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Over the past few decades, nanomaterials have played a crucial role in the development of energy storage. A tremendous
progress in the design and preparation of new nanomaterials
has brought a large number of solutions to the existing challenges in energy storage systems, such as high energy and
power densities, high eﬃciency, long-term stability, and
low-cost processes. As an emerging material, multifunctional
hybrid nanomaterials, usually integrating two or more disparate nanomaterials (e.g., polymeric, semiconductive, carbonaceous, and inorganic materials), have been considered a
promising candidate to address these challenges. In particular, the hybridization of these nanomaterials can lead to
unique superior multifunctions and thus oﬀers the vast
promise of applications in chemical and biological sensing,
heterogeneous catalysis, energy conversion and storage, and
environment and human health.
Currently, people are learning to integrate diﬀerent types
of nanomaterials to tailor the structures and improve the
properties including but not limited to a high speciﬁc surface
area, a well-controlled pore or particle size, a homogeneous
distribution, and a strong attachment between nanomaterial
interfacial surfaces. The ability to tailor the structures and
properties of hybrid nanomaterials over broad length scales
suggests that researches on hybrid nanomaterials will have a
tremendous impact in the ﬁelds of polymer, carbon, nanotechnology, physical chemistry, and electrochemistry. However, the design and preparation of multifunctional hybrid
nanomaterials remain challenging and their introduction

into practical applications is not yet satisfactory. Therefore,
it is highly desirable to provide a breakthrough on the
state-of-the-art nanomanufacturing and scale-up nanotechnology to design and synthesize advanced multifunctional
hybrid nanomaterials with improved performance.
In this special issue, we present an elegant collection of
high-quality reviews and original articles that illustrate the
importance of developing multifunctional hybrid nanomaterials for energy storage and related applications. A deep
understanding and relevant theoretical calculations for
exploring the behaviors of integrated nanomaterials at their
interface have also been obtained by fundamental investigations. The purpose of this editorial is to provide a brief
introduction for each published or accepted paper and
highlight their major ﬁndings and discoveries. In the following, we review all the articles in our special issue, and
we believe this editorial will interest the broadest possible
section of readership.
Traditional mesoporous metal oxide materials for supercapacitor electrodes undergo either high cost or performance
limits (e.g., speciﬁc capacitance and cycle life). A new kind of
cost-eﬀective complex materials was designed and synthesized by L. Song et al. through an internal template method.
This innovated material made of mesoporous nickel-based
capsule complex with Fe3O4 was used as a supercapacitor
electrode, exhibiting a high speciﬁc capacitance of 739.8 F/g
at a current density of 1 A/g in a 6 M KOH electrolyte solution. They demonstrated a good capacitance retention of
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72.8% after 1000 cycles of charge/discharge processes, indicating this new complex material as a promising electrode
material for use in supercapacitors. The work by T.-S. Chen
et al. presented a C-TiO2-Pd composite electrode for use in
a semivanadium/iodine redox ﬂow battery (semi-V-I RFB)
system. The authors found out that the C-TiO2-Pd electrodes
enhanced the electrocatalytic activity of the designed
semi-V-I RFB system and then led to an improved energy
storage ability. A high energy eﬃciency of 81.23% was
obtained. This excellent work could bring us a new design
and assembly technology to further improve the overall eﬃciency of energy storage systems.
To break up the performance limits of anode materials in
Li-ion batteries, C.-C. Lin et al. have designed and prepared
carbon nanotubes/graphene deposited with cobalt. A good
understanding on how the sputtering power levels/time
periods inﬂuence the speciﬁc capacity of Li-ion batteries
has been explored. This study tells us that a longer time
period of cobalt sputtering will lead to a higher capacity. Differently, the speciﬁc capacity increased at the power level
range of 50-100 W, but decreased at the range of 100150 W. X. Pan et al. have reported a direct template-free electrodeposition method to synthesize hexagonal CuSn prism
electrodes for Li-ion batteries. The batteries exhibited an initial discharge capacity of 345 mAh/g and still maintained a
high capacity of 210 mAh/g after 10 cycles. When the electrodeposition time was increased, the diameter of CuSn
prism increased, but the structure converted to be inhomogeneous and unsteady. Moreover, the size of CuSn
prism strongly inﬂuenced the capacity and cycle performance of Li-ion batteries.
A study of a microbistable piezoelectric energy harvester is
reported by L.H. Chen et al. Based on Hamilton’s principles,
they have established a nonlinear oscillation diﬀerential
?equation by investigating thermoelectromechanical coupling
eﬀect. With the size eﬀect, the strain gradient theory is
extended to the nonlinear problem of microbistable piezoelectric energy harvesting. When the ambient vibration frequency
was increased, the microscale bistable energy harvester led to a
snap-through phenomenon. Gao et al. have investigated the
relationship between the electrical tree development and the
partial discharges of cross-linked polyethylene cables.
According to their calculation, an early warning caused by
the defects in cable insulation can be detected, which helps
to eﬀectively monitor the cable conditions.
Paraﬃn wax has been proven to be a very promising
phase-change material for the purpose of latent heat thermal
storage. However, the low intrinsic thermal conductivity of
paraﬃn restrains its performance. To improve the thermal
conductivity, A. Badakhsh et al. produced a paraﬃn composite reinforced with the AlN-coated SiC ceramic powder
(SiC@AlN). Due to the high aﬃnity between AlN and parafﬁn, SiC@AlN powder can be evenly dispersed within the paraﬃn matrix, which creates the conductive networks to
enhance the thermal conductivity of the composite. In addition, this paraﬃn composite is proven to be cost-eﬀective and
easily processable.
Another interesting research is reported in detail by
W.-N. Wang et al., who explored a facile two-step solution
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method for the synthesis of upconversion nanoparticles with
Zn0.5Cd0.5S (UCNPs@Zn0.5Cd0.5S) core-shell and yolk-shell
nanostructures. They demonstrated that the UCNPs@
Zn0.5Cd0.5S core-shell nanostructures can be converted to
the yolk-shell nanostructures through a calcination at
400°C. In addition, the UCNPs@Zn0.5Cd0.5S yolk-shell nanostructures substantially improved the photocatalytic activity
for reduction of Cr(VI) under near-infrared light. The paper
by Amin et al. investigated the band gap changes of Ge/CdS
bilayer ﬁlms under diﬀerent annealing temperatures. At high
temperatures, Ge diﬀused into a CdS layer, forming a mixed
phase of CdGeS. It was found that the optical band gap of the
bilayer has a linear relationship with the annealing temperature. Increasing the temperature led to a wide band gap. This
ﬁnding proposed a practical method of engineering the band
gap of Ge/CdS bilayer ﬁlms, which paves a way to their applications in optoelectronic devices.
In view of the above review and discussion, we believe
that the present special issue explored the latest research on
multifunctional hybrid nanomaterials including fundamental theory and experiments together with reviews and articles.
More eﬃcient designs and synthesis processes, as well as the
further understandings on the interfacial chemistry of integrated materials in energy storage systems, are needed.
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Based on the slice materials of 35 kV and 110 kV XLPE cables, an experimental platform is built to study the relationship between
electrical tree and PDs in XLPE with diﬀerent voltage levels. There are three signiﬁcant statistical characteristics of the PDs during
the growth of electrical trees. The analysis of the results shows that each growth stage has certain characteristics. Diﬀerent features
existed between the growth of the electrical trees and the PD in the insulation of the 35 and 110 kV cables. Evident characteristics
such as large spans of time and frequency were present as the electrical trees grew violently in the equivalent time-frequency
diagram at every stage. These results could provide criteria for the identiﬁcation of the deterioration using PD to monitor cables
in service at rated voltages. The results are important for the identiﬁcation of defects in cable insulation in order to provide an
early warning of insulation breakdown in the cables.

1. Introduction
The study on the electrical trees and partial discharge of
cross-linked polyethylene (XLPE) cables has been a critical
issue for achieving better properties of XLPE cables [1–3].
Further, predictive maintenance of power cables plays an
important role in eﬀectively detecting and discovering
insulation defects so that power grid interruptions caused
by sudden power cable failure can be avoided [4, 5].
Partial discharge (PD) detection is recognized as the most
direct and eﬀective method to evaluate the insulation conditions of the cables [6–8]. However, no research has been
down on how to estimate and forecast the degree of insulation defects based on the PD. It is important to forecast the
insulation conditions of cables in order to ﬁnd a standard
to evaluate the severity of cable insulation defects through
partial discharge detection [9].
Most insulation faults occur in cable accessories [10, 11].
Partial discharge is more likely to occur in the cable accessories due to their complex structure, concentrated electric ﬁeld

stress, and on-site construction. The breakdown of insulation
in cable accessories is caused by lateral slip ﬂash discharges
between the stress cone and XLPE insulation [12, 13], as well
as longitudinal dendritic discharge in XLPE insulation, which
is the major form of discharge. These discharges initially
develop from small PD [14–16]. Consequently, it necessitates
more complete understanding of the relationship between
electrical tree development and partial discharge of XLPE
cables [17, 18]. It is of great importance for the online diagnosis of cable defects in PD detection to provide an early
warning [19].
In this paper, the characteristics of PD during the electrical tree growth process in the insulations of 35 kV and 110 kV
XLPE cables were studied by monitoring partial discharge
and observing the growth of electrical trees using a digital
microscope. The results can provide criteria for the identiﬁcation of defects in the cable insulation in online monitoring
of PD.
Although widely used in the study of electrical trees, the
majority of microscopes are used to study the morphological
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Needle electrode
Needle

Al electrode

Figure 2: Sketch of the 110 kV XLPE cable slice and the needle-plate
electrode.
Al electrode

Figure 1: Sketch of the 35 kV XLPE cable slice and the needle-plate
electrode.

growth of electrical trees at applied voltages. However, by
combining the growth of electrical trees and the characteristics of PD in actual cable insulation, this paper studied the
identiﬁcation of defects in the insulation in order to provide
an early warning of the breakdown of the cable insulation for
the ﬁrst time.

2. Experimental
2.1. Materials. Two kinds of test samples of the cable slices
were used in the real-time monitoring system. One is 5 mm
in thickness which was cut from 35 kV XLPE cable, and the
other is 5 mm thick and were cut from 110 kV XLPE cable.
For the test samples of 35 kV cables shown in Figure 1,
two semiconductive layers and XLPE insulation were kept
on both sides. In order to collect clear images of the electrical
trees, the surface of the translucent slices was sanded with
sandpaper until it becomes glossy and smooth [20].
The electrode structure that was used to induce electrical
trees was the typical needle-plate electrode. The ground electrode was made of aluminum and was close to the outer
semiconductive layer. An austenitic stainless steel needle
was used as the needle electrode on the high-voltage side
[21, 22]. In order to narrow the diﬀerence between the
induced electrical trees and the actual defects, the curvature
radius of the needle tip should be as small as possible and
was about 7 ± 1 μm. After being heated, the needle tip was
inserted slowly from the inner semiconductive layer 1 mm
into the insulation. Heating the needle tip prevented the formation of small air gaps in the insulation when the needle
was removed. The thickness of the 35 kV XLPE cable insulation was 11 mm and was 1 mm for the semiconductive shield.
The distance from the needle tip to the outer semiconductive
shield was about 10 mm.
The test samples of 110 kV cables were shaped as in
Figure 2 in order to avoid surface ﬂashover between the needle tip and the aluminum electrode at the rated voltage of
110 kV [23, 24]. The XLPE barriers were 7 mm in height
and 1 mm thick, and both sides were processed in the cable
insulation to prevent the surface slip ﬂash discharge along

the surface of the cable slices between the needle electrode
and the ground electrode. The inner semiconductive layer,
5 mm wide and 1 mm thick, was reserved as shown. The
thicknesses of the 110 kV XLPE cable insulation and the
inner and outer semiconductive shields were 18 mm,
1.5 mm, and 1 mm, respectively. After being heated, the needle tip was inserted slowly from the inner semiconductive
layer 2 mm into the insulation. The distance between the
needle tips and the outer semiconductive shield was 16 mm.
2.2. Real-Time Monitoring System. The experimental system
was made up of three parts. The ﬁrst part was the equipment
collecting the electrical tree images, which included the digital microscope, industrial control computer, and a cold light
source. These images observed and collected using this part
were updated four times per second in order to reﬂect the
morphological growth of electrical trees in real time.
The second part was the PD detection system that
included the testing transformer, detection sensor, oscilloscope, and industrial control computer. The detection
impedance was connected to the ground loops of the samples
of cable slices. The partial discharge signals detected by
the impedance were magniﬁed by the ampliﬁer that had
a magniﬁcation of 35 dB and a bandwidth of 3-40 MHz
[25]. The VHF bandwidth is usually adopted in actual
online monitoring.
The ﬁnal part of the experimental setup was the sample of
cable slices that were immersed in transformer oil and loaded
in a transparent plexiglass tank. This prevents the creeping
discharge and surface ﬂashover between the needle ground
electrodes. In order to collect clear and bright images of the
electrical trees, the light emitted from the cold light must pass
through the transparent plexiglass tank, the slice, and the
transformer oil at the same time. The schematic illustration
of the test system was shown in Figure 3.
2.3. Statistical PD Characteristics. The raw PD data in the
growth processes of the electrical trees were sampled every
two hours, and each sampling period collected 150 power frequency periods. The statistical characteristics of PD were
chosen to characterize the deterioration process of the electrical trees in the XLPE cables [26, 27]. These characteristics
are as follows:
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the pulse waveform. The processing of the pulse p j t i was
as follows:

