 V, which leads to
a lower PCE. However, by incorporating a hole-extracting
layer, the 𝑉OC has an obvious increase to 0.88V. Providing
a more favorable energy level alignment with the donor
HOMO than ITO does, and decreasing the series resistance,
the hole-extracting layer allows for an Ohmic contact and
decreases the losses in the built-in field, leading to the
increase in the 𝑉OC since the 𝑉OC is the voltage where the
applied bias equals the built-in potential in an ideal diode
[22, 26]. Similar to 𝐽SC and 𝑉OC, the FF also has an increase
from 36.2% to 43.3%. The decrease in series resistance and
the better transport property contribute to the increase in FF.
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Figure 4: The J-V characteristics of devices with variable V
2
O
5

interlayer under 100mW/cm2 white light illumination in air.

As a consequence, the performance of the device with metal
oxide is better as compared to the ITO-only device.

For V
2
O
5
placed between ITO and the donor layer, an

overall increase in 𝐽SC, 𝑉OC, and FF is obtained, which offers
a substantial improvement in PCE. However, introducing a
thinner layer of V

2
O
5
will generally lead to a low 𝑉OC and

a high leakage current, while a thicker layer will result in an
increased series resistance, consequently reducing the 𝐽SC and
FF. To find out the optimum thickness, the effect of V

2
O
5

interlayer thickness on device performance is investigated
and showed in Figure 4.The detailed result is summarized in
Table 1.

There is a pronounceddependency of device performance
on the thickness of V

2
O
5
interlayer and the optimum V

2
O
5
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Table 1: Characteristics (𝜂
𝑃
, 𝐽SC, 𝑉OC, FF, and 𝑅𝑆) of OSCs with V2O5 as the hole-extracting layer (varied thickness). The optimum V2O5

thickness is 3 nm (bold values).

Hole-extracting
layer (nm) PCE (%) 𝐽SC (mA/cm2) 𝑉OC (V) FF (%) 𝑅

𝑆
(Ω cm2)

0 0.425 2.304 ± 0.2 0.51 ± 0.05 36.2 ± 0.6 95.7
2 1.557 4.289 ± 0.2 0.88 ± 0.01 41.2 ± 0.7 43.0
3 1.745 4.583 ± 0.2 0.88 ± 0.01 43.3 ± 0.1 40.0
6 1.651 4.606 ± 0.3 0.88 ± 0.01 40.8 ± 0.4 41.2
10 1.390 3.711 ± 0.1 0.90 ± 0.02 41.6 ± 0.8 68.0
15 1.320 3.642 ± 0.06 0.88 ± 0.01 41.2 ± 0.3 59.5
20 1.238 3.563 ± 0.1 0.86 ± 0.02 40.4 ± 1.0 63.2
25 1.110 3.128 ± 0.2 0.88 ± 0.02 40.3 ± 1.0 71.5
30 0.731 2.742 ± 0.1 0.88 ± 0.01 30.3 ± 1.0 365
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Figure 5:The curve of series resistance-thickness ofV
2
O
5
interlayer.

thickness for our device is 3 nm (bold values in Table 1).
When the thickness is 2 nm, the ITOwill not be fully covered
by V
2
O
5
and two interfaces (V

2
O
5
/ITO and organic/ITO)

are formed. Therefore, the J-V curve of the cell with 2 nm
thick V

2
O
5
interlayer can be considered as the overlapping

of two independent J-V curves of cells with 3 nm of V
2
O
5

interlayer andwithoutV
2
O
5
. Due to the bad performance of a

cell without V
2
O
5
, the overlapping curvewill result in aworse

performance than that of a cell with 3 nm thick V
2
O
5
layer, as

is shown in Figure 4.
With the thickness of V

2
O
5
increasing from 3 nm to

30 nm, the 𝑉OC and FF changed slightly. On the contrary,
the 𝐽SC of a cell with 3 nm thick V

2
O
5
layer is approximately

higher than that of a cell with 30 nm V
2
O
5
interlayer by one

time. The deterioration of characteristics for devices with
V
2
O
5
interlayer thickness larger than 3 nm may be due to

the reduction in the quality of both electrical conductivity
and optical transmissivity of the V

2
O
5
interlayer [11]. Firstly,

we estimated the series resistance of cells with different
thickness of V

2
O
5
shown in Table 1. Figure 5 shows the

𝑅

𝑆
/𝑅
𝑆0
-V
2
O
5
interlayer thickness curve (𝑅

𝑆0
, defined as the

series resistance of a device with 0 nm thick V
2
O
5
layer). As
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Figure 6: Transmission spectra of the V
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O
5
layer with a thickness

of 3 nm (solid circle) and 30 nm (open circle) on ITO.

compared to that of the optimum cell, the series resistance
of cells with thicker V

2
O
5
film increases, which indicates that

the electrical conductivity becomesworsewith the increase of
the V
2
O
5
thickness from 3 nm to 30 nm.The series resistance

of the cell with 30 nm V
2
O
5
interlayer is almost 10 times

higher than of that with 3 nm thick V
2
O
5
layer.

We also investigated the optical properties of V
2
O
5
films

shown in Figure 6. With a thickness of 30 nm interlayer,
the V

2
O
5
film shows significant optical absorption in the

visible band and wavelengths below 400 nm. Based on the
transmittance data, we propose that a V

2
O
5
layer with the

thickness of 3 nm almost transmits 100% of light intensity
at wavelength higher than 390 nm whilst a 30 nm V

2
O
5

interlayer absorbs 23% of light intensity at 390 nm (the
maximum of the spectral absorption of C

70
). At 350 nm

wavelength, a 3 nm thick layer transmits 96% of the photons
while a 30 nm thick layer only transmits 58%of light intensity,
which is similar to the result reported by Zilberberg et al.
[11]. Thus, it appears reasonable that the deterioration of cell
performance with thicker V

2
O
5
(>3 nm) interlayer is related
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Figure 7: (a)The J-V characteristics of the device with a 3 nm thick V
2
O
5
layer in the dark (open square) and under white light illumination

of 100mW/cm2 (solid square). (b) The photocurrent 𝐽ph-effective applied bias voltage (𝑉
0
− 𝑉) curve of device with a 3 nm V

2
O
5
interlayer.

to the lower electrical conductivity and optical transmissivity
of the V

2
O
5
.

The typical FF of OSCs based on small molecules is typi-
cally between 0.5 and 0.65 [5]. But as-prepared rubrene/C

70
-

based OSCs have the highest FF of 43.3%, which is much
lower than the typical value.The reverse bias photocurrent 𝐽ph
(𝐽ph = 𝐽𝐿 − 𝐽𝐷, 𝐽𝐿, and 𝐽𝐷 are defined as the current density of
the device under illumination with 100mW/cm2 white light
and in the dark) of a device with FF > 50% saturates at the
high reverse bias, indicating the fact that almost all the pho-
togenerated free charge carriers are extracted [27]. However,
in Figure 7(a), the 𝐽ph in the reserve bias shows strong field
dependence. In other words, the exciton dissociation rate of
a device with 3 nm interlayer is moderately dependent on
voltage.

Besides the field-dependent exciton dissociation rate,
unbalanced transports of charge carriers also play a role in
reducing the FF. Figure 7(b) shows the 𝐽ph-(𝑉0 − 𝑉) curve of
optimum device (𝑉

0
is the compensation voltage, defined as

the voltage at 𝐽ph = 0, here 𝑉0 is equal to 0.96V). At low
effective field (𝑉

0
− 𝑉 ≤ 0.1), 𝐽ph shows linear dependence

on the voltage, due to the competition between drift and
diffusion of photogenerated free charges to the electrodes
[28]. However, at high effective field (𝑉

0
− 𝑉 ≥ 0.1), 𝐽ph

clearly illustrates a square-root dependence on the voltage,
especially, at the field range from 0.2V to 1 V, which can be
clearly seen from the inset of Figure 7(b). During this field
region, in case of mobility-lifetime limit, the 𝐽ph is given by

𝐽ph = 𝑞𝐺[(𝜇𝜏)slow carrier]
0.5
𝑉

0.5
, (1)

where 𝑞 is the electric charge,𝐺 is the generation rate, 𝜇 is the
charge carrier mobility, and 𝜏 is the charge carrier lifetime.

While in case of space charge limit, the 𝐽ph can be described
by

𝐽ph = 𝑞(
𝑞𝜀

0
𝜀

𝑟
𝜇slow carrier
8𝑞

)

0.25

𝐺

0.75
𝑉

0.5
. (2)

where 𝜀
0
𝜀

𝑟
is the dielectric permittivity. Therefore, the 𝐽ph

is influenced by the unbalanced transport in the case of
space charge limit or mobility-lifetime limit. For a photocur-
rent varying with a square-root dependence on the applied
voltage, the FF amounts to 42% [27, 28]. It appears from
Figure 7(b) that 𝐽ph does not saturate with effective voltages
exceeding 1 V but gradually increases for larger effective
voltage. That is mainly because not all the photogenerated
bound e-h pairs dissociate into free charge at the field lower
than 1V and the dissociation of a fraction of bound e-h pairs
is dependent on field [29]. Hence, to some extent, the lower
FF in rubrene/C

70
-based OSC is due to the field-dependent

𝐽ph as well as unbalanced transport.

4. Conclusions

We have explored the role of V
2
O
5
hole-extracting layer

in rubrene/C
70
-based OSCs. Due to the favorable electronic

properties, V
2
O
5
interlayer effectively extracts holes and

suppresses the contact resistance. Because of the thickness-
dependent electrical conductivity and the optical transmis-
sivity of the V

2
O
5
layers, the performance of OSCs changes

differently with the thickness of V
2
O
5
layer. The highest PCE

of 1.745% is achieved for the device with a 3 nm thick V
2
O
5

interlayer and a high 𝑉OC of 0.88V is also obtained. As
V
2
O
5
interlayer can be used as the conversion contact layer

in the tandem device, this work may contribute to further
development of tandem solar cells.
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This study examined the different properties of Fe
3
O
4
/SiO
2
/TiO
2
(FST) core-shell nanoparticles encapsulated for one to five

different times, represented as FST1 to FST5, respectively. These FST nanoparticles were obtained using the carbon reduction and
sol-gel methods, and their properties were characterized by various tools, such as scanning electron microscopy, transmission
electron microscopy, X-ray diffraction, vibratory sample magnetometer, laser granularity apparatus, and specific surface area
analyzer. The relationship between irradiation time and decoloration ratio indicates that FST2 demonstrated significant efficiency
in the decolorization of methyl orange (MO) under UV light. Further study on recycle activity showed that FST2 had a high
decoloration rate after four cycles of photocatalysis, and its degradation of MO was well aligned with the apparent first-order
kinetic equation. Furthermore, FST2 exhibited the highest apparent rate in the first cycle. All these results demonstrate that the
recoverable FST2 possessed excellent photocatalytic activity while maintaining outstanding stability for further applications, such
as managing environmental pollution.