1 : 1000

T0 j =
Fiber
source

F0 j =

PC

Oscilloscope
Needle electrode

Tj

2

=

Fj

2

=

Al electrode

Figure 3: Schematic illustration of the test system.

qm , the maximum discharge magnitude of PD signals in
each sampling period;
q, the average discharge magnitude of PD signals in each
sampling period;
U, the average discharge amplitude of PD signals in each
power frequency period in each sampling period; and n, the
average numbers of discharge of PD signals in each power
frequency period in each sampling period.
2.4. Waveform Characteristics of PD. The equivalent timefrequency classiﬁcation algorithm of the PD pulse was
chosen to identify the deterioration degree. Diﬀerent timefrequency features of PD waveforms at diﬀerent deterioration stages provided a foundation for the identiﬁcation of
the deterioration degree of electrical trees [28, 29].
Considering the application in online monitoring, the
feature extraction of pulse waveform should have the following characteristics: (1) real-time and fast calculations, (2)
unrelated to the time record points, and (3) unrelated to
the pulse amplitude and polarity. Accordingly, the data processing of a single-pulse waveform obtained from broadband
detection was as follows:
pj ti =
Pj f i =

m0 ,m1 ,⋯,mi ⋯,mn−1 ,
0,Δt ,⋯Δt i−1 ⋯Δt n−1 ,
M 0 ,M 1 ,⋯M i ,⋯,M n/2 −1 ,
0,Δf ,⋯Δf i−1 ,⋯,Δf n/2 −1 ,

1

where p j is the j-th pulse; P j is the pulse p j ’s fast Fourier
transform (FFT); n represents that the pulse waveform is
composed of n points, and the FFT spectrum of the pulse
waveform is composed of n/2 points; mi is the amplitude
of corresponding time domain waveform of i-th point;
Δt i−1 is the corresponding time points for the i-th point
(Δt = 1/f , s is the sampling interval, f is the sampling
rate, and s = nΔf ); and Δf i−1 is the frequency value of
the i-th point.
In this paper, the time dispersing T and frequency dispersing F were selected to obtain the feature extraction of

∑ni=0 t i p j t i
∑ni=0 p j t i

2

∑n/2
i=0 f i P j f i
∑n/2
i=0 P j f i

,

2

2
2

,

j

2

∑ni=0 t i − T 0

⋅ p2j t i

∑ni=0 p2j t i
∑ni=0 f i − F 0 j

2

2
,

⋅ P j2 f i

∑ni=0 P j 2 f i

In equation (2), the mean time of the pulse waveform sigj
j
nal T 0 and mean frequency F 0 were calculated. The strike
time T j and frequency spread F j of the pulse waveform signal
were, respectively, deﬁned as equivalent time width and
equivalent bandwidth.
The 150 pulse waveforms of the PD that were collected in
each sampling period were collected at a sampling rate of
1 GHz. The sampling time for each PD pulse was 1 μs so that
the true PD pulse information could be fully reﬂected in the
data. Next, 150 points appeared on the T-F diagram after
the equivalent time-frequency transformed, and each point
represented the equivalent time and frequency of a PD pulse
waveform. On the basis of the principle of fuzzy cluster analysis, T-F points of similar waveforms could achieve good
clustering performance, so the deterioration stages can be
characterized using the T-F diagram.

3. Results and Discussion
3.1. Growth Characteristics of Electrical Trees of 35 kV Cables.
The rated phase voltage of the 20.2 kV was evenly applied on
the needle electrode and inserted into the insulation slice.
The growth of electrical trees lasted about 49 hours from
the starting of the electric branches to the breakdown of the
entire insulation. The degradation process of the electrical
trees was divided into ﬁve stages in chronological order: the
early stage from 0 to the 10th hour, the early-middle stage
from the 10th to 20th hour, the middle stage from the 20th
to 30th hour, the middle-late stage from the 30th to 40th
hour, and the late stage from the 40th to 49th hour.
The growth process of the electrical trees can be outlined
as follows: the initial electrical trees expanded quickly at the
early stage; stagnation-type electrical trees existed at earlymiddle stage; branches of electrical trees expanded quickly
and developed into dendritic forms during the middle stage;
the branched trees continued to expand throughout the
entire insulation during the middle-late stage; at the late
stage, the entire insulation was covered with electrical trees;
and ﬁnally, the electric breakdown of the slice occurred.
The typical states of the electrical trees from the beginning
to breakdown are shown in Figure 4.
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Figure 4: Deterioration process of the entire cable insulation of 35 kV cable: (a) starting, (b) 12 hours later, (c) 22 hours later, (d) 37 hours
later, (e) 48 hours later, (f) breakdown.

3.2. Growth Characteristics of Electrical Trees of 110 kV
Cables. The rated phase voltage of 63.5 kV was evenly applied
on the needle electrode and inserted into the insulation slice.
The growth of electrical trees lasted about 50 hours from the
starting of the electrical trees to the breakdown of the entire
insulation. The degradation process of the electrical trees
was divided into ﬁve stages in chronological: the early stage
from 0 to the 10th hour, the early-middle stage from the
10th to 20th hour, the middle stage from the 20th to 30th
hour, the middle-late stage from the 30th to 40th hour, and
the late stage from the 40th to 49th hour.
The growth process of the electrical trees in the 110 kV
cable insulation was diﬀerent from the 35 kV cable. The initial electrical trees grew out quickly during the early stage

and expanded into a bush-like structure when high voltage
was applied. The branched electrical trees grew out at the
front end of the bush structure in the late period of the early
stage. At the early-middle stage, the growth of electrical trees
did not stagnate, but the bush-like electrical trees continued
to expand. The branched electrical trees at the front end of
the bush structure gradually grew and became thicker, and
more subtle electrical trees appeared around the branched
electrical trees. During the middle stage, some branched electrical trees developed quickly and covered the insulation in
fan shapes. At the middle-late stage, the branched electrical
trees continued to expand and became thicker. During the
late stage, the electrical trees covered the entire insulation
and reached the outer semiconductive layer and the main
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Figure 5: Deterioration process of the entire cable insulation of 110 kV cable: (a) starting, (b) 5 hours later, (c) 11 hours later, (d) 26 hours
later, (e) 39 hours later, (f) 47 hours later, (g) breakdown.
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Figure 6: The changing trends of the statistical characteristics of PD in the growth process of electrical trees in 35 kV cable deterioration
process of the whole cable insulation of 35 kV cable.

branches became thicker. At last, one of the main branching
trees became a conductive channel and the insulation slice
broke down. The typical states of the electrical trees from
the beginning to breakdown are shown in Figure 5.
3.3. Statistical Characteristics of PD of 35 kV Cables. The
trend graphs of qm , q, U, and n during the entire degradation
process of the electrical trees are shown in Figure 6. The qm
and q of the initial electrical trees at the early stage were larger
than those of the stagnation-type electrical trees during the
early-middle stage. The PD for the stagnation-type electrical
trees was small and could hardly be detected. The qm and q
quickly rose during the middle stage and maintained a high
and stable level before the breakdown which was far greater
than at the early stage. However, U and n decreased dramatically near the 40th hour when the electrical trees reached the
outer semiconductive layer. The PD had the special characteristics during this stage, with small and weak discharges,
interspersed with the occasional large discharges. Additionally, the PD suddenly disappeared shortly before the breakdown and then increased rapidly for a short period before
the breakdown.

3.4. Equivalent Time-Frequency Characteristics of PD Pulses
at Diﬀerent Deterioration Stages of 35 kV Cables. The equivalent time-frequency characteristics of the PD pulses at diﬀerent deterioration stages can be summarized by quick growth
of the electrical trees when the voltage was applied (Figure 7).
In the equivalent time-frequency diagram, discharges
occurred in areas one and two and most were concentrated
in area one, whose equivalent time width and equivalent
bandwidth were from 120 to 260 ns and from 3 to 20 MHz,
respectively. There were rare discharges in area two, whose
equivalent time width and equivalent bandwidth were from
180 to 220 ns and from 27 to 40 MHz, respectively. Twelve
hours later, the stagnation-type electrical trees occurred at
the early-middle stage and all discharges were concentrated
in area one, whose equivalent time width and bandwidth
were from 100 to 200 ns and from 3 to 20 MHz, respectively.
Twenty-two hours later, branches of electrical trees
expanded quickly and developed into a dendritic form. In
the equivalent time-frequency diagram, there were discharges in both areas one and two and most of the discharges
were concentrated in area two. The equivalent time widths
and equivalent bandwidths of areas one and two were from
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Figure 7: T-F clustering diagrams of PD pulse in the growth process of electrical trees in 35 kV cable: (a) starting, (b) 12 hours later, (c) 22
hours later, (d) 48 hours later.

100 to 140 ns and from 15 to 25 MHz and from 100 to 260 ns
and from 25 to 150 MHz, respectively. Forty-eight hours
later, the entire insulation was covered by electrical trees
and almost all electrical tree clusters reached the outer semiconductive layer. At this point, the slice was about to breakdown. In the equivalent time-frequency diagram, there were
discharges in both areas one and two and there were more discharges in area one than in area two. The equivalent time
width and equivalent bandwidth of area one were from 90 to
260 ns and from 10 to 25 MHz, while those of area two were
from 100 to 240 ns and from 25 to 125 MHz, respectively.
3.5. Statistical Characteristics of PD of 110 kV Cables. The
trend graphs for the qm , q, U, and n during the entire degradation process of the electrical trees are shown in Figure 8.
The qm and q of the initial electrical trees at the early stage
were relatively large, but the discharges were small, and occasionally there were several large discharges during the early
stage. The PD could not maintain a stable state during the
early-middle and middle stages. Occasionally, the PD
signals were small and could hardly be detected, but they were
large at other times. Then, the PD maintained a stable state

during the middle-late stage. Four statistical characteristics
maintained a high and stable level. The PD was weakened
when the electrical trees reached the outer semiconductive
layer during the late stage, but increased rapidly right before
the breakdown.
3.6. Equivalent Time-Frequency Characteristics of PD Pulses
at Diﬀerent Deterioration Stages of 110 kV Cables. The equivalent time-frequency characteristics of PD pulses at diﬀerent
deterioration stages are summarized as in Figure 9.
The initial electrical trees branched out quickly and
expanded into a bush-like structure at the early stage. There
were discharges both in areas one and two, and there were
more discharges in area one than in area two. The equivalent
time width and equivalent bandwidth of area one were from
430 to 540 ns and from 5 to 25 MHz, while those of area two
were from 440 to 480 ns and from 25 to 40 MHz, respectively.
Eleven hours later, the equivalent time width and equivalent
bandwidth of area one were from 430 to 500 ns and from 10
to 25 MHz, while those of area two were from 430 to 520 ns
and from 30 to 60 MHz, respectively. Twenty-six hours later,
the electrical trees grew quickly. There were no discharges in
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Figure 8: The changing trends of the statistical characteristics of PD in the growth process of electrical trees in 110 kV cable deterioration
process of the whole cable insulation of 110 kV cable.

area one, but discharges were concentrated in area two,
whose equivalent time width was from 400 to 560 ns and
the equivalent bandwidth from 30 to 110 MHz as a result of
the drastic growth of electrical trees. Forty-seven hours later,
there were discharges in both areas one and two, but more
discharges are concentrated in area two. The equivalent time
width and equivalent bandwidth in area one were from 440 to
480 ns and from 10 to 35 MHz, while those in area two were
from 450 to 560 ns and from 35 to 100 MHz, respectively.