1. Introduction

Nanoparticles have been widely used in numerous industrial
processes [1–4]. One of these applications is the treatment of
chemicals and biological molecules in wastewater. As high as
15% of azo dyes are lost annually during the production of
textile, paper, leather, ceramic, cosmetics, ink, and food [5].
Given its high free hydroxy production, TiO

2
nanoparticles

have been used in photocatalytic oxidation degradation [6–
11] to obtain an effective optical spectrum, high chemical
and biological inertness, nontoxicity, and low cost. Relevant
studies have received considerable attention in recent years
[11–15].

Numerous studies on the photocatalytic effect of core-
shell structures based on titanium dioxide, silica layer,
and magnetic core have been reported in the literature

[16–22]. A study [16] showed that core-shell structure
TiO
2
/BaFe

12
O
19

composite nanoparticles can effectively
photodegrade organic pollutants in the dispersion system.
As reported in [17], the SiO

2
/TiO
2
particles exhibit higher

photocatalytic activity than pure TiO
2
. To optimize pho-

tocatalytic performance, several studies [18–20] synthesized
Fe
3
O
4
/SiO
2
/TiO
2
(FST) particles for the decomposition of

acid [19, 20] or methyl orange (MO) dye [21], which can
be recycled easily using a magnetic field method because
of the existence of Fe

3
O
4
. The amount of TiO

2
is closely

related to the functional layer and serves a key function
in the photocatalytic system. The studies [22, 23] analyzed
the SiO

2
/TiO
2
composite nanoparticles for multistep shell

coating of TiO
2
and found that the number of coating steps is

not more than three. A study [19] reported that FST particles
maintain high degradation rate and catalyst recovery even
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after being used for eight times. All these results indicated
that the properties of FST core-shell nanoparticles can be
optimized through TiO

2
coating and recovery for a suitable

number of times, without introducing any additional doping
materials that may result in secondary pollution.

This paper presents our research on the properties of FST
core-shell nanoparticles by coating TiO

2
functional layers

at different times. The coating activity aimed to enhance
the photocatalytic capacity of the functional nanoparticles.
To characterize the properties of FST nanoparticles, trans-
mission electron microscopy (TEM) was used to test the
morphology, and X-ray diffraction (XRD) was used to verify
the components of these particles. Through vibratory sample
magnetometer (VSM) and Brunauer-Emmett-Teller (BET)
analysis, the magnetic property and specific surface area of
these FST particles were successfully observed. The recycle
experimentwas performed to demonstrate the recyclability of
the FST particles. The experimental results illustrate that the
degradation of MO was in agreement with the apparent first-
order kinetic equation, thereby verifying the photocatalytic
capability and stability of the FST particles.

2. Methodology

2.1. Reagents and Apparatus. Ferric chloride, tetraethoxysi-
lane (TEOS), tetrabutyl orthotitanate (TBOT), alcohol,
hydrochloric acid, and nitric acid were all provided by
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Titanium dioxide (TiO

2
) powder sample, used as a contrast

photocatalyst in our study, was commercial Degussa P25 with
80% anatase and 20% rutile produced by the Degussa AG
Company in Germany. MO (𝜆max = 462.5 nm) obtained
from Sigma was used as a model pollutant. Deionized water
with 18.25MΩ was purified using an ultrapure system. With
a JEOL JEM-1200EX TEM, measurements were performed
with an accelerating voltage of 200 kV. The surface morphol-
ogy of the composite nanomaterials was observed using a
S4700 scanning electron microscope (SEM). XRD measure-
ments were also performed by a Bruker D8 Advance XRD
system. Magnetic properties were characterized by a Lake
shore 7307 VSM. The average size of particles was tested by
a Mastersize 2000 Laser Granularity Apparatus. The specific
surface areawasmeasured using aQUADRASORBSI specific
surface area instrument. The absorbance of the degraded
solution was tested by a 721G visible spectrophotometer.

2.2. Synthesis of Core-Shell Structure FST Magnetic Particles.
TheFe

3
O
4
magnetic particles were obtained using the carbon

reduction method [13] and modified with SiO
2
. The Fe

3
O
4

particles were placed in a beaker with 100mL of alcohol,
to which 15mL of TEOS was added after the temperature
reached 50∘C. Thereafter, 0.97mL of hydrochloric acid and
a small amount of deionized water were added into the
collosol. After 3 h, the residual collosol was poured out, and
the particles at the bottom of the beaker were attracted by
a magnet. The wet particles were placed in a quartz Petri
dish and heated at 500∘C for 2 h under −0.2 Trom vacuum

conditions. After milling, Fe
3
O
4
/SiO
2
particles were finally

obtained.
The Fe

3
O
4
/SiO
2
particles were then encapsulated with

different TiO
2
shell thicknesses. First, the particles were

placed in a beaker with TBOT and alcohol. The beaker
with the collosol and particles was treated under ultrasound
for 10min and stirred for 20min. Second, deionized water
was slowly added with continuous stirring. The ratios of
ester and alcohol over water were 30.3 : 1 and 12.5 : 1, respec-
tively. Third, the particles were heated at 500∘C for 2 h
under −0.2 Trom vacuum conditions. Aftermilling, FST1 was
obtained. The other types of nanoparticles (e.g., FST2, FST3,
FST4, and FST5) with different TiO

2
shell thicknesses were

also obtained by following the same procedures.

3. Results and Discussion

3.1. Characterization of FST Particles. The morphologies of
SiO
2
/TiO
2
core-shell particles with various coating steps are

shown in Figure 1. Figure 1(a) shows that the FST1 particles
were successfully encapsulated by a TiO

2
layer even though

the thickness of the layer was extremely thin. This result may
be caused by particles with low photocatalytic performance.
Figure 1(b) shows that the TiO

2
layer of FST2 was thicker

and more uniform than that of FST1. The TEM image of the
distribution of FST2 particles is shown in Figure 1(c), which
shows small clusters of FST particles with good dispersion.
The TEM image of FST3 in Figure 1(d) reveals that FST3 also
had a uniform coating layer and the amount of TiO

2
in FST4

(Figure 1(e)) was slightly less than that in FST3. The TEM
image of FST5 in Figure 1(f) shows that the amount of TiO

2

in FST5 was similar to that in FST4 with a shell thickness
of approximately 60 nm. More importantly, the TiO

2
layer

of one FST5 particle had no magnetic core, which indicates
that the nonmagnetic core particles could be generated as the
coating times increased.

The morphology of the as-prepared FST nanoparticles
was observed by SEM. Figure 2 illustrates the panoramic
morphologies of the as-obtained products, which were
mainly uniform nanoparticles, with diameters ranging from
400 nm to 500 nm. Figures 2(a) and 2(b) show that the
surfaces of the FST1 and FST2 nanomaterials were rough,
which resulted in larger specific surface areas, as specified in
Table 1. The FST2 particles in Figure 2(c) displayed a certain
level of homogeneity in shape and size. The surfaces of the
other three nanoparticles, as shown in Figures 2(d), 2(e),
and 2(f), became increasingly smooth as the coating times
increased, which resulted in a sharp drop in specific surface
area.

The structure and phase purity of synthesized Fe
3
O
4
,

SiO
2
/TiO
2
, and FST nanoparticles under different coat-

ing times were determined based on the XRD patterns,
as indicated in Figure 3. The XRD pattern of Fe

3
O
4
was

in agreement with the JCPDS card number 19-0629 and
displayed characteristic peaks [at 2𝜃: 18.2∘(111), 30.4∘(220),
35.7∘(311), 43.4∘(400), 57.4∘(511), and 63.0∘(440)] of the cubic
spinel structure. The coating of the amorphous SiO

2
layer

did not affect the structure of Fe
3
O
4
because no impurity
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Figure 1: TEM images of (a) FST1, (b) FST2, (c) clusters of FST2 particles, (d) FST3, (e) FST4, and (f) FST5.
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Figure 2: SEM micrographs of (a) FST1, (b) FST2, (c) clusters of FST2 particles, (d) FST3, (e) FST4, and (f) FST5.

was observed. Moreover, FST is composed of anatase TiO
2

(JCPDS card number 21-1272). The peaks at 25.4∘(101) and
48.1∘(200) reveal the presence of anatase TiO

2
in the syn-

thesized nanocomposites. Notably, the relative intensity of
FST2 peaks at 25.4∘(101) was larger than that of FST1 but
smaller than those of FST3 and FST4, and the peak of FST5
was the largest. We hypothesize that the TiO

2
content can be

enhanced as the coating time increases.
Figure 4 and Table 1 show the size distribution spectrum

and specific surface areas of the five FST particles and pure
TiO
2
. The results demonstrate that the average size was

500 nm, as shown in curves (a) and (b) of Figure 4 and
the average size of FST2 particles (550 nm) increased by

Table 1: Specific surface area of the FST nanoparticles.