4. Conclusion
In this paper, a real-time system using PDs was built to monitor the growth of electrical trees in the slices of 35 kV and
110 kV XLPE. The morphological development of the electrical trees and the characteristics of PD were studied at rated
voltages. The following conclusions were drawn.
(1) The morphological development was diﬀerent
between the electrical trees in the 35 kV and the
110 kV XLPE. The morphology of the electrical trees
in the 35 kV cable insulation was dendritic, while that

in the 110 kV cable insulation contained both the
bushes and the dendrites. Unlike the 35 kV, the
growth of the electrical trees in the 110 kV cable insulation did not stagnate during the early-middle stage
and the electrical trees reached the outer semiconductive layer well before the insulation was broken
down in nearly 39 hours
(2) There were three signiﬁcant statistical characteristics
of the PDs during the growth of electrical trees. The
ﬁrst feature was that the PDs were small and could
hardly be detected during the early-middle stages,
although they were large when the initial electrical
trees grew out. Another feature was that after growing, the PDs maintained a high and stable level during the middle and middle-late stages. The third
feature was that the PDs were weakened when the
electrical trees reached the outer semiconductive
layer and then increased rapidly until the breakdown
(3) As shown in the equivalent time-frequency characteristics of the PD pulses, there were some similarities
in the equivalent time-frequency diagram at every
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Figure 9: T-F clustering diagrams of PD pulse in the growth process of electrical trees in 110 kV cable: (a) starting, (b) 11 hours later, (c) 26
hours later, (d) 47 hours later.

stage in the insulation of the 35 kV and 110 kV cables.
Evident characteristics such as large spans of time
and frequency were present as the electrical trees
grew violently in the equivalent time-frequency diagram at every stage. Such characteristics, if combined
with the statistical characteristics of the PDs, could
provide criteria for the identiﬁcation of defects in
cable insulation in order to provide an early warning
of insulation breakdown in the cable
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Bilayer thin ﬁlms of Ge/CdS have been deposited on a glass substrate through thermal evaporation method. The obtained Ge/CdS
samples were annealed at temperatures up to 400°C to observe the resulting eﬀect on the structural changes in the ﬁlm. The
bandgap of the annealed ﬁlms was found to increase with increasing annealing temperature which can be attributed to the
increased interlayer diﬀusion. The interlayer diﬀusion was found to take eﬀect above a temperature of 300°C which was
conﬁrmed by the Rutherford backscattering technique. Complementary XPS was done to investigate the surface stoichiometry
of the bilayers.

1. Introduction
Multijunction solar cells are promising energy devices that
are expected both to mitigate the imminent energy crisis
and environmental menace [1–4]. However, for better
understanding of the performance of these devices, a subtle knowledge of interfacial eﬀects is required [5]. By carefully maneuvering the interface characteristics, the power
conversion eﬃciency of the device can be enhanced. Moreover, the fact that theoretical eﬃciency is limited by the
Schokley-Queisser limit exacerbated by the intrinsic losses
makes the multijunction tandem solar cells with a tunable
bandgap an ultimate choice [6, 7]. Multijunction solar cells
on one hand can mitigate the thermal losses by utilizing
several layers having diﬀerent bandgap. On the other hand,
the concatenation of absorber layers may enhance the eﬃciency of these solar cells signiﬁcantly. For example, multijunction (III-V)/Ge semiconductor solar cells have been
reported to manifest high eﬃciency of ~39% with up to
four absorber layers [8]. The ability to engineer a bandgap
of a multilayer thin-ﬁlm solar cell is a technological milestone corroborated by the widespread research eﬀorts over

the past few decades. Many eﬀorts have been put by the scientists to develop cascaded structures of intrinsic (Si and
Ge) and extrinsic semiconductor compounds (metal chalcogenides [9–11] and perovskites [12, 13]). However, II-VI
semiconductors have been rather less explored and needed
further attention. In fact, heterojunctions of Ge/CdS have
been developed through chemical vapor deposition of single
crystal CdS epitaxial layers on (111) p-Ge substrates by
Paorici et al. [14]. However, their aim was to study various
methods to grow CdS on a Ge substrate rather than studying
the impact of interface properties on the grown structures.
Cadmium sulﬁde is a widely used material in various applications, such as photovoltaics, biomedical imaging, catalysis,
IR detector, and space technologies, due to its wide bandgap
of around 2.4 eV [15–17]. In solar cells, CdS has been vastly
used as a buﬀer layer [18, 19]. Ge, on the other hand, is an
indirect bandgap material (0.66 eV) and is commonly used
as a bottom layer in multijunction solar cells.
In this work, we endeavor to study the behavior of Ge/CdS
bilayer system to understand the underpinned mechanism for
expected bandgap change. The bandgap of CdS has been
reported to be sensitive to the oxygen concentration while

2

2. Materials and Methods
All the reagents used in this study were of analytical grade.
Powders of CdS (99.99%, M.Wt. 144.47 g.mol-1) and Ge
(99.999%, M.Wt. 72.64 g.mol-1) were purchased from
Sigma-Aldrich. The thin ﬁlms were deposited on the soda
lime glass substrate by thermally evaporating the precursors
through resistive heating. The substrate was cleaned prior to
deposition by sonicating at 70°C in dilute detergents for 10
minutes to avoid impurities that may cause defects in the ﬁlms
emanated due to contamination. The slides were then sonicated in deionized (DI) water for another 10 minutes to
remove the detergent. Following this, the ﬁlms were sonicated
in pure ethanol for another 10 minutes. Finally, the slides
were rinsed with DI water and blown dry with nitrogen.
For deposition, the vacuum level was maintained up to
1 × 10−5 mbar using diﬀusion pumps. The powders were
melted in tungsten boats and evaporated to the slides. The
substrates were held at room temperature and the substrate
holder was rotated at 30 rpm for uniform deposition of the
ﬁlms. A 15 nm thick layer of Ge was deposited with an average deposition rate of 0.2 nm per second. After that, CdS was
melted and evaporated to deposit a 20 nm thick layer on the
Ge layer with an average deposition rate of 0.2 nm per second. The rate of deposition was monitored by the quartz
crystal monitor placed inside the deposition chamber. The
ﬁlms were annealed in air at temperatures 100°C, 200°C,
300°C, 350°C, and 400°C inside a Muﬄe furnace for one hour
before further use.
2.1. Structural Analysis
2.1.1. X-Ray Diﬀraction (XRD). X-ray diﬀraction (also called
X-ray crystallography) was used to determine the structure
of the prepared ﬁlms. D8 Discover X-ray Diﬀractometer
(Bruker AXS, Germany) was used with Cu-Kα radiation as
a source of X-rays. The analysis was done at a grazing angle
of 1°.
2.1.2. Scanning Electron Microscopy (SEM). The surface
morphology of the thin ﬁlms was studied by a Hitachi
S-4800 FEG scanning electron microscope. The microscope is equipped with a Horiba EMAX EDS detector
having an EMAX energy software for the elemental analysis
of the materials.
2.1.3. Atomic Force Microscopy (AFM). The topological features of the ﬁlms were analysed by the AFM microscopy

0
80 350°C
60
40
20
0
80 200°C
60
40
20
0
100 As-Deposited
80
60
40
20
0
20

60

80

CdS (440)
CdS (600)

(d)
CdS (511)

20

40
Ge0.7CdS0.3 (311)

40

CdS (311)

60

400 °C

Ge (220)
Ge (311)

20
80

Intensity (a.u.)

Ge content has been observed to increase the bandgap of
alloyed Cu2ZnGexSn1–xQ4 (Q = S,Se) [20, 21]. Therefore, we
forecast a change in the bandgap of CdS upon alloying with
Ge. The propitious alloying was achieved by the annealing
of the bilayer ﬁlms at various temperatures and diﬀusion of
Ge into the CdS layer was observed. The interlayer diﬀusion
is an important phenomenon as it results in the change in the
thickness of layers and therefore the bandgap of materials.
We speciﬁcally aimed at tailoring the thickness of the Ge
layer as it has a relatively larger Bohr exciton radius
(24.3 nm) [22] as compared to CdS (5.8 nm) [23].
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Figure 1: (a-d) Grazing incidence XRD pattern showing the peaks
of various scatterings from the planes of Ge and CdS crystals. The
spectra show the formation of FCC cubic structures of both Ge
and CdS. The formation of a new mixed phase Cd0.7Ge0.3S was
also observed at high sintering temperature.

technique using Quesant Universal SPM (Ambios Technology) that can image a lateral resolution down to 1.5 nm and
a vertical resolution down to 0.05 nm. The images were taken
in contact mode by using silicon nitride tips. The scans were
taken over 5 0 × 5 0 μm
2.1.4. Rutherford Backscattering Spectroscopy (RBS). RBS
depth proﬁling was done to determine the nonstoichiometric
phases in the ﬁlms. A beam of alpha particles of desired
energy was generated by adjusting the voltage value of the
beam accelerator, having a maximum capacity (5 MeV) of
producing energetic He+2 particles, at an average energy of
2 MeV for alpha particle production. The samples were cut
in pieces of size 1 × 1 cm2 and taped on the sample holder.
The chamber was evacuated prior to measurement. The
geometry of target and detector was measured using CORNELL. The time required for recording a spectrum depends
upon the charge collection. SIMNRA was used for the simulation of RBS spectra. The simulated spectrum is overlapped
on the experimental spectrum to extract information about
the thickness and composition of each layer. Ag-Cu alloy
monolayer (with known backscattered energies) deposited
on a glass substrate was used for the energy to channel scale
conversion prior to sample measurement. The calculated
values for keV(0) and keV/Ch were 56.820 keV and 1.1360,
respectively. All of the subsequent simulations for the diﬀerent samples were done using these values. After the successful
channel to energy scale calibration, the expected target information was provided to the software and the simulation was
run. The simulated spectrum thus generated was overlapped
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Figure 2: High resolution (a) Cd3d core level spectrum, (b) S2p XPS spectra of CdS ﬁlm, and (c) Ge2p spectrum of underneath Ge spectrum.
The surface oxides are shown in (d).

on the experimental spectrum and the thicknesses of layers
were calculated.
2.2. Spectroscopic Analysis
2.2.1. UV-Visible Spectroscopy. The optical properties of the
ﬁlms were studied through the Labomed UV-visible spectrophotometer. The ﬁlms were held perpendicular to the beam
for the analysis. The obtained data was converted to transmittance and further analysed for the calculation of the bandgap via the Tauc plot.
2.2.2. Photoluminescence. A photoluminescence analysis was
performed to determine the emission characteristics of the
prepared thin ﬁlms. The Kimmon 30 mW He-Cd laser
(325 nm) was used as an excitation source. A photomultiplier (PMT), a focal length monochromator (500 mm),
and the lock-in ampliﬁer were used for the acquisition of
the spectrum.
2.2.3. XPS Spectroscopy. The XPS spectroscopy was performed using a standard omicron system equipped with a

monochromatic Al Ka 1486.7 eV X-ray source and the Argus
hemispherical electron spectrometer with 128 channel MCP
detector. The CasaXPS software was used for data analysis
and curve ﬁtting. C1s was used for the calibration of binding
energies of all spectra.

3. Results and Discussion
Figures 1(a)–1(d) show the XRD patterns of the annealed
ﬁlms at various temperatures. X-rays were made incident at
a grazing angle of 1° on the ﬁlm to minimize the contribution
from the underlying amorphous glass substrate. The broader
hump at around 26° can be attributed to the superposition of
the glass substrate and (311) contribution from Ge and CdS.
A small spike at about 32.8° (not labeled) correspond to (400)
in samples annealed at 350°C and 400°C. Moreover, the
intensity of (311) the peak was found to lower for these samples. This can be probably due to the formation of a new
mixed phase, CdGeS. A tiny spike before the main peak at
about 21° corresponds to (200) plane in Ge. Further peaks
at 43.2°, 48.1°, and 52.8° correspond to (511), (400), and
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(a)

(b)

(c)

(d)

Figure 3: SEM images of sintered samples:(a) the as-deposited ﬁlm, (b) ﬁlm annealed at 200°C, (c) ﬁlm annealed at 350°C, and (d) ﬁlm
annealed at 400°C. Diﬀerent phases of materials are also developing with sintering temperature. The scale corresponding to (a) is 1 μm
while to (b) and (c) is 300 nm.