Type BET (m2/g)
FST1 55.611 ± 2%
FST2 48.392 ± 2%
FST3 7.604 ± 2%
FST4 5.85 ± 2%
FST5 4.58 ± 2%
Pure TiO2 41.708 ± 2%

approximately 150 nm compared with that of FST1 (330 nm)
as the coating times increased. After titania coating for three
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(d) FST4, and (e) FST5.

times, the size of the FST3 (517 nm) and FST4 (528 nm)
particles did not increase as significantly as those of FST2.
Instead, as the titania coating steps increased, the specific
surface area of FST particles sharply declined (e.g., fromFST2
(48m2/g ± 2%) to FST5 (4.58m2/g ± 2%)), as specified in
Table 1. This finding indicates that the outermost functional
layer became tighter as the titania coating times increased,
thereby resulting in a smaller surface area [23]. As shown in
the SEM micrographs, the surface of the particles became
increasingly smooth because of the reduced photocatalytic
degradation capability of FST3, FST4, and FST5 particles.

The magnetization behavior shown in Figure 5 indi-
cates that the saturation intensity of the five FST particles
progressively decreased from FST1 (46.5 emu/g) to FST5
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Figure 5: Hysteresis cycles of (a) FST1, (b) FST2, (c) FST3, (d) FST4,
and (e) FST5.

(32.2 emu/g). Meanwhile, the remanence of the five types
of particles was nearly free so that the particles could not
agglomerate. These samples appeared to have a mixture of
ferrimagnetic and superparamagnetic properties, with only
a minor indication of hysteresis. Although the magnetism
of FST5 remained sufficiently high to be magnetically segre-
gated by applying a magnetic field, this property could accel-
erate the separation of photocatalysts from MO solutions.
These recycled materials may be further used in the water
treatment process, thereby reducing secondary pollution.

3.2. Photocatalytic Activity. Thephotocatalytic activity of FST
functional particles with different coating times was studied
using the decolorization ofMO solution as amodel pollutant.
The experiments were conducted in a 150mL cylindrical glass
reactor equipped with a UV lamp (365 nm, 8W).The reactor
contained 40mLofMOsolutionwith an initial concentration
of 10mg/L and 0.4 g of FST functional particles.The standard
P25 was used as a reference under the same experimental
conditions.

Figure 6 shows that the decolorization of MO solution
for FST1 reached 25.10%. Previous characterization results
showed that the thickness of the TiO

2
functional layer

of FST1 was small, which may result in a low degree of
decolorization of the MO solution for FST1. Furthermore,
the decolorization of MO solution for FST3 during pho-
tocatalytic degradation was only 12.25%, whereas those for
FST4, FST5, and blank were less than 1%. These results
indicate that the photocatalytic degradation of MO solution
may be induced by the titania content and specific surface
area. Our experimental results reveal that the decoloration
of MO solution reached 71% and 85% for P25 and FST2
particles, respectively, after 25 h of UV light irradiation. FST2
exhibited the highest photocatalytic efficiency among the five
FST nanoparticles. Meanwhile, the photocatalytic activity of
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Figure 6: Curves of photocatalytic decoloration of MO solution
treated by FST catalysts with various coating steps under UV light.

the FST2 particles was slightly higher than that of P25 under
UV light irradiation, as illustrated by the curves in Figure 6.
The decolorization of the MO solution of P25 started to
decrease after 18 h, whereas the activity of the FST2 particles
gradually increased. This finding further suggests that the
catalytic persistence of FST2 particles was better than that of
P25. In summary, Figure 6 illustrates the photodegradation
rates of MO solution in the following order: FST2 > P25 >
FST1 > FST3 > FST4 > FST5 > blank.

The variation in photocatalytic activity among the dif-
ferent types of particles could be ascribed to the following
reasons. In the photocatalytic decomposition of MO solution
under UV irradiation, photocatalytic degradation by acti-
vated TiO

2
and photosensitization process of MO are the

two causes of MO solution degradation [24, 25]. Despite the
existence of the photosensitization process, titanium dioxide,
not the MO molecule, primarily absorbs the photon to
generate electrons and holes in the conduction and valence
bands, respectively. The photogenerated holes can react with
H
2
O or adsorbed hydroxyl to form hydroxy radicals, which

can effectively oxidize the MO molecule. Moreover, the
photogenerated electron can react with the adsorbed oxygen
to produce a superoxide radical anion, which can also oxidize
the MO molecule to a great extent. Thus, the adsorption
of MO molecules by the photocatalyst is a key reason for
degradation, and the adsorption condition is dependent on
the size of the specific surface area of the photocatalyst
[26]. Meanwhile, titania is a key factor in the degradation
of MO solution, which further explains why FST2 exhibited
high photocatalytic activity based on the results of XRD (see
Figure 3(a)) and TEM (see Figure 1(a)).

3.3. FST2 Recycling Capacity. We further examined the cyclic
utilization rate in the photocatalytic activity of FST2 to

Table 2: Photocatalytic capability of FST2 with different cycles of
MO degradation.

Cycle number Equation 𝑘app (min−1) 𝑅

2

1 𝑦 = 4 × 10

−3
𝑥 4 × 10

−3 0.9933
2 𝑦 = 3.5 × 10

−3
𝑥 3.5 × 10

−3 0.9962
3 𝑦 = 3.25 × 10

−3
𝑥 3.25 × 10

−3 0.9966
4 𝑦 = 2.75 × 10

−3
𝑥 2.75 × 10

−3 0.9982
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Figure 7: Plot of ln(𝐴
0
/𝐴) versus time.

verify the recycle activity. The photocatalytic degradation
of MO solution, which is a function of irradiation time in
the presence of different recycling samples, was observed to
follow the first-order kinetic reaction as follows:

ln(
𝐴

0

𝐴

) = 𝑘app𝑡, (1)

where 𝑘app is the apparent rate constant and can be selected
as the basic kinetic parameter for different photocatalysts,
𝐴

0
is the initial absorbance of the MO solution, and 𝐴

is the solution-phase absorbance of MO solution. Using
(1), we can determine the apparent rate constant from the
gradient of the graph of ln(𝐴

0
/𝐴) against the irradiation time.

Notably, 𝑘app can be selected as the basic kinetic parameter
for different photocatalysts, which can aid in determining the
photocatalytic activity despite the previous adsorption period
in the dark andMO concentration remaining in the solution.
Table 2 provides the degradation kinetic parameters and
apparent rate constant of FST2 with different cycles of MO
degradation.These results further confirm the stable property
of the generated FST2. Figure 7 illustrates that FST2 exhibited
the highest value of 𝑘app, that is, the highest photocatalytic
capability, in the first cycle.The reduction in 𝑘app after the first
cycle may be attributed to the intermediates adsorbed on the
surface of FST2 (carbonization) during the recycling process
[27].
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Figure 8: Recycling of FST2 under UV irradiation.

The photocatalytic activity of the recycled FST2 was
further examined in a magnetic field, where the FST2
particles were separated. No particles were found in the
degraded solution. The separated FST2 particles were used
to photodegrade the MO solutions repetitively under UV
irradiation, as shown in Figure 8. The photocatalytic activity
of the recycled FST2 particles only changed slightly after four
cycles, which indicates that the generated FST2 was stable
for further applications. The experimental results also show
that the separation of photocatalysts by themagnetic fieldwas
effective and the reproducibility of the photocatalytic activity
of the recycled FST2 particles was satisfactory.

4. Conclusions

In this study, FST core-shell nanoparticles encapsulated for
different times, represented as FST1, FST2, FST3, FST4, and
FST5, were obtained using the carbon reduction and sol-gel
methods.The properties of these particles were characterized
by SEM, TEM, XRD, and BET. The characterization results
indicate that FST2 exhibited the best property in terms of
photocatalytic activity among all types of particles.The results
of MO decoloration showed that FST2 possessed the most
significant photocatalytic effect in breaking down 10mg/L
MOby 85%underUV light over 25 h, whereas the other types
of particles could not degrade the MO solution. Experiments
for verifying the recycle activity were further performed,
thereby indicating that the generated FST2 exhibited the
highest photocatalytic activity in the first cycle and stable
property in the remaining cycles. The results of these charac-
terizations demonstrate that the recoverable FST2 exhibited
good photocatalytic activity while maintaining stability for
further applications.
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The lipophilic MoS
2
nanoparticles are synthesized by surface modification with stearic acid (SA). The heat transfer oil-based

nanofluids, with the mass fraction of lipophilic nanoparticles varying from 0.25% up to 1.0%, are prepared and their thermal
conductivity is determined at temperatures ranging from 40 to 200∘C using an apparatus based on the laser flash method. It has
been found that the nanofluids have higher thermal conductivity and the thermal conductivity enhancement increased not only
with increasingmass fraction of nanoparticles, but also with increasing temperature in the range 40–180∘CThe results show a 38.7%
enhancement of the thermal conductivity of MoS

2
nanofluid with only 1.0% mass fraction at 180∘C.

1. Introduction

Heat transfer fluids, such as water, ethylene glycol, and min-
eral oil, play important roles inmany thermal transport appli-
cations.Their low thermal conductivity is one of the limits of
the traditional heat transfer fluids. In order to improve the
low thermal characteristics of the conventional heat transfer
fluids, solid nanoparticles are added to form nanofluids,
which were first introduced by Choi [1]. Enhanced thermo-
physical properties are the main favorable characteristics of
nanofluids based on the fact that most solids have much
higher thermal conductivities than common fluids. In the
past decade, enhanced thermal conductivities of the water or
ethylene glycol-based nanofluids containing a small amount
of metals, metal oxides, nonmetallic materials, and polymers
have been reported [2–8]. Currently many efforts have been
focused on the oil-based nanofluids because of the needs in
many industry fields to develop heat transfer fluids with pre-
ferred heat transfer properties in high temperature. Various
oil-based nanofluids with silicon oil, diathermic oil, engine
oil, and heat transfer oil used as the based fluid have been
prepared [9–12].

However, the nanoparticles are easily sedimented after
being added to the oil because of the poor compatibility
between the nanoparticles and the base oil. The dispersion
of nanoparticles in oils is still a principal problem for the
application of nanofluids. In order to obtain better dis-
persion, an appropriate lipophilic modification process can
be employed to improve the compatibility between the na-
noparticles and the oil-based fluid. The organic ligands with
long hydrocarbon chains were linked to the surface of the
nanoparticles, and the surface-modified nanoparticles pos-
sess good dispersion behavior in oils. So far, most of these oil-
soluble nanoparticles are investigated as lubricating oil addi-
tives [13–16], and only a few of them are used to prepare
nanofluids for thermal conductivity enhancement [17, 18].

Molybdenum disulfide (MoS
2
) has a layered structure

and has been known and used as a lubricant and catalyst
for several years because of its unique properties such as
anisotropy, chemically inertness, and photocorrosion resis-
tance [19]. The MoS

2
nanoparticles, which are capped by

dialkyldithiophosphate, have been synthesized and exhibit
good lubrication properties [20, 21]. The sodium oleate and
cetylamine also have been used together as the surface
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Figure 1: Sedimentation behavior of 0.5 wt%MoS
2
and SA-MoS

2
nanoparticles in cyclohexane: (a) stay 10min, (b) stay 1 h, and (c) stay 48 h

(a1, b1, c1: SA-MoS
2
nanoparticles; a2, b2, c2: bare MoS

2
nanoparticles).

modified reagents, and the oil-soluble MoS
2
nanoparticles

product can be directly used as hydrogenation nanocatalysts
[22]. Nevertheless, to the best of our knowledge, no studies
have been reported on the increased thermal conductivity
of MoS

2
nanofluids. Furthermore, the heat transfer oil is the

preferred heat transfer medium in high temperature. So it is
worthwhile to prepare and investigate heat transfer oil-based
nanofluids containing MoS

2
nanoparticles.

In the presentwork,MoS
2
nanoparticles capped by stearic

acid (SA-MoS
2
) are synthesized via a simple solutionmethod.

And the heat transfer oil-based nanofluids are prepared by
dispersing these modified MoS

2
nanoparticles with dibenzyl

toluene as base fluid. The as-prepared nanofluids exhibit
higher thermal conductivity compared to the base oil.

2. Experimental

2.1. Chemicals and Materials. Hydrazine hydrate (80%) was
purchased from Shanghai Aladdin Chemical Regent Co., Ltd
(China). Heat transfer oil B350, which is one of the trade
names of dibenzyl toluene, was obtained fromShanghai Ethy-
lene Chemical Co. Ltd (China). All other reagents were of
research grade or better and were obtained from commercial
sources.

2.2. Synthesis of MoS
2

Nanoparticles. The surface-mod-
ifiedMoS

2
nanoparticleswere prepared as follows:Na

2
MoO
4
⋅

2H
2
O (5.0mmol) and 3.0mmol stearic acid were dissolved in

25.0mL distilled water and 25.0mL absolute alcohol at 80∘C
in a 250mL three-necked flask. Then 0.6mL N

2
H
4
⋅H
2
O was

added into the reaction flask and kept at that temperature for
1 h. After that the hydrochloric acid (1.0mol/L) was added
slowly into the reaction solution to adjust the pH value below
1.0 and stirred for 6 h. Then the temperature fell to 60∘C, and
75.0mL sodium sulfide solution (0.20mol/L) was dropped
slowly into the reaction solution and reacted for 8 h. The

products were filtered, washed with hot ethanol, and then
dried overnight in a vacuum at 60∘C.

The nonmodified MoS
2
nanoparticles were prepared by

the same method only without stearic acid added.

2.3. Preparation of Nanofluids. The MoS
2
nanofluids were

prepared by dispersing the surface-modified MoS
2
nanopar-

ticles in heat transfer oil B350 as base liquid. The samples
were homogenized for about 5min by ultrasonic vibration to
ensure proper dispersion of the nanoparticles.

2.4. Characterization and Measurements. The phase analysis
of surface-modified MoS

2
was conducted by powder X-ray

diffraction (XRD, Bruker, D8 ADVANCE) with Cu-K𝛼 radi-
ation.Themorphology ofMoS

2
was analyzed by using a JEOL

JSM-7001F field emission scanning electron microscope
(FESEM). A Nicolet 6700 ESP Fourier transform infrared
spectrometer was used for FT-IR spectrum recording of the
samples.

The long-term stability of MoS
2
nanoparticles in organic

solvents was characterized by the sediment test. The MoS
2

nanoparticles which were introduced to cyclohexane and
heat transfer oil B350, respectively, underwent ultrasonic
vibration for about 10min and were allowed to stand for
more than 20 days. The thermal conductivity of MoS

2

nanofluids was measured based on the laser flash method
using the LFA447Thermal Conductivity Properties Analyzer
(NETZSCH, Germany).

3. Results and Discussion

3.1. Characterization of MoS
2
Nanoparticles. The results of

sedimentation test of two types of MoS
2
nanoparticles

suspended in cyclohexane are shown in Figure 1. Solution
containing bareMoS

2
nanoparticles has high settling rate and
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Figure 2: XRD patterns of (a) MoS
2
nanoparticles without being

annealed, (b) the samples annealed at 600∘C for 1 h, and (c) the
samples annealed at 800∘C for 1 h.
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Figure 3: FT-IR spectrum of the stearic acid (a) and stearic acid
modified MoS

2
nanoparticles (b).

became transparent in less than 1 h. Solution containing SA-
MoS
2
nanoparticles has much lower settling rate and remains

in the supernatant for a long time, which illuminates that
grafting long carbon chain molecule on the MoS

2
nanoparti-

cles could significantly improve its stability in organic solvent.
SA-MoS

2
nanoparticles exhibit better dispersion behavior in

heat transfer oil because of the higher viscosity. The solution
remains turbid even after 20 days.

Figure 2 shows the X-ray diffraction pattern of SA-MoS
2

nanoparticles. Figure 2(a) gives only a broad weak peak (002)
in its characteristic region 2𝜃 = 14.2∘, which is the most
important peak while other diffractions planes appeared in
smaller intensities. Figure 2(a) indicates that the obtained
MoS
2
products are amorphous with poor crystals and highly

disordered layered structure, which is consistent with the ear-
lier reports [23, 24].This can be explained by the randomness
and the tensile force of the crystals and only a few layers of
MoS
2
stack along this direction. It has been reported that

the crystallinity of the MoS
2
prepared by liquid precipitation

method could be improved by annealing at high temperature
[25]. Figures 2(b) and 2(c) give the XRD patterns of the
prepared MoS

2
samples which were annealed for 1 h under

the flow of N
2
at 600∘C and 800∘C, respectively. In Figures

2(b) and 2(c), with the annealing temperature increasing
from 600∘C to 800∘C, the peaks of (002), (100), (103), (105),
and (110) became high and sharp increasingly, which indi-
cates that the crystals of MoS

2
samples are much thicker and

the well-stacked layered structure of MoS
2
formed when the

MoS
2
samples were roasted. And the diffraction peaks can be

readily indexed to the hexagonal phase of MoS
2
(JCPDS no.

37-1492) with lattice constants 𝑎 = 0.3161 nm, 𝑏 = 0.3161 nm,
and 𝑐 = 1.2299 nm. The above analysis results also indicate
that the crystallinity of the MoS

2
samples could be usefully

enhanced by the annealing.
Infrared spectra of stearic acid and surface-modified

MoS
2
nanoparticles are shown in Figure 3. As shown in Fig-

ure 3(a), the peaks at 2848 cm−1 and 2917 cm−1 are assigned
to the stretching vibrations of –CH

2
groups. The peak at

around 1706 cm−1 belongs to carbonyl stretch of stearic acid,
which disappeared in the spectrumof SA-MoS

2
(Figure 3(b)),

indicating that the chemical reaction took place between
stearic acid and MoS

2
. As shown in Figure 3(b), the new

appearance of two characteristic peaks at 1628 cm−1 and
1556 cm−1 is observed which belong to the symmetric and
asymmetric carboxylate group stretching band, 𝜐(COO−)asym
and 𝜐(COO−)sym, respectively [26]. All above results show
that the stearic acid has reacted with MoS

2
nanoparticles

and formed new chemical bonds, and the carboxylate rad-
ical of stearic acid did not dissociate after the reaction of
stearic acid with MoS

2
nanoparticles. So it is found that the

disappearance of characteristic peaks of carboxyl (–COOH)
of stearic acid in Figure 3(b) confirms the formation of a
monomolecular layer of stearic acid surrounding the MoS

2

nanoparticle surface. Because of numerous stearic acid coated
onto the surface of MoS

2
nanoparticles, the long alkyl chain

on the surface of MoS
2
enhances lipophilicity of products

greatly. So the SA-MoS
2
nanoparticles are very soluble in heat

transfer oils to easily form stable nanofluids. In addition, the
coating layers should not easily separate from the surface of
the MoS

2
nanoparticles when the SA-MoS

2
nanoparticles are

dispersed in the oil-based fluids.
Figure 4 shows SEM image of nonmodified MoS

2
nan-

oparticles (Figure 4(a)) and SEM image of SA-MoS
2
nanopar-

ticles (Figure 4(b)). It was found in Figure 4(a) that non-
modified MoS

2
nanoparticles tended to agglomerate and did

not permit identification of a single particle, owing to the
high surface energy. Figure 4(b) shows that the SA-MoS

2

samples are not quite inerratic spherical shape nanoparticles
with diameter in the range of 50–100 nm. Comparing Figures
4(a) and 4(b), it can be concluded that the existence of the
surface modification layer effectively prevented agglomera-
tion among MoS

2
particles and led to the formation of fine

nanoparticles.

3.2. Thermal Conductivities of Nanofluids. Figure 5 shows
the effect of temperature on the enhancement of thermal
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Figure 4: SEM images of nonmodified MoS
2
nanoparticles (a) and SA-MoS

2
nanoparticles (b).
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Figure 5: Thermal conductivity enhancements of nanofluids with
different concentrations as a function of temperatures.

conductivity of MoS
2
nanofluids, where 𝜆 and 𝜆

0
are the

thermal conductivity of the nanofluids and base oil at various
temperatures, respectively. Heat transfer oil B350 is used as
base fluid. The thermal conductivity of nanofluids with 0.25,
0.50, and 1.0% mass fractions was measured. All the thermal
conductivity of nanofluids was detected at different tempera-
tures ranging from 40 to 200∘C, with steps of 20∘C.