As-deposited

20.30 nm

.3 nm

4
Y (휇m)

Z: 20

4.0

Z: 2

3

5
Y:

5

0.00 nm

0

X: 5.0 휇m
Y: 5.0 휇m
Z: 20.3 nm

0

1

2 3 4
X (휇m)

0.00 nm

5

(a)

26.70 nm

5

m

.0 휇

X: 5

X: 5.0 휇m
Y: 5.0 휇m
Z: 24.0 nm

(b)

25.88 nm

5

350°C

400°C

4

4
.7 nm

Z: 26

3

Y (휇m)

Y (휇m)

휇m

2 3 4
X (휇m)

.0

1

nm

2
1

0

200°C

23.99 nm

5

2
5
Y:
.0

1

휇m

0
0

1

2 3 4
X (휇m)

5

0.00 nm

(c)

휇
: 5.0

m

X
X: 5.0 휇m
Y: 5.0 휇m
Z: 26.7 nm

5.9

3

Z: 2

nm

2
Y:
5

1

.0

0

0.00 nm
0

1

2 3 4
X (휇m)

5

휇m

m
.0 휇
X: 5
X: 5.0 휇m
Y: 5.0 휇m
Z: 25.9 nm

(d)

Figure 4: (a-d) AFM images of the annealed ﬁlms. The samples annealed at the diﬀerent temperatures show the increased roughness with the
annealing temperature. The sample annealed at 400°C shows the associated oxides which can be conﬁrmed by XPS.
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(600) planes in CdS, respectively. From the XRD spectrum, it
can be elucidated that FCC structured germanium with a
space group of Fm-3m (225) and FCC structured CdS with
a space group of F-43m (216) were developed on the ﬁlms.
XPS analysis of the sample annealed at 400°C was done to
get further insight of diﬀusion. Figure 2 shows the high resolution Cd3d, S2p, Ge2p, and O1s spectra of a CdS/Ge bilayer
sample. All the high resolution spectra were ﬁtted by the
Voigt line shape using the Shirley background. The Cd3d line
shape can be ﬁtted by a single symmetric peak corresponding
to CdS bonding. On the other hand, the S2p spectra can be
ﬁtted by two components consisting of the CdS bond along
with one additional contribution at about 168.5 eV possibly

from the oxidation of sulfur to the sulphate group. Ge2p peak
was also observable by XPS which indicates that the CdS layer
is very thin so that one can see the underneath Ge layer. As
seen in Figure 2(d), the O1s also shows two peaks, one mainly
from the surface-adsorbed oxygen species and one additional
contribution possibly from the oxidized surface of the substrate, i.e., SiO2. The Ge signal was found at a depth of around
10 nm which indicates the diﬀusion of Ge into the CdS layer.
Figure 3 shows the SEM images of the (a) as-prepared
ﬁlm, (b) ﬁlm annealed at 200°C, and (c) ﬁlm annealed at
350°C. Annealing is found favourable for the grain growth
and grain boundaries and increase more rapidly above 300°C.
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Figure 8: (a-e) Simulated curves of all the samples for RBS analysis. The Copper-Silver reference was used.

Figures 4(a)–4(d) show the surface morphology of bilayer
Ge and CdS system. The surface roughness was found to
increase more rapidly, i.e., from 20.3 nm to 24.0 nm, for
annealing until 200°C. A further increase of the annealing
temperature to 400°C was found to inﬂuence the surface
roughness by 26.7 nm little as compared to 200°C. This can
be attributed to the oxidation of the surface at 400°C. The
observed changes in the surface roughness can be possibly
due to an increase in the crystallite size and improved ﬁlm
uniformity [24].
Figure 5(a) shows the absorption spectra of the
annealed samples while Figure 5(b) shows the transmission
spectra. The UV/Vis spectroscopy showed two peaks of
as-prepared sample, a weak shoulder at around 500 nm
and a broader hump peaked at about 640 nm. The weak
shoulder was found to become stronger and blueshifted
with the increasing annealing temperature while the
broader hump was found to disappear for the annealed
ﬁlms. The optical bandgap of the as-prepared and annealed
samples was calculated by the Tauc plot and plotted in
Figure 6. The bandgap was found to increase with the
annealing temperature.
Figure 7 shows the photoluminescence of the thin ﬁlms at
diﬀerent temperatures. The peak at 396 nm in all the samples
corresponds to the electron-hole recombination near the
bandgap edge. The peak near 450 nm in the as-prepared
sample corresponds to sulfur vacancy, while peak near
530 nm in the heat-treated samples may be assigned to surface trap-induced emission. It can be seen with the increase
in temperature that the green emission shift to the red from

450 nm to 525 nm is the result of interlayer diﬀusion and
removal of shallow traps [25].
Figure 8 shows the RBS ﬁttings for as-deposited and
annealed samples. The distinct peaks for all of the three possible elements can be marked separately at diﬀerent energies.
The CdS and Ge peaks are marked and well ﬁtted for
as-deposited samples conﬁrming the successful deposition
of CdS and Ge. Sulfur (S) shows a relatively less intense peak
around 1250 KeV which can be attributed to the smaller
atomic mass of sulfur. One can see that the prominent eﬀect
of annealing appears at 400°C as the broadening of individual
peaks with a decrease in their height which conﬁrms the diffusion of both layers as a result of annealing. The composition of mixed phase was found out to be Cd0.7Ge0.3S which
can also be observed in the XRD pattern of the samples
annealed at 400°C.

4. Conclusions
Bilayer thin ﬁlms of Ge/CdS have been successfully fabricated. The structure of the conformed ﬁlms was veriﬁed
through XRD analysis. The analysis was done at a grazing
angle to minimize the contribution from underlying substrate. The major peak at (400°C) can be attributed to the
superposition of CdS and Ge ﬁlms. The XPS analysis conﬁrmed the formation of oxides at temperatures above
350°C. From the SEM analysis, it was found that the grain
boundaries of the annealed ﬁlms keep on growing with the
annealing temperature. The surface roughness was found to
increase with the annealing temperature attributed to the
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formation of bigger grains. The Rutherford Backscattering
(RBS) analysis showed that the annealing of the thin ﬁlms
resulted in the interlayer diﬀusion across the CdS and Ge
layers emanating the bandgap narrowing in the case of Ge
layer. The presence of diﬀerent phases was conﬁrmed both
by XRD and RBS analysis. The optical bandgap was calculated using the Tauc plot and was found to increase with
the annealing temperature. The photoluminescence data
showed that the green luminescence increases with the
increase in temperature due to the removal of shallow traps.
The photoelectron spectroscopy revealed the presence of
both surface-adsorbed and oxidized surface which leads to
the bandgap widening as expected. However, the phenomenon of diﬀusion and the development of phases need to be
further investigated.
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This study developed composite electrodes used in a semi-vanadium/iodine redox ﬂow battery (semi-V-I RFB) system and
designed semi-V-I RFB stacks to provide performance comparable to that of an all-vanadium redox ﬂow battery (all-VRFB)
system. These electrodes were modiﬁed using the electroless plating method and sol-gel process. The basic characteristics of the
composited electrodes, such as the surface structural morphology, metal crystal phases, and electrochemical properties, were
veriﬁed through cyclic voltammetry, ﬁeld emission-scanning electron microscopy, energy-dispersive X-ray spectrometry, and
X-ray diﬀraction. The results show that the sintering C–TiO2–Pd electrode improved the electrocatalytic activity of the semi-V-I
RFB system, thereby eﬀectively increasing the energy storage ability of the system. The C–TiO2–Pd electrode was used as a
negative electrode in a single semi-V-I RFB and exhibited excellent cyclic performance in a charge-discharge test of 50 cycles.
The average values for coulomb eﬃciency, voltage eﬃciency, and energy eﬃciency were approximately 96.56%, 84.12%, and
81.23%, respectively. Moreover, the semi-V-I RFB stacks were designed using series or parallel combination methods that can
eﬀectively provide the desired operating voltage and linearly increase the power capacity. The amount of vanadium salt required
to fabricate the semi-V-I RFB system can be reduced by combining large stack modules of the system. Therefore, this system
not only reduced costs but also exhibited potential for applications in energy storage systems.

1. Introduction
The energy of a redox ﬂow battery (RFB) is stored in separated positive and negative electrolytes, which provide the
driving force that initiates the oxidation-reduction reaction
[1]. The use of energy stored in the form of chemical energy,
a mode of storage that does not entail any geographical
restrictions, is expected to facilitate large-scale energy storage
and has signiﬁcant environmental and socioeconomic
advantages. RFBs have been utilized as large-scale energy
storage systems in the last decade [2–5]. The all vanadium
RFB (all-VRFB) is one of the most promising technologies
for mid-to-large-scale (kilowatt-megawatt) energy storage
and was ﬁrst proposed by Skyllas-Kazacos in 1985 [6, 7].
The power output of a vanadium RFB increases with the size
of the cell stack and the active electrode surface area, whereas

its energy storage capacity increases with the volume of the
storage tanks and the electrolyte concentrations [8–10]. The
all-VRFB can be modiﬁed for use in speciﬁc large-scale utility
applications; however, these batteries are more expensive
than secondary batteries. Consequently, the technologies of
the all-VRFB system should be further advanced to realize
low-cost fabrication and to improve performance and durability, thus enabling their widespread application. The key
materials of the all-VRFB system include an ion exchange
membrane, electrodes, electrolyte, and a ﬂow channel. The
battery’s energy density is determined not only by the characteristics of these key materials but also by their intimate interrelationships. An ideal electrode is one that exhibits low
resistance, high conductivity, and acid-resisting property.
Many studies have focused on modifying electrode materials,
such as increasing their electrocatalytic activity or developing
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a new, low-cost electrode with more robust mechanical
strength in concentrated acid solutions [11–15]. In our previous research, we developed a novel semi-vanadium-iodine
RFB (semi-V-I RFB) [16]. This battery has a high coulomb
eﬃciency and signiﬁcantly reduces the fabrication cost; however, its voltage eﬃciency is low (68%). The overall reactions
of vanadium-iodine, iodine-vitamin C (C6H8O6), and
vanadium-vitamin C oxide (C6H6O6) can be expressed as
shown in equations (1)–(6) on the charging mode.
1.1. Vanadium-Iodine.
Oxidation reaction 2VO2+ + 2H2 O → 2VO2 + + 4H+
+ 2e− E0 o = −1 00V

1

Reduction reaction I2 + 2e− → 2I−

2

E0 r = 0 54V

Overall reaction 2VO2+ + I2 + 2H2 O → 2VO2 + + 2I− + 4H+
E0 cell = −0 46V

3

plating solution [18–21]. Among them, the C–TiO2 electrode
was fabricated using the following steps: tetrabutyric acid was
mixed with EtOH/HCl (pH = 1) aqueous solution at a tetrabutyric acid : EtOH : HCl molar ratio of 1 : 8 : 4 in a ﬂask and
mechanically stirred to carry out the hydrolysis reaction at
room temperature. Then, carbon paper was added to the premixed tetrabutyric acid solution under vigorous stirring for
1 h. Finally, it was completely dried in an oven at 60°C, and
a C–TiO2 composite electrode was obtained. The C–Pd–
TiO2 and C–TiO2–Pd electrodes were fabricated using a
two-step deposition method. In the ﬁrst step, the sol-gel
route was employed to prepare the C–TiO2-electrode, following which the Pd was redeposited on the C–TiO2 electrode
through the electroless technique to form the C–TiO2–Pd
modiﬁed electrode. The C–Pd–TiO2 electrode was fabricated
under the same conditions, but with the process reversed.
The plating solution had a pH in the range of 4.8–5.1 at
80°C. Finally, the modiﬁed electrodes were heat treated at
400°C in an oven for 1 h. All chemicals used were of analytical
reagent grade.