The results show that both the heat transfer oil-based
MoS
2
nanofluids are found to have higher thermal conduc-

tivity enhancement at amuch lower fraction of nanoparticles.
A maximum 38.7% increase in thermal conductivity can be
observed with respect to base oil at only 1.0% mass fraction
with heat transfer oil B350 used as base oil.The effective ther-
mal conductivity of heat transfer oil B350-based nanofluids
increases as the mass fraction increases. These results show
good agreement with the measured data of other oil-based
nanofluids [10, 17, 18]. And this behavior can be explained
with the increased particle-to-particle interactions at higher
mass fraction because the distance between nanoparticles
decreases [18].

The thermal conductivity enhancement of heat trans-
fer oil B350-based nanofluids significantly increases with
increasing temperature when the temperature is lower than
180∘C. This tendency is consistent with the previously
reported results which are all measured at the temperature
below 80∘C [9, 27, 28]. Actually, to the best of our knowl-
edge, the thermal conductivity measurement of oil-based
nanofluid at high temperature (more than 100∘C) has rarely
been reported yet. The most probable explanation for this
sensitivity to temperature is that the Brownian motion of
nanoparticles is more intense at higher temperature [27].
However, the thermal conductivity enhancement decreases
when the temperature is higher than 180∘C. This observa-
tion is probably attributed to vaporization of the organic
oil because the flash point of dibenzyl toluene is 200∘C.
So it can be suggested that the vaporization is aggravated
when the temperature is close to the flash point. And the
considerable vapor generated in the sample holder leads to
the reducing of the measuring data, since the gas has lower
thermal conductivity than that of liquid.This suggestion also
is suitable for why the thermal conductivity enhancement
increases sharply at low temperature (below 80∘C) but slowly
at high temperature (above 80∘C). Anyway, the heat transfer
oil-based MoS

2
nanofluids exhibit fantastic enhancement of

the thermal conductivity compared with base oil at high
temperature.

4. Conclusions

The heat transfer oil-based MoS
2
nanofluids have been

prepared by dispersing stearic acid-modified MoS
2
in heat

transfer oil B350. The modified ligand is effective to improve
the lipophilic property of MoS

2
nanoparticles. Thermal con-

ductivity measurements reveal that the thermal conductivity
enhancement reaches up to 38.7% at a mass fraction of only
1.0% at 180∘C. And the thermal conductivities have been
determined experimentally as a function ofmass fraction and
temperature. It has been found that the thermal conductivity
increases with the mass fraction of nanoparticles. And the
temperature variation has obvious effects on the thermal con-
ductivity enhancement. Interestingly, the measured thermal
conductivity enhancement decreases when the temperature
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is close to the flash point of the base oil. Anyway, the long-
term stability and high thermal conductivity clearly identify
the lipophilic MoS

2
nanoparticles as a favorable additive in

thermal energy engineering.
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Space charge distribution and breakdown strength were investigated in composites of low density polyethylene (LDPE) and various
contents ofmontmorillonite (MMT).The disperse performance ofMMT in LDPEwas observedwith scanning electronmicroscopy
(SEM) and X-ray diffraction. For MMT concentration of 1 wt%, the better intercalation of LDPE into MMT interlayers and the
tighter interface structure between polymer-filler were observed, relative to MMT concentration of 3 and 5wt%. Space charge
profiles were obtained using the pulsed electroacoustic (PEA) method. Less space charge accumulated in the LDPE/MMT with
MMT content of 1 wt% than that in pure LDPE, and space charge in the central of LDPE/MMT was much more uniformly. On the
other hand, whenMMT concentration was up to 3 and 5wt%, large amounts of heterocharges were accumulated in the sample bulk.
In MMT doped samples the dielectric strength increased up to a maximum at 1 wt% loading, and then decreases at 3 and 5wt%.

1. Introduction

Polyethylene is well known for its excellent electrical and
mechanical properties whichmakes it an attractive insulating
material for cable. The performance of polyethylene is a
subject that has presented an increased activity in the last
two decades. The major advantages are excellent electrical
properties such as high breakdown strength, extremely low
conductivity, and low dielectric loss. However, space charge
formation in polymericmaterials as one of themain problems
in the development of cables, which strongly affect the degra-
dation process and breakdown strength, due to accumulated
charges causes the distorting of electric field severely and
initiates the electric tree growth to part of the material being
overstressed [1]. In recent decades, nanomaterial modifica-
tion has developed rapidly in the field of dielectric materials.
These inorganic fillers have been found to have a beneficial
effect in improving the dielectric properties [2–4]. Among
these, fillers have been used to improve the breakdown
strength and reduce the possibility of tree generation. It was

shown that low density polyethylene (LDPE) mixed with
nanofiller could enhance the resistivity and reduce space
charge accumulation [5–7].

In polymer-layered silicate nanocomposite systems, the
proper addition of layered silicates leads to a great improve-
ment in the properties of the matrix such as thermal stability
and mechanical performance [8, 9]. For insulating dielectric
material, experiments have proven that the addition of
an appropriate amount of montmorillonite (MMT) to sili-
cone rubber, polypropylene, polyethylene, and ethylene-vinyl
acetate (EVA) produces the nanocomposite with improved
ability to inhibit electrical tree development as well as
enhanced breakdown strength and heat resistance [10–13].
However, the influence of MMT dispersion morphology on
the space charge formation and breakdown strength is rarely
reported. In the present study, various contents of MMT
particles were added to low density polyethylene (LDPE) via
melt intercalation method, and the effect of dispersion of
MMT on space charge distribution and breakdown strength
was discussed.Thepurpose of this paper is to reveal the effects
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Figure 1: SEM analysis of LDPE doped with various amounts of MMT: (a) 1 wt%, (b) 3 wt%, and (c) 5 wt%.

of space charge suppression as well as the influence of MMT
dispersion state on charge formation and breakdown strength
in LDPE/MMT composite.

2. Material and Methods

Low density polyethylene (LDPE 2426H, density: 0.9227 g/
cm3, melt index: 1.0 g/10min) was purchased by Lanzhou
Petrochemical Co., Ltd. (Gansu, China). A natural montmo-
rillonite (Nanomer I.31PS, Nanocer) clay surface modified
with octadecylamine and silane coupling agent was used as
the reinforcement filler. The nanocomposite was prepared by
melt intercalationmethod. LDPE withMMTwere developed
by melt blending and extrusion graining with twin-screw
extruder at 443K. Then, films were obtained by hot com-
pression. The mold temperature was 443K under a pressure
of 15MPa for 10 minutes. The pure LDPE was subject to the
same process to be used as a reference. All the specimenswere
thermally treated for 48 h at 333 K before anymeasurement to
ensure a stable reference state. The LDPE modified by MMT
content of 1, 3, and 5wt% were named as PEM1, PEM3, and
PEM5.

The microstructures were carried out with a Rigaku
X-ray generator (Cu K𝛼 radiation with 𝜆 = 1.5406 Å)
(Tokyo, Japan) at the room temperature and a Field-emission
Scanning Electron Microscope (FEI Nova 400 nano SEM,
Hongkong).The diffractograms were scanned in the 2𝜃 range
of 2.0–10∘ at a rate of 2∘/min. The composites were fractured
first in liquid nitrogen and a thin layer of gold was sputtered
onto the cross-sectional surface before SEM observation.
Volume resistivity of samples was evaluated by the electrical
resistivity tester (PC68, Shanghai). AC breakdown voltage
was measured by self-made equipment according to IEC
60241-1:1998. Electrodes were made from copper. The space
charge distributions were measured with the pulsed electroa-
coustic (PEA)method.Thepea systemused in this study has a
pulsed voltage of up to 200V with a width of 5 ns. Electrodes
were the grounded Al plate and the Cu plate connected to
a high-voltage dc source. Silicon oil was used as an acoustic
coupling agent to make a good acoustic contact between the

measured electrode and the sample surface. The sample was
subjected to a negative −50 kV/mm of direct current field at
room temperature.

3. Results and Discussion

3.1. The Dispersion of MMT in LDPE Matrix. Scanning
electronic microscopy (SEM) is an efficient tool to investigate
the morphology of the polymer/clay silicate composites,
because information of the morphology of polymer matrix
as well as of the fillers and the adhesion between them can
be simultaneously assessed at the microscale level [14]. The
dispersion of MMT fillers was examined by SEM. Figure 1
shows micrographs of LDPE specimens containing various
contents of MMT. From both these images, it is evident
that the fillers represent plat-like with high specific surface
area, which span a wide size rang (5𝜇m–40𝜇m are visible
here), and that they are uniformly distributed throughout the
polymermatrix.TheMMTsheetswere found to be increasing
with the increase in filler content. It is worthwhile to note
that the combination betweenMMTandLDPE is different. In
Figure 1(a), at the addition content of 1 wt%, theMMT sheet is
inlaid in the LDPE closely and the bond between them is very
good. With the increase of the amount of MMT, the resin-
particle interfacial combination becomes weak, because in
the area of interface there are large amounts of gaps between
them as shown in Figures 1(b) and 1(c).

Figure 2 illustrates the XRD patterns of the LDPE com-
posites with different clay contents. According to the Bragg
equation, 2𝑑 sin 𝜃 = 𝑛𝜆, the average distance between
MMT layers, 𝑑

001
, can be calculated by the value of 2𝜃

corresponding to the diffraction peak position of the (001)
crystal plane. Table 1 shows the changes in the interlayer
spacing for pure MMT and LDPE/MMT composites. The
peak value of 2𝜃 for MMT was 4.32, which was bigger
than that of LDPE/MMT specimens. This indicated that the
interlayer distances have increased after blending with LDPE
from 2.04 nm for MMT, to 2.14, 2.68, and 2.99 nm for PEM5,
PEM3, and PEM1, respectively. The changes of basal spacing
reflect the intercalation stages of LDPEmolecular chains into
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Figure 2: XRD patterns of the MMT, LDPE/MMT composites con-
taining 1, 3, and 5wt% MMT.

Table 1: 2𝜃 and 𝑑
001

corresponding to the diffraction peak of (001)
plane.

Sample MMT PEM1 PEM3 PEM5
2𝜃 (∘) 4.32 2.95 3.3 4.12
𝑑

001
(nm) 2.04 2.99 2.68 2.14

interlayer spaces of clay. However, PEM1 shows the biggest
interlayer distance 𝑑

001
. That is to say, polyethylene chains to

penetrate into clay interlay more easily in PEM1 and excess
addition of MMT will be disadvantageous to dispersion.

3.2. ACBreakdownVoltage andVolume Resistivity. The thick-
ness of samples prepared for volume resistivity andACbreak-
down test was about 100 𝜇m. Volume resistivity can satisfy
criteria’s initial estimation of quality of insulating materials
because it is sensitive on quality of manufacturing, content
of all products, and additives. The volume resistivity 𝜌𝑉
variation versus different clay contents is given in Figure 3.
The value of each sample was measured 6 times. The applied
voltage was DC 1 kV.The increase in volume resistivity varies
monotonically with MMT loading level, and the value of
𝜌𝑉 for pure LDPE was 2.3 × 1017Ω⋅cm increased to 4.1 ×
1017Ω⋅cm for the 5wt%MMTdoping.The increase of volume
resistivity was caused by the decrease of conduction current,
which is correlated to the charge mobility [15]. It is indicated
that the MMT sheet can reduce charge carrier mobility as the
phenomenon is similar to “barrier effect” in the LDPEmatrix.
In LDPE/MMT composite, the huge area of the particle-
polymer interfacemay hinder themovement of the charges in
the materials, which may cause the reduction of the electrical
conductivity and consequently the volume resistivity.

As an attractive cable insulating material, one major
objective of fillers in polyethylene is to improve electrical
properties such as its breakdown strength. Therefore, short-
term power frequency (50Hz) breakdown strength has been
investigated. Applied voltage was raised at the rate of 500V/S.
The schematic diagram of electrodes for breakdown voltage
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Figure 3: The change of volume resistivity for LDPE and compos-
ites.
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Figure 4: Sketch map of the AC breakdown test electrode.

measurement is shown in Figure 4. The diameter and height
of electrodes were both 25mm. A copper bar was connected
toHV electrodewithHVACpower. In this testing, the sample
was immersed in silicon oil in the stainless steel box.

The Weibull distribution is a general purpose reliability
distribution used in the statistical analysis of breakdown data
in insulating materials. The cumulative probability of failure
for Weibull distribution can be written as

𝑃 (𝐸) = 1 − exp[−(𝐸
𝛼

)

𝛽

] , (1)

where 𝐸 is the experimental breakdown strength, 𝛼 is called
the scale parameter which represents the breakdown strength
at the cumulative failure probability of 63.2%, and 𝛽 is the
shape parameter related to the dispersing of breakdown data.
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Figure 5: Weibull-distribution plot of breakdown for pure LDPE and LDPE/MMT composites.

Table 2: Results of the AC breakdown value 𝛼 and the shape
parameter 𝛽 for LDPE and LDPE/MMT samples.

LDPE PEM1 PEM3 PEM5
𝛼 (kV/mm) 97.9 110.3 104.1 102.1
𝛽 10 11.5 11.7 12.6

Figure 5 depicts the Weibull plot of the AC breakdown
strength. Data for 𝛼 and 𝛽 are summarized in Table 2. It
was found that LDPE doped with MMT systems have higher
breakdown strengths than pure LDPE. Comparing the break-
down strength 𝛼 value of pure LDPE and doped composite
PEM1, 𝛼

𝐿
/𝛼

𝑃
= 0.89; thus, the incorporation of MMT part-

icles into LDPE increases the breakdown strength by 11%.
The data also shows that MMT particles have the poten-
tial to improve the shape parameter 𝛽. Although the MMT
doped composites all increase the AC breakdown strength
compared to the unfilled LDPE, the breakdown strength of
the LDPE/MMT composites increases up to a maximum at
1 wt% loading, and then decreases.

The phenomenon of dielectric breakdown in solids can
be attributed to the destruction of dielectric by electronic or
ionic charge carriers, which have acquired sufficient energy
from the electric field. Charge carriers can be generated
via charge injection from the electrodes and ionization
within the materials. In this process, charges were trapped
and detrapped from traps in the polymer matrix, which
will cause molecular chains fragments to break [16], and
partial discharge occurred which led to the formation of gas
channels. For insulating polymer, the free path length is so
short that electrons cannot gather enough energy to destroy
macromolecules. So, it is commonly believed that the break-
down is initially from defects such as large void, in which
electrons can gain enough energy. Voids are formed during
manufacturing by evaporation of decomposition products in

various chemical reactions taking place, or by impurities and
additives decomposition, or by migration [17]. As already
discussed before, the doping of MMT can constrain the
charge carrier mobility. Moreover, nanoparticles can enhance
partial discharge resistance in polymer [18]. This can reduce
the impact of charge carrier to the polymer molecular chains,
thereby increasing the breakdown strength. But at high filler
loadings, nanoparticle aggregates can introduce large voids,
in which the electron avalanche is more likely to happen and
then erode the material.

3.3. Space Charge Accumulation under −50 kV/mm of DC
Electric Field. The thickness of samples prepared for space
charge test was about 200 𝜇m. The evolution of the space
charge distribution along the specimenswas shown in Figures
6 and 7. The two electrodes, positions are also illustrated.
In LDPE specimen, immediately the voltage is applied,
homospace charge is immediately injected from both anode
and cathode in polymer, andmoving into the bulk toward the
opposite electrode.The injected positive and negative charges
are observed in the bulk of the samplewith a peak closes to the
anode and cathode, respectively. Large number of negative
heterocharges accumulated near the anode after 20min,
meaning that the ionization process occurred in the sample.
Figures 6(b)–6(d) show the charge formation in sample
containing 1, 3, and 5wt% of MMT. In Figures 6(b) and 7(b),
at the presence of 1 wt% MMT, the accumulation of space
charge decreases compared with pure LDPE and there are
only a few negative charges in the sample. The space charge
in the central of PEM1 sample is much more uniform than
that in LDPE. This reveals that the addition of MMT filler
plays a remarkable role to suppress space charge injection.
When the amount of MMT is increased to 3 and 5wt%,
significant amount of hetero space charge has been observed.
Heterocharges come from the ionization of impurities in
LDPE. In PEM3 and PEM5 samples, the bad dispersion of



Journal of Nanomaterials 5

Distance (𝜇m)
300 400 500

40

30

20

10

0

−10

−20

Ch
ar

ge
 d

en
sit

y 
(C

/m
3
)

30 s
60min
30min

10min
2min

Anode Cathode

(a) LDPE

Distance (𝜇m)
300 400 500

40

30

20

10

0

−10

−20

Ch
ar

ge
 d

en
sit

y 
(C

/m
3
)

30 s
60min
30min

10min
2min

Anode Cathode

(b) PEM1

40

30

20

10

0

−10

−20

Ch
ar

ge
 d

en
sit

y 
(C

/m
3
)

Distance (𝜇m)
300 400 500

Anode Cathode

30 s
60min
30min

10min
2min

(c) PEM3

40

30

20

10

0

−10

−20

Ch
ar

ge
 d

en
sit

y 
(C

/m
3
)

30 s
60min
30min

10min
2min

Distance (𝜇m)
300 400 500

Anode Cathode

(d) PEM5

Figure 6: Space charge distribution under −50 kV/mm in LDPE and LDPE/MMT composites.

particle in polymermatrix, results inmany large voids located
in the interface of particle-polymer. And the heterocharges
are caused by discharges in voids within the materials.

The decay rate of space charge in MMT doped specimens
is less than that in LDPE in Figure 7. This is mainly because
MMT doping can generate enormous interface area due
to their huge specific surface area, which may increase the
density and depth of the trapping state. Space charge trapped
at the interface between MMT and LDPE requires more
energy for detrapping, and process of decaying requires more
time.

In order to reveal the space charge suppression effect
in PEM1 composite, the author focuses on the limitation of
charge carriermobility byMMTparticle. In PEM1 composite,

the reason of space charge suppression mainly is the lim-
itation of charge carrier mobility by MMT particle. When
charges are injected from electrodes, they are immediately
captured and restricted in the traps near the surface of the
sample. The restricted homocharges form a charge injection
blocking and then raise the potential barrier for charge injec-
tion. In the bulk of the sample, positive and negative hete-
rocharges caused by ionization are limited as a result of the
low charge mobility, so heterocharges are reduced.

4. Conclusions

The effects of MMT addition on the microstructure and
electrical properties of LDPE/MMTcomposites were studied.
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Figure 7: Space charge distribution after short circuit.

The MMT sheet can restrict charge carrier mobility in the
polymer matrix. PEA test results show that LDPE blended
with 1 wt% MMT can effectively decrease the accumulation
and transfer of space charge. But in higher MMT concen-
tration of 3 and 5wt%, large amounts of heterocharges were
observed due to ionization. The breakdown electrical filed of
LDPE/MMT composites increases up to amaximum at 1 wt%
loading, and then decreases. Hence, the 1 wt% is the optimum
MMT content for LDPE/MMT system.
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Oil-impregnated insulation paper has been widely used in transformers because of its low cost and desirable physical and electrical
properties. However, research to improve the insulation properties of oil-impregnated insulation paper is rarely found. In this
paper, nano-TiO

2
was used to stick to the surface of cellulose which was used to make insulation paper. After oil-impregnated

insulation paper reinforced by nano-TiO
2
was prepared, the tensile strength, breakdown strength, and dielectric properties of the

oil-impregnated insulation paper were investigated to determine whether the modified paper had a better insulation performance.
The results show that there were nomajor changes in tensile strength, and the value of the breakdown strength was greatly improved
from 51.13 kV/mm to 61.78 kV/mm. Also, the values of the relative dielectric constant, the dielectric loss, and conductivity declined.
The discussion reveals that nano-TiO

2
plays a major role in the phenomenon. Because of the existence of nano-TiO

2
, the contact

interface of cellulose and oil was changed, and a large number of shallow traps were produced. These shallow traps changed the
insulation properties of oil-impregnated insulation paper. The results show that the proposed solution offers a new method to
improve the properties of oil-impregnated insulation paper.