1.2. Vanadium-Vitamin C.
Oxidation reaction 2VO2+ + 2H2 O → 2VO2 + + 4H+ + 2e−
E0 o = −1 00V

4

Reduction reaction C6 H6 O6 + 2H+ + 2e− → C6 H8 O6
E0 r = 0 06V
Overall reaction 2VO2+ + C6 H6 O6 + 2H2 O → 2VO2 +
+ 2H+ + C6 H8 O6

E0 cell = −0 94V

5

2.2. Morphology and Composition of Composite Electrodes.
The surface morphologies and components of the composite
electrodes were characterized through scanning electron
microscopy coupled with energy dispersive X-ray analysis
(JSM-6700F, JEOL, Tokyo, Japan). The composition of the
electrode was identiﬁed through X-ray diﬀraction (XRD)
with a ﬁltered Cu-Ka radiation source (X’Pert PRO, PANalytical, Almelo, the Netherlands), and diﬀraction patterns were
collected from 20° to 90°.

6

2. Experimental

2.3. Measurement of the Electrochemical Properties. Cyclic
voltammetry (CV) experiments were conducted in a threeelectrode cell and by using an electrochemical analyzer
(CHI 6273 C, CH Instruments Inc., US). The composition
of the cell was as follows: an Ag–AgCl electrode was used as
the quasireference electrode, the reference electrode and the
platinum gauze were used as the counter electrode, and the
C–Pd or C–TiO2-Pd modiﬁed electrode with a surface area
of 1 × 1 cm2 was used as the working electrode. The positive
electrolyte was a solution of 0.01 M I2 with a variable amount
of vitamin C. The scan rate was varied from 1 to 10 mV·s−1.
Electrochemical properties, such as the potential interval
(ΔEp), ratio of the anodic-cathodic current (Ipa-Ipc), diﬀusion
coeﬃcient (Do), and double-layer charged capacity (Cd), were
obtained from the CV experimental data.

2.1. Fabrication of Composite Electrodes. Graphite carbon
paper electrodes (C-electrodes; Shenhe Carbon Fiber Materials Co. Ltd., Liaoning, China) were modiﬁed by depositing
palladium (Pd) through electroless plating. The eﬀective
exposed surface area of the electrodes was 5 × 5 cm2. SnCl2
and PdCl2 were used as sensitized and active reagents in the
deposition of the C–Pd electrode. The composition of the
plating solution was 19 g/L Na2C4H4O4·6H2O, 10 g/L PdCl2,
8.5 g/L HCl, and 25.6 g/L C2H4(NH2)2. The C–Pd, C–Pd–
TiO2, and C–TiO2–Pd electrodes were prepared through
electroless metal deposition by using the composition of the

2.4. Charge-Discharge Test. We used the iodine-vitamin C
solution as a cathode electrolyte and vanadium ion
(V4+–V5+) solution as an anodic electrolyte to set up a single
cell. The (V4+–V5+) vanadium solutions were prepared by dissolving 1 M VOSO4 in 2 M H2SO4 aqueous solution. Multiple
electrodes, that is, C and C–TiO2–Pd electrode, were used.
The electrodes were separated by a cationic exchange Naﬁon
117 membrane (DuPont, USA). In addition, the chargedischarge test was conducted on two cell stacks—series
and parallel.

A study demonstrated that the reversibility of the
oxidation-reduction reaction can be eﬀectively increased
if vitamin C is added to the iodine solution [17]. Therefore, the standard electromotive forces of the semi-V-I
RFB system are between 0.46 to 0.94 V on the discharging
mode.
This study focused on developing composite electrodes
that can be used as the negative electrode of the semi-V-I
RFB system to eﬀectively improve the voltage eﬃciency of
the system. Furthermore, we designed semi-V-I RFB stacks
and compared the charge-discharge performance of the
stacks with that of the all-VRFB system.
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Figure 1: XRD patterns of various electrodes (a) without sintering for all electrodes, (b) sintering for all electrodes, and (c) without and with
sintering for the C–TiO2–Pd electrode.

3. Results and Discussion
3.1. Crystal Structure Identiﬁcation of Composite Electrodes.
The XRD diﬀraction patterns of all the composite electrodes,
including C, C–TiO2, C–Pd, C–Pd–TiO2, and C–TiO2–Pd
with and without 400°C sintering, are shown in Figure 1.
The diﬀraction pattern in Figure 1 reveals that (1) before sintering, C (002) possessed two sharp diﬀraction peaks at
27°–29° and two weak peaks, C (100)/C (004), at 43° and 54°,
respectively. TiO2 in the C–TiO2 region was amorphous; thus,
the diﬀraction patterns were similar to those of C. The (111),
(200), and (220) facets of Pd with a face-centered cubic lattice
structure were assigned to the diﬀraction peaks at 40°, 47°,
and 68°, respectively. Three regions (i.e., C–Pd, C–Pd–
TiO2, and C–TiO2–Pd) can verify a part of the Pd crystal
structure (111, 200); nevertheless, the intensity of the
peaks was weak in the C–TiO2–Pd regions, as depicted
in Figure 1(a). (2) After sintering, the C electrode’s diﬀraction patterns remained unchanged. The C–TiO2 electrode
exhibited a strong diﬀraction peak at 25°, which was the
anatase lattice structure of TiO2 (A101), and a relatively
weak diﬀraction peak at 38°–39° for TiO2 (A103) and TiO2
(A004). In the C–Pd–TiO2 region, ﬁngerprint peaks similar
to those of TiO2 were observed; however, these were not

observed in the C–TiO2–Pd region. In particular, in the
C–Pd and C–TiO2–Pd regions, a strong new diﬀraction
peak appeared at 34°, which is the diﬀraction characteristic
peak of PdO (101), implying that Pd oxidized to form
PdO, as presented in Figure 1(b). (3) A signiﬁcant diﬀerence was observed between the diﬀraction peaks of C–
TiO2–Pd crystal structures with and without sintering.
The intensity of the diﬀraction peaks of Pd (111) and Pd
(200) for the sintering C–TiO2–Pd electrode was stronger
and more stable, and the diﬀraction pattern of Pd (220)
was more apparent than without sintering. Moreover, a
strong new PdO (101) diﬀraction peak was observed at
34° in the C–TiO2–Pd regions but not in the C–Pd–TiO2
region, as shown in Figure 1(c). Thus, the experimental
results demonstrate that the stable Pd metals and PdO
crystal structures for the C–TiO2–Pd electrode could be
formed through high-temperature sintering. These may
aﬀect electrocatalytic activity and generate diﬀerent electrochemical properties [22–24].
3.2. Surface Morphology Analysis of Composite Electrodes.
The scanning electron microscopy (SEM) images of the
composite electrodes are presented in Figure 2. The Pd
particles with white spots were deposited onto the carbon
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Figure 2: SEM images of composite electrodes. (a) C–Pd, (b) C–TiO2, (c) C–Pd–TiO2, and (d) C–TiO2–Pd.

ﬁber layers of the C–Pd electrode and onto the TiO2 layers
of the C–TiO2–Pd electrode, as shown in Figures 2(a)
and 2(d). Nevertheless, we did not observe the Pd particles in the C–Pd–TiO2 electrode in Figure 2(c), implying
that the inner Pd particles are covered by the outer TiO2
layers. Additionally, we observed that the growth in TiO2
was derived from the inner layer and layer-by-layer
stacking of TiO2, and a signiﬁcant number of TiO2 grains
were uniformly embedded into the carbon paper network
matrix through the sol-gel method, as presented in
Figure 2(b). Furthermore, to identify the component of the
C–TiO2–Pd electrode, we performed energy-dispersive spectrometry (EDS) analysis of the C–TiO2–Pd electrode with
sintering, as depicted in Figure 3. The spectrum and element
analysis presented in Figure 3(a) reveals that the elements of
the sintering C–TiO2–Pd electrode included C (47.58 wt%),
Ti (17.64 wt%), Pd (2.71 wt%), and O (32.07 wt%). O elements exhibited a high wt% under a low wt% Ti element,
implying that Pd was oxidized to form PdO. These results
were conﬁrmed because the PdO (101) facet was assigned
to the diﬀraction peak at 34°, as presented in Figure 1(c).
In addition, the Pd particles were deposited uniformly on
the TiO2 layers, as illustrated in the mapping analysis of
Figures 3(b)–3(f). The deposition of Pd and PdO particles
on the TiO2 layers reduced the aggregation of Pd particles
and increased the active area of the C–TiO2–Pd composite
electrode.
3.3. Electrochemical Characteristics of Various Electrodes.
The CV curves of various electrodes in 10 mL of 0.01 M

iodine with 1 wt% vitamin C solution at a 10 mV/s scanning rate in the range of 0–1 V are shown in Figure 4,
and the data are summarized in Table 1. The oxidation
pattern of electrolyte solutions is referred to as an oxidized
or anodic current peak (Ipa) on a tested electrode, corresponding to the anodic voltage (Epa) when CV is scanned
from a low to high potential. Conversely, if it is scanned
from a high to low potential, then the electrolyte is
reduced to obtain a reduced or cathodic current peak
(Ipc) and a cathodic voltage (Epc). The Ipa/Ipc ratio tended
to unity, revealing that the quasireversible redox reactions
occurred because of the eﬀects of the iodine electrolyte
solutions on the tested electrodes. The values of Ipa and
Ipc were low, meaning that the redox eﬃciency of the
composite electrodes in the iodine solutions was poor.
The Ipa values were in the following order: C–TiO2–Pd > C–
Pd > C–Pd–TiO2 > C > C–TiO2. Moreover, the potential
interval (ΔEp) was in the following order: C–TiO2 > C–
Pd–TiO2 > C–Pd > C > C–TiO2–Pd, as listed in Table 1.
The low ΔEp value demonstrated that the energy barriers
of redox reactions were lower because of the eﬀects of
the iodine electrolyte solutions on the tested electrodes.
These results imply that the C–TiO2–Pd electrode has
higher redox currents and lower ΔEp than other electrodes.
Moreover, the C–TiO2–Pd electrode had a symmetric Ipa/Ipc
value, which was close to unity, meaning that this is a reversible redox reaction for the iodine solutions. In addition, the
outer TiO2 layer of the C–Pd–TiO2 electrodes could not
improve the redox kinetic reaction of the iodine solution;
thus, the redox current of the C–Pd–TiO2 electrode was lower
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Figure 3: Analysis of energy-dispersive spectrometry (EDS) for the C–TiO2–Pd electrode with sintering. (a) EDS spectrum and element
analysis, (b) EDS mapping electron image, (c) Pd element, (d) O element, (e) Ti element, and (f) C element.

than that of the C–TiO2–Pd electrode. Therefore, TiO2 particles between a carbon matrix and Pd metal layers increase
the active surface area of an electrode and can enhance

the electrocatalytic eﬀect of the electrode [19, 22]. Consequently, the C–TiO2–Pd electrode performed better in the
redox kinetic reaction than the others.
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Figure 4: Cyclic voltammograms for 0.01 M iodine solution with 1 wt% of vitamin C on diﬀerent electrodes: (a) C, (b) C–Pd, (c) C–TiO2,
(d) C–Pd–TiO2, and (e) C–TiO2–Pd.

3.4. Kinetic Reactions of Composite Electrodes. A reversible
redox equation (7) can be obtained on the basis of the
Randles–Sevcik equations [25, 26]:
ip = 2 69 × 105 n3/2 ACDo υ1/2 ,

7

where ip , n, A, C, Do , and υ are the peak current, electron
mobility number, reaction area (cm2), concentration of
reactants (mole/cm3), diﬀusion coeﬃcient (cm2/s), and scan
rate (V/s), respectively. The kinetic reactions of iodine with

vitamin C electrolyte solutions on various electrodes were
studied through a series of CV experiments at diﬀerent scan
rates. The relationship between I pa and υ1/2 was plotted in
Figure 5, and the value of Do was obtained using the slope
of Ipa and υ1/2 and Randles–Sevcik equations [16]. As
shown in Table 2, the modiﬁed C–TiO2–Pd electrode
increased the overall mass transfer and iodide ion electrochemical activity. The Do value of iodine-vitamin C species
was enhanced by approximately 60% compared with that of
the C-electrode, from 12.8 × 10−6 to 20.4 × 10−6 cm2/s, on
the C–TiO2–Pd electrode.
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Table 1: Cyclic voltammograms of 0.01 M iodine solutions with 1 wt% of vitamin C on diﬀerent electrodes.
Electrodes
C electrode
C-Pd electrode
C-TiO2 electrode
C-Pd-TiO2 electrode
C-TiO2-Pd electrode

Epa (V)

Epc (V)

ΔEp (V)

Anodic peak‚ Ipa (mA)

Cathodic peak‚ Ipc (mA)

Ipa/Ipc

0.67
0.61
0.68
0.50
0.64

0.50
0.42
0.46
0.29
0.52

0.17
0.19
0.22
0.21
0.12

5.76
5.86
3.35
6.34
8.58

7.08
8.27
3.78
7.44
9.23

0.81
0.71
0.89
0.85
0.92

16.00

21.00

12.00
Ipa (mA)

Ipa (mA)

14.00

8.00

7.00
4.00

0.00
0.15

0.00
0.00
0.1

0.15

0.2

0.25

휐1/2( V/s )
C
C-Pd

Table 2: Do and Cd of the iodine-vitamin C electrolyte solution on
various electrodes.