1. Introduction

The power transformer, an important piece of power trans-
mission equipment, is the core component of the power
system [1]. Currently, most transformers are oil-immersed
transformers, and their insulation is composed of the insu-
lation oil and insulation paper. Insulation paper, which is
widely used in oil-immersed transformers, is made of natural
cellulose [2, 3]. Although its use began in the 1890s, natural
cellulose insulation paper is still widely used in oil-immersed
power transformers, although insulationmaterials havemade
significant changes and progress.

Transformer insulation should be developed concur-
rently with an increase in voltage level. In recent years, much
research on insulation oil has been carried out to improve the
insulation properties [4–6].However, research to improve the

insulation properties of oil-impregnated insulation paper has
been rare.

In the traditional paper industry, various fillers are
applied to improve various properties of paper. However,
no filler is used in insulation paper. The reason is that the
mechanical properties are reduced greatlywhenusing the tra-
ditional micron-level filler. Nanotechnology has developed
rapidly in recent years, and various nanoscale fillers are used
to modify polymers [7–13]. The results of the research show
that a small amount of nanofiller has a great impact on the
performance of a polymer. In the papermaking industry,
nanoscale fillers have also beenwidely used [14–17]. However,
these studies were not related to the properties of insulation
paper.

When TiO
2
particles are used in papermaking, it is well

known that the TiO
2
particle can be attached to the cellulose
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surface. After the oil immersion process of insulation paper,
the cellulose and TiO

2
are wrapped by oil. The unsaturated

coordination titanium of the TiO
2
surface can capture elec-

tron in the oil [18]; the effectmay greatly change the insulation
properties in oil-impregnated insulation paper. Therefore,
nano-TiO

2
was chosen to reinforce oil-impregnated insu-

lation paper in this paper. The breakdown strength and
dielectric properties of oil-impregnated insulation paper
modified by nano-TiO

2
were studied for the first time. A

mechanism showing that nano-TiO
2
improves the insulation

properties of insulation paper was discussed.

2. Experimental

2.1. Materials. Pulp board (softwood pulp, Taizhou Xinyuan
Electrical Equipment, Taizhou, China) used for making
insulation paper was beaten to about 400 Canadian standard
freeness (CSF) in a valley beater. Nano-TiO

2
(95ZX063,

Shanghai MaiKun Chemical Company, Shanghai, China,
average particle size diameter <60 nm, relative dielectric
constant 𝜀𝑟 = 100𝜀

0
, and conductivity 𝜎 = 1 × 1011 S/m),

anhydrous ethanol (analytical pure, ShuangShuang Chemi-
cal, Shandong, China), sodium hydroxide (analytical pure,
Huludao City Chemical Reagent, Liaoning, China), and
silane coupling agent (Z-6030, The United States Dow Corn-
ing Corporation, Milrand, MI, USA) were purchased for the
experiment. The oil for immersing the insulation paper was
conventional transformer mineral oil (numbers 25, Sichuan
Chuanrun, Chengdu, China).

2.2. SurfaceModification of Nano-TiO
2
. Surfacemodification

must be performed before the nano-TiO
2
can be used to

reinforce the insulation paper. The surface modification
process is as follows.

(1) 50 g of nano-TiO
2
was weighed and placed in a 100∘C

oven for 30min.
(2) 0.5 g of silane coupling agent was weighed and put

into a beaker.
(3) 100mL of anhydrous ethanol was put into the beaker,

and the pH value of the mixed solution was adjusted
with sodium hydroxide.

(4) Nano-TiO
2
was added to the mixed solution. Then,

the mixed solution was poured into a three-necked
flask, and 400mL of anhydrous ethanol was added.

(5) The three-necked flask was heated using the water
bath method with constant stirring.

(6) After finishing the reaction, the product was placed in
a beaker and put into a 100∘C oven to dry for 24 h.

2.3. Preparation and Oil Immersion Process of Insulation
Paper. First, the nano-TiO

2
, which was modified by a

silane coupling agent, was dissolved in absolute ethanol
(1 : 100wt%), and the slurry was homogenized by vigorous
agitation with a magnetic stir bar for 10min. Next, the pulp
was diluted to 0.4 wt% in deionized water, and various wt%
of nano-TiO

2
were added. The mixtures were stirred for

500nm

Figure 1: SEM images of insulation paper reinforced with nano-
TiO
2
after oil immersion process.

5min at 5000 rpm in a fiber disintegration device and were
used to create the insulation paper.Then, each wet insulation
paper sample was dried at 105∘C for 7min under a vacuum.
Insulation paper with a target basis weight of 120 g/m2 was
produced. Lastly, insulation paper was immersed in oil, using
the following steps.

(1) The insulation paper was cut into 4 and 8 cmdiameter
circles and placed into different glass bottles accord-
ing to the sample type.

(2) All samples were put into the vacuum chamber and
were dried at 90∘C for 48 h. After that, the tempera-
ture of the vacuum chamber was adjusted to 40∘C.

(3) Mineral oil at 40∘C was infused into the glass bottles
in the vacuum chamber to immerse the samples for
24 h.

As shown in Figure 1, the distribution of nano-TiO
2
in the

oil-impregnated insulation paper is uniform and the average
particle size of TiO

2
is less than 60 nm.

2.4. Experiment Characterization. After the insulation paper
samples were prepared, they were immersed in mineral
oil to measure the breakdown strength, density, polariza-
tion current, depolarization current (PDC), thermally stim-
ulated depolarization current (TSDC), scanning electron
microscopy (SEM), and frequency domain dielectric spec-
trum (FDS). Some other samples that were not immersed in
mineral oil were used to measure tensile strength.

The breakdown strength was measured with homemade
equipment according to IEC 60241-1:1998. Electrodes were
made from copper. The diameters of the high-voltage (HV)
electrode and ground electrode were both 25mm. Insulation
oil was used as the dielectric surrounding the equipment.The
test power supply used was HV alternating current power.
Its boot speed was 500V/s, and its frequency was 50Hz.
The breakdown electric field strength of each sample was
measured seven times. The diagram of the equipment used
to test the breakdown strength is shown in Figure 2.

Tensile strength was measured with an electronic pull
tester (AT-L-2, ANMT Instrument). The tensile speed was
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Figure 2: Diagram of equipment used to test the breakdown
strength.

10mm/min. The length of the samples was 100mm, and the
width was 15mm. The tensile strength of each sample was
measured 10 times.

Dielectric properties under different frequencies (10−2 to
107Hz) at room temperature were measured by broadband
dielectric spectroscopy equipment (Novocontrol concept 80,
GmbH, Germany). The oil on the surface of the oil-impreg-
nated insulation paper was cleared before the samples were
measured. The measuring electrodes were two copper plates
with 4 cm diameters. The density of the oil-impregnated
insulation paper was measured by the Archimedes method.

The polarization and depolarization current analyses
were carried out with a PDC-Analyser-1MOD (ALFF Engi-
neering, Switzerland), and the measurement time was set to
5000 s.

Trapping parameters of electrons in the dielectric is
determined by using the thermally stimulated depolarization
current technique. The experiment was carried out using
Novocontrol TSDC equipment. Considering the temperature
tolerance of the insulation oil, the test temperature range was
set from −30∘C to 130∘C.

3. Results and Discussion

The nano-TiO
2
contents in the insulation paper were 0, 1, 2,

3, and 4%, and they were designated as P0, P1, P2, P3, and P4,
respectively.

Relations between tensile strength and different nano-
TiO
2
contents in the insulation paper are shown in Figure 3.

The tensile strength of insulation paper slightly decreases
with increasing nano-TiO

2
content in the insulation paper.

The tensile strengths of P0, P1, P2, P3, and P4 are 8.58 kN/m,
8.56 kN/m, 8.52 kN/m, 8.55 kN/m, and 8.32 kN/m, respec-
tively.
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Figure 3: Effect of nano-TiO
2
content on the tensile strength of

insulation paper.
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Figure 4: Effect of nano-TiO
2
content on the breakdown strength

of oil-impregnated insulation paper reinforced with nano-TiO
2
.

From Figure 4, the breakdown strength of oil-impreg-
nated insulation paper significantly increases and then de-
creases with increasing nano-TiO

2
content. When the nano-

TiO
2
content reached 3%, the breakdown strength reached

its maximum value of 61.78 kV/mm, while the breakdown
strength of P0 was 51.13 kV/mm. The breakdown strength of
P3 increased by 20.83% compared to that of P0.

When the nano-TiO
2
content reached 4%, breakdown

strength began to decrease. Therefore, the maximum content
was set at 3% in the following experiments.

The variation of the relative permittivity of oil-impreg-
nated insulation paper reinforced with different nano-TiO

2

contents at different frequencies is shown in Figure 5. The
trend for the four kinds of samples is similar. The changes in
relative permittivity range from 10−2Hz to 107Hz.The relative
permittivity of oil-impregnated insulation paper reinforced
with nano-TiO

2
is lower than that of oil-impregnated insu-

lation paper that is not reinforced with nano-TiO
2
within

the test frequency range. Furthermore, at 50Hz, the relative
permittivity decreases with increasing nano-TiO

2
content,

and the relative permittivity of P3 has a minimum value
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Figure 5: Variation of relative permittivity of oil-impregnated
insulation paper reinforced with different nano-TiO

2
contents at

different frequencies.
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Figure 6: Variation of the dielectric loss of oil-impregnated insula-
tion paper reinforced with different nano-TiO

2
contents at different

frequencies.

of 2.41. The electric field strength distribution of each part
of the composite insulation has an inverse correlation with
relative permittivity. The relative permittivity of insulation
paper is higher than that of insulation oil, and the breakdown
strength of insulation oil is lower than that of insulation
paper. Therefore, the decrease in relative permittivity is
crucial to the improvement of the insulation property of the
oil-paper insulation system.

Figure 6 shows the variation of the dielectric loss of oil-
impregnated insulation paper reinforced with different nano-
TiO
2
contents at different frequencies, and the trends for

the four kinds of samples are similar. The dielectric loss of
the four kinds of oil-impregnated insulation paper decreases
with increasing frequency. When the nano-TiO

2
content

increases, the dielectric loss of oil-impregnated insulation
paper decreases.There is little difference from 10Hz to 107Hz.
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Figure 7: Variation of the conductivity of oil-impregnated insula-
tion paper reinforced with different nano-TiO

2
contents at different

frequencies.
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Figure 8: Volume conductivity of oil-impregnated insulation paper
reinforcedwith different nano-TiO

2
contents (measured underDC).