C electrode
C-Pd electrode
C-Pd-TiO2
electrode
C-TiO2-Pd
electrode

D0 × 106 (cm2/s)
Cd (F/cm2)
Iodine/1 wt% vitamin C Iodine/1 wt% vitamin C
electrolytes
electrolytes
12.8
14.3

0.132
0.143

9.9

0.148

20.4

0.249

An electric double layer exists between the electrode and
electrolyte. The electric double layer capacitor can be represented by equation (8).
icd = ACd υ,

8

where icd , A, Cd , and υ are the electric double layer charging
current, reaction area (cm2), electric double layer capacitor

0.04

0.06

0.08

휐(V/s )
C
C-Pd

C-Pd-TiO2
C-TiO2-Pd

Figure 5: Plots of the anodic peak current (Ipa) versus the square
root of scan rates (υ1/2) for the iodine–1 wt% vitamin C electrolyte
for diﬀerent electrodes.

Electrodes

0.02

0.3

C-Pd-TiO2
C-TiO2-Pd

Figure 6: Plots of the anodic peak current (Ipa) versus the scan rate
(υ) for the iodine-vitamin C electrolyte for various electrodes.

value (F/cm2), and scan rate (V/s), respectively. On the basis
of our previous research [16], the relationship between icd
and υ can be derived by forming a straight line with the slope
proportional to C d in Figure 6 for the iodine-vitamin C electrolyte for the diﬀerent electrodes. Table 2 summarizes the Cd
data for comparison. C d was the highest for the C–TiO2–Pd
electrode in the iodine-vitamin C electrolyte. Moreover, Cd
increased from 0.132 to 0.249 F/cm2, 89% higher than the
C d for the C-electrode.
3.5. Charge-Discharge Performance. Battery energy storage
systems entail numerous design requirements, such as high
voltage, current, power, and capacity. The capacity units of
a large-scale energy storage battery system should meet the
commercial operation requirements of the unit cells. Ordinarily, these batteries are fabricated in series or parallel to
increase the storage capacity of the battery module and supply voltage group for achieving commercial requirements.
In this section, we fabricated the C–TiO2–Pd composite
electrode as a negative electrode in the semi-V-I RFB system to design a single cell and series and parallel cell stacks
and to evaluate the charge-discharge performance of the
cell and stacks.
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Figure 7: Charge-discharge diagrams of a semi-V-I RFB system with Naﬁon 117 as a separated membrane, C–TiO2–Pd composite electrode
as a negative electrode, and carbon paper as a positive electrode at diﬀerent electrolyte concentrations. The volume of the electrolytic solution
in each half cell was 10 mL. (a) 0.5 M I2; (b) 1 M I2; and (c) 2 M I2.

3.5.1. Single Cell. The RFB energy storage capacity is proportional to the volume and concentration of the electrolyte. The C–TiO2–Pd composite electrode is employed as
a negative electrode in the semi-V-I RFB system with various concentrations of the electrolyte to conduct the
charge-discharge tests. The charge-discharge curves are
displayed in Figure 7, and performance of a single semiV-I RFB is detailed in Table 3. The data in Table 3 verify
that the energy storage capacity of the semi-V-I RFB system increases with the concentration of iodine-vitamin C
solutions. The system exhibited optimal performance in
the 1 M iodine solution; the coulomb eﬃciency (CE), voltage eﬃciency (VE), and energy eﬃciency (EE) were 96%,
81%, and 77%, respectively.

Table 3: Charge-discharge performance of the semi-V-I RFB
system at diﬀerent electrolyte concentrations.
Iodine concentration (M)
0.5
1
2

Capacity
(mAh)
70
130
280

CE (%) VE (%) EE (%)
60
96
92

66
81
67

39
77
62

As speciﬁed in the literature [19, 23, 24], crystal structures of metals or alloys have diﬀerent eﬀects on the catalytic
electrode. In our study, we observed that C–TiO2–Pd
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Figure 8: Charge-discharge diagram of the C–TiO2–Pd electrodes
by heat treatment for a semi-V-I RFB system.
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electrode as a negative electrode, and carbon paper as a positive
electrode with a 1 M iodine/1 wt% vitamin C negative electrolyte
and a 1 M VOSO4/2 M H2SO4 positive electrolyte, and a current
density of 20 mA cm−2.
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electrodes with or without sintering at a high temperature
aﬀect the battery energy storage eﬃciency. Figure 8 displays
the charge-discharge diagram of C–TiO2–Pd electrodes with
or without sintering in a semi-V–I RFB system, and the
charge-discharge performance of the electrodes is detailed
in Table 4; these data conﬁrm that when the C–TiO2–Pd
electrode is sintered at high temperatures, the intensity of
crystalline lattice conformations of Pd (111) and Pd (200) is
stronger than that without sintering; additionally, a new
PdO (101) crystal compound appeared, as shown in
Figure 1(c). The formation of Pd (111), Pd (200), and PdO
may contribute to the electrocatalytic activity in semi-V-IRFB systems, in turn causing the VE to increase from 81%
to 87% and EE from 77% to 83%. Furthermore, a series of
continued charge-discharge tests of the semi-V-I RFB system
was performed at a current density of 20 mA cm−2 and is presented in Figure 9, which plots CE, VE, and EE as a function
of cycle number. The average CE, VE, and EE values of the
semi-V-I RFB system for 50 cycles illustrated in Figure 9
are approximately 96.52%, 84.12%, and 81.22%, respectively,
revealing that the cyclic performance is excellent.
3.5.2. Battery Stacks. To facilitate large-scale commercial
applications, the stacks of the RFB system are often fabricated
in series and parallel cross combinations for increasing the
storage capacity and operating voltage of the battery module.

In the series conﬁguration, the current supplied to the circuit
is equal to the current across all elements in series
(I = I1 = I2 = … = IN), the total voltage is equal to the sum
of each element voltage (E = V1 + V2 + … + VN), and the total
resistance is equal to the sum of each element resistance
(Rt = R1 + R2 + … + RN). In the parallel conﬁguration, the
total current is equal to the sum of each element current
(It = I1 + I2 + … + IN), the voltage supplied to the circuit is
equal to the voltage across all elements in parallel
(Vt = V1 = V2 = … = VN), and the reciprocal of the total resistance is equal to the sum of the reciprocal of each element
resistance (1/Rt = 1/R1+ 1/R2 + … 1/RN).
The charge and discharge curves of the all-VRFB stacks
and the semi-V–I RFB stacks were composed of two cells in
series and parallel, as shown in Figures 10(a) and 10(b),
and the performances of the cells are summarized in
Table 5. The results revealed that the charging voltage in
the series stacks eﬀectively increased from 1.8 to 3.6 V
for the all-VRFB stacks, and the CE of the all-VRFB stacks
signiﬁcantly reduced to 73%. In the semi-V–I RFB system,
a linear increase in the charging voltage from 1.2 to 2.4 V
was observed. Moreover, the CE of the stacks remained at
92%, but the storage capacity of both systems was reduced.
By comparison, in the series conﬁguration, the overall eﬃciency value of the semi-VRFB system is higher than that
of the all-VRFB system. In the parallel conﬁguration, the
capacity of the all-VRFB and semi-V–I RFB systems were
altered from 139 to 137 mAh and from 147 to 162 mAh,
respectively. The capacity of the semi-V–I RFB system
improved slightly, but capacity of the all-VRFB system
reduced. The charge-discharge performances of both systems
attenuated signiﬁcantly.
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Figure 10: Charge-discharge diagram of all-VRFB and semi-V-I RFB stacks: (a) two cells in series and (b) two cells in parallel.
Table 5: Charge-discharge performance of all-VRFB and semi-V-I RFB stacks.
Types of battery

CE (%)

VE (%)

EE (%)

Capacity (mAh)

Charge voltage (V)

Single cell

All-VRFB
Semi-V-I RFB

79
96

78
87

62
83

139
147

1.80
1.20

Series of two cells

All-VRFB
Semi-V-I RFB

73
92

57
73

41
67

100
100

3.60
2.40

Parallel of two cells

All-VRFB
Semi-V-I RFB

65
73

69
57

45
41

137
162

1.80
1.20

The capacity of the battery with the parallel combination
cannot be increased; this may be due to the ﬂow channel differences of the two batteries or due to an external line loss. If
the voltage, inherent resistance, or current of the battery
stacks are diﬀerent, then a small voltage or battery resistance
forms an electricity load and consumes part of the energy of
another battery, thus decreasing the overall eﬃciency.

4. Conclusions
The C–TiO2–Pd composite electrode was fabricated using
carbon paper as a substrate that was coated with titanium
dioxide and palladium metal in sequence. The C–TiO2–Pd
composite electrode exhibited superior electrochemical activity after high-temperature sintering. Moreover, the Do value
of the iodine-vitamin C electrolyte solutions increased by
approximately 60% more than that of the C-electrode. The
use of C–TiO2–Pd as a negative electrode for the semi-V–I
RFB system eﬀectively enhanced the VE, thus improving
the overall EE to 83%. In the series conﬁguration, the charge
voltage of the all-VRFB and semi-V–I RFB battery stacks
linearly increased. However, performance of the all-VRFB
battery stacks was signiﬁcantly attenuated, and the EE
decreased from 62% to 41%. By comparison, the semiV–I RFB stacks can still be maintained at 67%. If we
can use the design and assembly technology to enhance

and improve the ﬂow channel of the battery, the overall
eﬃciency can be eﬀectively improved. For series and parallel
combinations obtained by stacking large modules, the proposed semi-V-I RFB system has high application potential
to meet commercial requirements.
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A new kind of zeolite capsule complex with ferriferous oxide (Fe3O4) materials was prepared in this work. Its morphology was
characterized via the scanning electron microscope (SEM), the high-resolution transmission electron microscopy (HRTEM), N2
adsorption analysis, and X-ray powder diﬀraction, respectively. The mesoporous nickel-based complex electrodes using
substrate coating exhibited excellent energy storage properties through electrochemical testing. The high speciﬁc capacitance of
739.8 F g−1 was achieved at the current density of 1 A g−1 in a 6 M KOH solution. The good capacitance retention can retain
72.8% after 1000 cycles in a current density of 1 A g−1. The energy storage mechanism of the nickel-based complex electrodes
was also analyzed. Furthermore, the asymmetrical supercapacitors (ASCs) were fabricated using the zeolite capsule complex
with Fe3O4 as positive electrodes and the AC as negative electrodes, which performs high speciﬁc capacitance, outstanding
energy density, superb power density, excellent cycle life, and small internal impedance. Those results suggest that the
mesoporous nickel-based zeolite capsule complex with Fe3O4 as an electrode would be an ideal candidate material for
supercapacitor applications.

1. Introduction
In recent years, the ecological environment has been deteriorating day by day. The development of new energy and
renewable energy has aroused widespread concern. However,
new energy and renewable energy have some disadvantages,
such as instability and indirectness. Therefore, developing
energy storage technology is an important guarantee for the
popularization and application of new energy and renewable
energy. As a power storage technology, supercapacitors have
attracted much attention in terms of its high power density,
fast charge and discharge rate, and long cycle life [1–5].
According to diﬀerent energy storage mechanisms, the
supercapacitors can be divided into double-layer capacitors
(EDLCs) and pseudocapacitors [6, 7]. The supercapacitors

consist of three parts, i.e., the electrolyte, the electrode, and
the diaphragm. The electrode and the electrolyte play the
core role in improving the performance of the supercapacitors. The development of the electrode material has become
one of the main research directions, and the trend of
electrode materials has two main aspects of nanoscale and
composite at present.
Mesoporous materials have become one of the research
hotspots in the world because of their large speciﬁc surface
area, regular pore structure, and excellent controllability.
The research on mesoporous materials as electrodes is
widely paid attention. Saravanakumar et al. [8] prepared
vanadium pentoxide (V2O5)/nitrogen-containing mesoporous carbon spheres (n-MPC) nanocomposite without
the use of expensive organic vanadium precursors and

2
sophisticated instruments. The optimal speciﬁc capacity
was 410 F g−1. Lv et al. [9] developed the NiO/graphene
composites. The electrochemical results showed that the
NiO/graphene composites exhibited very high speciﬁc capacitance 1062 F g−1 at 1 A g−1. The mesoporous structure of
Ni(OH)2 and NiO was synthesized using twelve alkyl sodium
sulfate as a template, and its speciﬁc capacitance was about
106 F g−1 [10]. However, among the reported materials,
either the cost is too high or the performance is not good
enough to meet the needs of the large-scale industrial
application. In addition, it is still a challenge to design an
electrode material allied with both high speciﬁc capacitance
and excellent cycle life.
In this work, a new kind of cost-eﬀective complex materials would be prepared via internal template method and
suspension polymerization. The structure and morphology
will be characterized using SEM, HRTEM, BET, and XRD.
Finally, the electrochemical performance test of the asymmetrical supercapacitors (ASCs) in a three-electrode system
will be performed by an electrochemical workstation. Those
results aim at providing a reference and basic data for the
preparation of industrial supercapacitor.

2. Experiment
2.1. Materials and Reagents. All starting chemicals were
commercially available reagents with analytical grade and
used without further puriﬁcation, and all solutions were
prepared with distilled water. Nickel foam (Tianjin Beichen
Reagent Co. Ltd., China) was rinsed four times with distilled
water and ethanol, respectively. Beer yeast was from Bozhou
Baohua Pharmaceutical Co. Ltd., China. All the other
reagents were from Baoding Huaxin Reagent Co. Ltd., China.
2.2. Preparation of Zeolite Template and the Nickel-Based
Complex Electrode. In order to obtain the electrode with high
performance for advanced supercapacitor, the zeolite template, the complex materials, and the nickel-based complex
electrode were prepared, respectively.
Firstly, the beer yeast, as an auxiliary template, was
immersed in hydrochloric acid by ultrasonic cleaning. The
pretreatment went through repeated ﬁltration, washing,
and drying.
Secondly, the amount of sodium hydroxide was added
into deionized water. After the dissolution, dropwise add
a certain amount of sodium aluminate (NaAlO2). The
directing agent was prepared by maintaining at the reaction
temperature (25°C) and stirring for 24 h.
Thus, a certain amount of auxiliary template was dissolved into distilled water and then a certain volume of
directing agent was added. After mixing evenly, hydrochloric
acid was dropwise to adjust the pH value of the reaction
system until white ﬂoc appeared. Further, the mixed solution
was transferred to a Teﬂon-lined heated reactor, reacted at
80°C for 5 hours, then suction ﬁltered and dried at 50°C
overnight. After grinding in a muﬄe furnace calcined at
150°C for 2 hours, the temperature was raised to 550°C
calcined for 4 hours. In this case, the zeolite template
was obtained.
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A given amount of Fe3O4 ultrasonic mixing dissolved in a
certain water. Subsequently, the zeolite template, a certain
amount of iron ions, pyrimidine, and hydrogen peroxide
solution were added into the solution successively. The
mixture was stirred for 12 hours. Finally, the material of the
zeolite capsule complex with Fe3O4 was synthesized after
ﬁltration, washing, and drying.
To prepare the electrodes for electrochemical measurements, the active materials, including the pure Fe3O4 and
the zeolite capsule complex with Fe3O4, polytetraﬂuoroethylene (PTFE), and acetylene black were mixed with a mass
ratio of 80 : 10 : 10 in anhydrous ethanol to form a homogeneous slurry. The working electrode was made by coating
the viscous slurry onto nickel foam and then dried at 120°C
to evaporate the solvent. After this process, the foam nickel
loaded with the complex materials was directly sliced and
pressed into circular electrodes of supercapacitors.
2.3. Characterizations. The morphologies were observed
using a scanning electron microscope (SEM) equipped
with a rapid energy dispersive X-ray spectrometer (EDS)
research on a FEI Nova NanoSEM 450 microscope. The
high-resolution transmission electron microscopy (HRTEM)
images were analyzed through a HRTEM (JEOLJEM2100).
The speciﬁc surface area was calculated using the BrunauerEmmett-Teller (BET) model based on the N2 adsorption
branch within the relative pressure range of 0.05–0.35, and
the pore size distribution was obtained from the N2 desorption branch by the Barrett-Joyner-Halenda (BJH) method.
The phase purity and crystallinity of the products were
analyzed by X-ray powder diﬀraction (XRD, Rigaku, Japan)
which were recorded on a RINT 2500 V X-ray diﬀractometer
with Cu Kα radiation (λ = 1 5406 Å) at a scan rate 6°/min in
the 2θ range from 10° to 80°.
2.4. Electrochemical Measurement. The measurements of
cyclic voltammetry (CV) and galvanostatic charge-discharge
(GCD) were carried out in a 6 M KOH solution by electrochemical workstation (Chenhua CHI760E, Shanghai). Electrochemical impedance spectroscopy (EIS) was introduced
to estimate the pseudocapacitor performance. An AC voltage
with 5 mV amplitude in a range of 0.01 HZ–105 HZ was used
to estimate internal resistance of the electrode.
In order to achieve a comparison of the performance
of diﬀerent electrode materials, the speciﬁc capacitance
was calculated, and the energy density and power density
were estimated, respectively. For the CV curve, the charge
of the electric potential between φ1 and φ2 can be obtained by
integrating the volt-ampere curve with the rate s = dφ/dt
scanning:

Q=

ϕ2
ϕ1

i φ dt ≡

ϕ2

i φ dϕ
,
s
ϕ1

1

where φ (V) is the electric potential, s (V s−1) is the scanning
rate, and t (s) is the scanning time [11].

Journal of Nanomaterials

3

Therefore, the speciﬁc capacitance is calculated according
to the following equation [12, 13]:
C=

Q
,
2ΔV × m

2

where Q is the charge integrated from the whole voltage
range, ΔV (V) is the whole voltage diﬀerence, and m (g) is
the mass of active material in a single electrode.
In addition, the galvanostatic charge-discharge-speciﬁc
capacities were calculated from the following equations
[14–16]:
C=

2im vdt
v f − vi

2

,

3

where C (F g−1) is speciﬁc capacitance, im (A g−1) is applied
discharge current density, vdt is the integral current area
of the galvanostatic charge-discharge curve, and v f and vi
(V) are the potential with initial and ﬁnal values, respectively.
Measurements of electrochemical performance of mesoporous complex materials and active carbon (AC) asymmetric supercapacitors were carried out via electrochemical
workstation using 6 M KOH as the electrolyte. The preparation of the negative electrode directly applied activated
carbon, acetylene black, and PTFE (80 wt%, 10 wt%, and
10 wt%) mixture onto the foam nickel, which was similar to
the synthesis of nickel-based complex electrode.
In terms of the charge balance of asymmetric supercapacitors (ASCs), the principle q+ = q− should be satisﬁed, where
q+ is the positive charges and q− is the negative charges. The
voltammetric charges (q) were obtained by the following
equation [17, 18]:
q = C × ΔV × m,

4

where C is the speciﬁc capacitance (F g−1) of each electrode,
ΔV is the potential windows (V), and m is the mass loading
(g). So the mass ratio of the positive and negative electrode
followed equation as [19]:
m+ C− × ΔV −
=
m− C+ × ΔV +

5

The energy density and power density of the ACSs were
calculated by the following equations, respectively:
E=

1
C ΔV 2 ,
2×3 6

6

P=

E × 3600
,
Δt

7

where E is the speciﬁc energy (Wh kg−1), C is speciﬁc capacitance (F g−1), Δt is discharge time (s), P is the speciﬁc power

(W kg−1), and ΔV (V) is operating potential window of the
ASCs [18, 20].

3. Results and Discussion
3.1. Structural and Morphological Study. Generally, the
preparation process and growth conditions will directly
aﬀect the morphology and microstructure of complex
materials. As the above section mentioned, the whole process of preparation is illustrated in Figure 1.
The morphology and structures of pure Fe3O4, zeolite
template, the complex material, and the nickel-based complex electrode on nickel foam are characterized in Figure 2,
respectively. The pure Fe3O4 exhibits an excellent bulk structure and single crystal form, as shown in Figures 2(a) and
2(b), respectively. The structures of zeolite template show
the great sheet-like pore structure (Figures 2(c)–2(e)). The
EDS analysis (Figure 2(k)) of the zeolite template, revealing
the presence of C, O, Al, Si, and Cl, and the atomic ratio of
C to O, is approximately estimated to be 19.33 : 58.92. Comparing the SEM of the zeolite template (Figures 2(c)–2(e))
with that of the complex material (Figures 2(f)–2(h)), the
complex material exhibits smaller particles and more porous
structure for better storage of electrolyte ions and reducing
the ion diﬀusion distance [21]. Furthermore, the EDS
(Figure 2(l)) spectra of the complex materials showed the
presence of C, N, O, and Fe, and the atomic ratio of
C, N, and O to Fe is approximately estimated to be
11.86 : 3.04 : 41.56 : 43.55. The SEM images of the nickelbased complex electrodes (Figures 2(i) and 2(j)) with the
magniﬁcation 40 μm and 500 nm, respectively, showed that
the complex material is well attached to the nickel ﬁlm.
Meanwhile, the uniform hole distribution and structures
were observed; that is probably one of the reasons why it
has the excellent electrochemical performance for the supercapacitor electrode.
Furthermore, the HRTEM images of the nickelbased complex electrode at diﬀerent magniﬁcations in
the range of 5 nm–200 nm are depicted in Figure 3. The
dark area in Figures 3(a) and 3(b) were supposed to be
the aggregates of Fe3O4 and zeolite template agent in
the dry state. The transparent short rods in Figure 3(c)
showed the capsuling-like structure of the sample [22].
In addition, a clearly visible nanostave microstructure
was observed in Figure 3(d), which would signiﬁcantly
reduce the ion diﬀusion distance and improve the charge
transfer [23, 24].
Because surface and pore-size distribution are two key
parameters for electroactive materials in energy conversion/
storage applications [25], the N2 adsorption analyses were
carried out. From Figure 4, it is clearly seen that the
complex materials have typical IV isotherms with H3-type
hysteresis loop in the relative pressure (P/P0 ) range of
0.6–1.0, indicating the presence of a mesoporous structure,
while the zeolite template exhibits typical II isotherms that
is characteristic for nonporous/macro porous materials.
Furthermore, the pore-size distribution (inset of Figure 3)
of the complex materials possesses mesoporous with a relative narrow size distribution in the range from 2 nm to
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Figure 1: The schematic diagram of nickel-based supercapacitor electrode via the zeolite capsule complex with Fe3O4.

10 nm by Barrett-Joyner-Halenda (BJH) method. Compared
with the zeolite template, the complex materials reveal a relatively good speciﬁc surface area (13.437m2 g−1) and total pore
volume (0.052 cm3 g−1) calculated via Brunauer-EmmettTeller (BET). Relatively good speciﬁc surface area and pore
structure should enhance the electrode reaction kinetics
[26–28], leading to better electrochemical performance.
To further identify the crystal structure and phase
composition of all the samples, X-ray diﬀraction (XRD)
analyses were carried out. As shown in Figure 5, those
are the X-ray diﬀraction patterns of the pure Fe3O4, the
zeolite template, and the complex materials, respectively. It
is obtained that the diﬀraction peaks of the pure Fe3O4 are
in good agreement with those in the PDF standard card
(JCPDS card NO.19-0629), and any peaks for the other
secondary phases were not observed. It demonstrates that
the pure Fe3O4 crystallizes in a pure phase. According to
the PDF standard cards NO.44-0704 and NO.43-1522, it
can be clearly seen that the zeolite template and the complex
materials are marked unnamed zeolite (the chemical formula

is C3H6O2·6SiO2) and magnetite-tartrate-quadrol complex
(the chemical formula is C4H6O6-Fe3O4-C14H16N2O4),
respectively. The pure Fe3O4, the zeolite template, and the
composite materials occur most commonly in the crystal
structure of cubic I-43m, cubic Fd-3m, and cubic I-43m,
respectively. The good matching peaks indicate that the
zeolite template and the complex materials belong to a
crystal form.
The morphological speciﬁc surface area and crystal
structure were detected by SEM, HRTEM, N2 adsorption
analyses, and XRD, respectively. It can be well prepared
for further analysis of the energy storage mechanism of
the sample.
3.2. Electrochemical Performance. In order to study the
electrochemical energy storage performance of the nickelbased complex electrodes for supercapacitors, the CV,
GCD, and EIS were measured, respectively, in a threeelectrode cell (vs. SCE) by electrochemical workstation
(Chenhua CHI760E, Shanghai).
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Figure 2: The SEM images at diﬀerent magniﬁcation of the pure Fe3O4 (a–b), the zeolite template (c–e), the complex materials (f–h), and the
nickel-based complex electrode (i–j), respectively. The EDS spectra of the zeolite template (k) and the complex materials (l).