However, there is a visible difference in the dielectric loss of
oil-impregnated insulation paper from 10−2Hz to 10Hz.

The variation of the conductivity of oil-impregnated insu-
lation paper reinforced with different nano-TiO

2
contents

at different frequencies is shown in Figure 7. In the test
frequency, the four kinds of oil-impregnated insulation paper
had similar variation trends, and the conductivity increased
with increasing frequency. The conductivity decreased with
increasing nano-TiO

2
content. From 10−2Hz to 10Hz, the

conductivity of the four kinds of oil-impregnated insulation
paper is significantly different. However, the conductivities of
the four kinds of oil-impregnated insulation paper are very
similar from 10Hz to 107Hz. As can be seen in Figure 8,
the volume conductivity of oil-impregnated insulation paper
is reduced with increasing nano-TiO

2
content under a DC

electric field.



Journal of Nanomaterials 5

Cellulose

O OO
H H
HHH

H
Hydrogen bond

Nano-TiO2

(a)

 and cellulose Cellulose

Oil

The interface of oil

(b)

(c)
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Figure 10: The polarization current and depolarizing current of oil-impregnated insulation paper.

Insulation paper is composed of cellulose, which is linked
by hydrogen bonds. There are a large number of gaps in
the interior of insulation paper; when the insulation paper
is immersed in insulation oil, those gaps are filled with
the insulation oil. Under an electric field, the breakdown
first occurs in the weakest part. Because the electric field
strength distribution of each part of composite insulation has
an inverse correlation with relative permittivity, the relative
permittivity of cellulose is higher than that of insulation oil
and the breakdown strength of insulation oil is lower than
that of cellulose. Therefore, those gaps that are filled with
insulation oil in the interior of the oil-impregnated insulation
paper are broken down first.

It is well known that electron is accelerated in the insu-
lation oil more easily than in the cellulose. These electrons
may develop into fast electrons, which possibly leads to the

oil-impregnated insulation paper breakdown. When nano-
TiO
2
is added to the insulation paper, it enters the interior

of insulation paper and is present on the surface of cellulose.
All the contact interfaces of cellulose and oil have the
nano-TiO

2
. As shown in Figure 9, one side of nano-TiO

2
is

firmly attached to the cellulose surface and the other side
is immersed in insulation oil. According to the literature
[18], a large number of traps are likely generated because
of nano-TiO

2
; these traps form a protective tape. When the

fast electrons enter the protective tape, the fast electrons can
be converted to slower electrons by repeated trapping and
detrapping in the protective tape.

We measured the polarization current, depolarizing cur-
rent, and trap characteristics of oil-impregnated insulation
paper by the PDC and TSDCmethods in order to understand
the effect of TiO

2
nanoparticles. Figure 10 shows the changes
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rent measurement.

in the polarization current and depolarizing current with
time. The polarization current and depolarizing current of
oil-impregnated insulation paper reinforced with nano-TiO

2

both decrease. It is well known that the depolarization current
from 1 s to more than 1000 s is mainly caused by interfacial
polarization [19]. And the value of depolarization current
is determined by the permittivity and conductivity of oil
and cellulose on both sides of the interface. Now that the
value is changed, it can be proposed that the permittivity
and conductivity of oil and cellulose on both sides of the
interface are changed because of nano-TiO

2
.The changesmay

be the reason why the permittivity and conductivity of oil-
impregnated insulation paper reinforced with nano-TiO

2
are

changed.
As shown in Figure 11, the results of thermally stimulated

depolarization current of oil-impregnated insulation paper
reinforced with nano-TiO

2
and oil-impregnated insulation

paper are greatly different. The peak value of TSDC curve
for P3 is 3.25 times that of P0. Since the peak value of TSDC
curve is related to maximum trap density in a dielectric, P3
and P1 is assumed to have a higher trap density than the
P0. The integration of TSDC over temperature gives the total
number of trap charge released from the trap center. It is
found that the total number of charge trapped in P3 and P1
are 6.10 nC and 4.21 nC, respectively. But the total number
of charge trapped in P0 is 1.96 nC. The peak position of P3
and P1 is the same; it can be proposed that the increased
traps are generated because of nano-TiO

2
. These results

demonstrate that the presence of TiO
2
nanoparticles in the

oil-impregnated insulation paper dramatically increases the
electron trap density.

4. Conclusions

(1) The breakdown strength of oil-impregnated insu-
lation paper is first increased and then decreased,

with increasing nano-TiO
2
content. P3 has the maxi-

mum breakdown strength of 61.78 kV/mm.The value
increased by 20.83% compared to P0.

(2) The relative permittivity, dielectric loss, and conduc-
tivity decreased with increasing nano-TiO

2
content.

(3) The most likely reason that nano-TiO
2
can affect the

insulation properties of oil-impregnated insulation
paper is because the addition of nano-TiO

2
can

increase the total number of trap.

Conflict of Interests

The authors declare that they have no financial or personal
relationship with any people or any organization that may
inappropriately influence their work and there is no pro-
fessional or commercial interest of any kind in all of the
commercial entities mentioned in their paper.

Authors’ Contribution

Ruijin Liao and Cheng Lv contributed equally to this study.

Acknowledgments

The authors would like to acknowledge support from the
National Natural Science Foundation of China (51277187),
the National Basic Research Program of China 973 Program
(2009CB724505-1), and the National Natural Science Foun-
dation of China (51107103).

References

[1] L. E. Lundgaard, W. Hansen, D. Linhjell, and T. J. Painter,
“Aging of oil-impregnated paper in power transformers,” IEEE
Transactions on Power Delivery, vol. 19, no. 1, pp. 230–239, 2004.

[2] T. V. Oommen and T. A. Prevost, “Cellulose insulation in
oil-filled power transformers—part II—maintaining insulation
integrity and life,” IEEE Electrical Insulation Magazine, vol. 22,
no. 2, pp. 5–14, 2006.

[3] T. A. Prevost and T. V. Oommen, “Cellulose insulation in oil-
filled power transformers—part I—history and development,”
IEEE Electrical Insulation Magazine, vol. 22, no. 1, pp. 28–35,
2006.

[4] V. Segal, A. Hjortsberg, A. Rabinovich, and D. Nattrass, “Exper-
imental study of magnetic colloidal fluids behavior in power
transformers,” Journal of Magnetism and Magnetic Materials,
vol. 215, no. 2, pp. 513–515, 2000.

[5] J. G. Huang, F. O’ Sullivan, M. Zahn, O. Hjortstam, L. A. A.
Pettersson, and R. Liu, “Effects of nanoparticle charging on
streamer development in transformer oil-based nanofluids,”
Journal of Applied Physics, vol. 107, no. 1, Article ID 014310, 2010.

[6] P. KopWansky, L. Tomco, and K. Marton, “The DC dielectric
breakdown strength of magnetic fluids based on transformer
oil,” Journal of Magnetism and Magnetic Materials, vol. 289, no.
1, pp. 415–418, 2005.

[7] G. W. Lee, M. Park, J. Kim, J. I. Lee, and H. G. Yoon, “Enhanced
thermal conductivity of polymer composites filled with hybrid
filler,” Composites A, vol. 37, no. 5, pp. 727–734, 2006.



Journal of Nanomaterials 7

[8] C. P.Wong and R. S. Bollampally, “Thermal conductivity, elastic
modulus, and coefficient of thermal expansion of polymer com-
posites filled with ceramic particles for electronic packaging,”
Journal of Applied Polymer Science, vol. 74, no. 14, pp. 3396–
3403, 1999.

[9] C. Y. Hsieh and S. L. Chung, “High thermal conductivity epoxy
molding compound filled with a combustion synthesized AIN
powder,” Journal of Applied Polymer Science, vol. 102, no. 5, pp.
4734–4740, 2006.

[10] P. Bujard, G. Kuhnlein, S. Ino, and T. Shiobara, “Thermal
conductivity of molding compounds for plastic packaging,”
in Proceedings of the IEEE 44th Electronic Components &
Technology Conference, pp. 159–163, May 1994.

[11] G. W. Lee, J. I. Lee, S. S. Lee, M. Park, and J. Kim, “Enhanced
thermal conductivity of polymer composites filled with hybrid
filler,” Composites A, vol. 37, no. 5, pp. 727–734, 2006.

[12] P. Procter and J. Solc, “Improved thermal conductivity inmicro-
electronic encapsulants,” in Proceedings of the 41st Electronic
Components&TechnologyConference, pp. 835–842, Atlanta, Ga,
USA, May 1991.

[13] M.Ohashi, S. Kawakami, Y. Yokogawa, andG. C. Lai, “Spherical
aluminum nitride fillers for heat-conducting plastic packages,”
Journal of the American Ceramic Society, vol. 88, no. 9, pp. 2615–
2618, 2005.

[14] P. Pang and P. Englezos, “Application of pretreated ground
calcium carbonate in mechanical pulp suspensions,” Pulp and
Paper Canada, vol. 104, no. 6, pp. 37–39, 2003.

[15] B. P. Lambert and J. Lowes, U.S. Patent 3873336, 1975.
[16] K. T. Wu, U.S. Patent 5599388, 1997.
[17] B. Thorp, “Engineered fillers: an agenda 2020 goal-to improve

forest products industry economics, we must learn to leverage
resources. One of those resources is engineered fillers,” Solu-
tions, vol. 88, no. 5, pp. 45–48, 2005.

[18] Y. F. Du, Y. Z. Lv, C. R. Li et al., “Effect of semiconductive
nanoparticles on insulating performances of transformer oil
dielectrics and electrical insulation,” IEEE Transactions on
Dielectrics and Electrical Insulation, vol. 19, no. 3, pp. 770–776,
2012.

[19] T. K. Saha and P. Purkait, “Investigation of polarization and
depolarization current measurements for the assessment of oil-
paper insulation of aged transformers,” IEEE Transactions on
Dielectrics and Electrical Insulation, vol. 11, no. 1, pp. 144–154,
2004.