Figure 6(a) shows the CV curve of the nickel-based
complex electrodes and the pure nickel-based Fe3O4 electrodes at a scan rate of 10 mV s−1. For the nickel-based
complex electrodes of supercapacitors, one pair of redox
peaks exhibited in CV curves in the range from −0.1 to
0.3 V, demonstrating that it stores energy through Faraday
redox reaction. It has a pseudopotential characteristic, while
the CV curve of the pure Fe3O4 electrodes is close to a
smooth line. According to (1) and (2), the CV curve of the

nickel-based complex electrodes exhibits a larger integral
area than that of the pure nickel-based Fe3O4 electrodes,
indicating that the nickel-based complex electrode has
a larger capacitance than that of the pure nickel-based
Fe3O4 electrodes. To further contrast the electrochemical
performance diﬀerence between the two electrodes, the
GCD tests of both (Figure 6(b)) were conducted at current
densities of 1 A g−1. The longer discharge time of the nickelbased complex electrodes revealed that it has the higher
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Figure 3: HRTEM images of the nickel-based complex electrode at diﬀerent magniﬁcation.

40

The complex materials

0.010

30
25

0.008
0.007
0.006

The pure Fe3O4

0.005
0.004
0.003
0.002

Intensity (a.u.)

Quantity adsorbed (cm3 g−1)

35

dV/dD (cm3 g−1 nm−1)

0.009

0.001
0.000
1

20

10
Pore size (nm)

100

15

The zeolite template

C4H6O6-Fe3O4-C14H16N2O2
PDF 43-1522

10

Fe3O4 PDF 19-0629

5
C3H6O2.6SiO2 PDF 44-0704

0
0.0

0.1

0.2

0.3 0.4 0.5 0.6 0.7
Relative pressure (P/P0)

0.8

0.9

1.0

The complex materials
The zeolite template
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electrochemical performance, which was similar to the CV
results. Figures 6(c) and 6(d) showed the rate performance
at diﬀerent scanning rates and current densities. Along with
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Figure 5: X-ray diﬀraction patterns of the pure Fe3O4, the zeolite
template, and the complex materials, respectively.

the increase of scanning rate, the position of the anodic
peaks shifted to higher potential, in consistency with
Randles-Sevcik rules [29]. With the increase of current
density, the discharge time becomes shorter. The anodic
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Figure 6: (a) CV curves of the nickel-based complex electrodes and the pure nickel-based Fe3O4 electrodes at a scan rate of 10 mV s−1;
(b) GCD curves of the nickel-based complex electrodes and the pure nickel-based Fe3O4 electrodes at current densities of 1 A g−1;
(c) CV curves of the nickel-based complex electrodes at diﬀerent scanning rates; (d) GCD curves of the nickel-based complex electrodes
at various current densities; (e) speciﬁc capacitance of the nickel-based complex electrode discharge curves at various current densities;
and (f) cycling performance of the nickel-based complex electrodes measured at a voltage window of −0.1 V to 0.3 V.
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peak shift probably results from polarization [30–32]. It
clearly manifests that the nickel-based complex electrodes
have excellent rate characteristics.
In order to observe the diﬀerent current scanning rates of
special capacitance changes, the speciﬁc capacitance of the
nickel-based complex electrode at various current densities
is calculated by (3) (Figure 6(e)). It is obvious that the speciﬁc
capacitance decreases gradually with the increase of discharge current density. It can be seen that the speciﬁc
capacitances of the nickel-based complex electrodes at the
current density of 1, 2, 4, 6, 8, and 10 A g−1 are 739.8, 600.8,
348.4, 246.5, 114, and 41.5 F g−1, respectively. As the current
density increases, the speciﬁc capacitance becomes smaller.
This indicates both high speciﬁc capacitance and good
capacitance retention at high rate.
Long-term cyclic stability is an important requirement
for its applications in supercapacitors [33, 34]. As shown in
Figure 6(f), the curve that the capacitance retention follows
the number of the charge-discharge cycles is observed. And
the inset is a partial GCD curve that was used to calculate
the speciﬁc capacitance retention according to the following
equations [35]:

3
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Figure 7: Complex plane impedance plots (Nyquist plots) of the
nickel-based complex electrodes (inset: a Randles equivalent
circuit, where Rs and Rct are the solution and charge-transfer
resistance, respectively. W, Cdl , and Cp are the Warburg
resistance, electric double layer capacitance, and pseudocapacitive
element; and an enlarged picture of high-frequency curve).

8
9
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where C high and Clow are the values of speciﬁc capacitance at
−0.1 V and 0.3 V calculated by (3). β is the capacitance
retention.
The capacitance retention reduced with the increase of
the number of cycle because of consumption of active materials during energy storage. In the cycle number of 1 to 100,
the capacity retention sharply drops due to the activation of
the electrode material, while the capacity retention slows
down after the cycle number of 100. The favorable capacitance retention retained 72.8% after 1000 cycles in a current density of 1 A g−1. The good stability of the longterm cycle shows that it has considerable application
prospects of electrodes for advance supercapacitor.
To evaluate the resistance of the nickel-based complex
electrodes, an electrochemical impedance spectroscopy (EIS)
was utilized. Figure 7 exhibits the Nyquist plots extracted
from the EIS measurement on the nickel-based complex electrode in the frequency range of 0.01 Hz–105 Hz. The inset
image shows a Randles equivalent circuit and an enlarged
picture of high-frequency curve, respectively. The impedance
characteristics were simulated by ZsimpWin software. From
the ﬁtting data, it can be clearly obtained that the values of
solution resistance (RS ) and charge-transfer resistance (Rct)
are 0.741 Ω and 0.0027 Ω, respectively, indicating a very low
internal resistance charge-transfer resistance of the nickelbased complex electrode [36, 37].
3.3. Reaction Mechanism. From the electrochemical test
results, the electrode is driven by a reversible Faraday

oxidation-reduction reaction. According to previous work
[38–41], the mechanism might base on the following
reactions:
+
+
2Fe2+ + 2OH− ↔ Fe3+ O OH− 2 Fe3+ O + 2e− (R1)
2−
FeOOH + H2 O ↔ Fe OH 3 ↔ Fe6+ O4 + 3e− (R2)
Figure 8 shows a conjecture diagram of the nickel-based
complex electrode redox reaction. The nickel foam, as a good
substrate material, is very suitable as the electrode of supercapacitors. In addition, the advantage of porous structure of the
complex materials contains not only promoting electrolyte
access and ion transport but also improving the contact
opportunities between electrode material and electrolyte ion
[42]. The synergy between the two materials might be one
of the important reasons for the high electrochemical performance. The reasons mentioned above are the factors
accounting for the high performance of the nickel-based
complex electrode for the supercapacitor.
3.4. Performance Analysis of Asymmetrical Supercapacitors.
In order to obtain the complex materials in supercapacitor
applications, the asymmetrical supercapacitors (ASCs) were
fabricated using the zeolite capsule complex with Fe3O4 as
positive electrodes and the AC as negative electrodes.
Figure 9(a) shows the CV curve of the ASCs at diﬀerent
working cell potentials including 0 to 0.8, 0 to 1.0, 0 to 1.2,
0 to 1.4, and 0 to 1.5 V at 10 mV s−1. Fortunately, there is
an obvious H2 or O2 evolution switching potential indicating
the excellent voltage range. As shown in Figure 9(b), this
presents the CV curve of the cell at diﬀerent scan rates from
5 to 100 mV s−1 within a 0–1.5 V potential window. It can be
clearly obtained that the energy storage was contributed via
both capacitive (0–0.6 V) and faradaic (0.6–1.5 V) behavior.
And it illustrates the good electrochemical reversibility and
low internal resistance of the device [43]. The speciﬁc
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capacitance of the device was calculated using (1) and (2)
at diﬀerent scan rates in Figure 9(c). It can be seen that
the ASCs exhibit a speciﬁc capacitance of about 105.9 F g−1
at 5 mV s−1.
Figure 9(d) presents the GCD curve of the Ni-based
complex//AC ASCs with cell voltage from 0 to 1.5 V at
various current densities (1–10 A g−1). During the charge/
discharge steps, the smaller IR or potential drop shows
that the ASCs have less energy loss [44]. Unfortunately,
the discharge time of the asymmetrical supercapacitor is
slightly lesser than charge time. To observe the diﬀerent
current scanning rates of special capacitance changes, the
mass speciﬁc capacitance of the nickel-based complex//AC
ASCs at various current densities was calculated by (3)
(Figure 9(e)). The speciﬁc capacitances of the ASCs at the
current density of 1, 2, 3, 5, 8, and 10 A g−1 are 117.2, 97.1,
85.2, 69.5, 53.4, and 45.6 F g−1, respectively. Further, the
energy and power densities were calculated by (6) and (7),
respectively. Figure 9(f) represents the variation of power
density with energy density. The device transmits maximum energy density and power density of 36.6 Wh kg−1
and 916.1 W kg−1, respectively.
Furthermore, the cyclic stability (Figure 10(a)) was
carried up to 1000 cycles at current density of 1 A g−1 using
2 M KOH as the electrolyte. It is observed that the ASCs
can keep 80.3% of initial capacitance over 1000 cycles, and
the speciﬁc capacitance retention can remain stable after
550 cycles, which suggests that the ASCs display excellent
stability. Finally, Figure 10(b) shows the impedance Nyquist
plot of the ASC device from the ﬁtted EIS data (the equivalent

circuit is the same as Figure 6). Rs and Rct are 0.8046 Ω and
0.05924 Ω, respectively, indicating the low internal resistance
and charge transfer resistance of the ASC device.

4. Conclusions
In this work, the mesoporous complex materials (the
zeolite capsule complex with Fe3O4) with zeolite template
capsule as the electrodes for supercapacitors were synthesized through suspension polymerization composite method
and internal template method, respectively. The results
showed that the high speciﬁc capacitance of the nickelbased complex electrode reaches as high as 739.8 F g−1, and
capacitance still retains 72.8% after 1000 cycles at current
density of 1 A g−1 in 6 M KOH solution, indicating that
the electrode materials have excellent electrochemical
performances including high speciﬁc capacitance, excellent charge-discharge stability, good long-term cycling life,
and small impedance. Moreover, the asymmetrical supercapacitors (ASCs) were fabricated using the zeolite capsule
complex with Fe3O4 as positive electrodes and the AC as
negative electrodes. It reveals high speciﬁc capacitance, outstanding energy density, and superb power density up to
117.2 F g−1, 36.6 Wh kg−1, and 916.1 W kg−1 at the current
density of 1 A g−1 using 6 M KOH solution as electrolyte,
respectively. Finally, the speciﬁc capacitance retains 80.3%
after 1000 cycles at current density of 1 A g−1 in 2 M KOH
solution, and the smaller internal impedance is obtained.
It can be used as a promising electrode material for
advanced supercapacitor.
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A microbistable piezoelectric energy harvester has been developed. The harvester was based on a center-ﬁxed and quadrilateral-free
microbistable plate with mass blocks placed at the four corners. Considering the thermoelectromechanical coupling eﬀect, a
nonlinear oscillation diﬀerential equation was established by Hamilton’s principle. Strain gradient theory was applied to
consider the size eﬀect, and von Karman theory was used to consider the large deformation eﬀect. The inﬂuences of the laying
position and area of the piezoelectric layer on the eﬃciency of energy capture were investigated. The voltage-frequency response
of the nonlinear system was investigated, and the snap-through behavior of the bistable plate results in energy harvesting
achieving the ideal broaden frequency range before the resonance region.

1. Introduction
Piezoelectric energy harvesters are devices that convert
ambient environmental vibration into electrical energy by
absorbing ambient vibrations. The bistable plate can trigger snap-through by overcoming the critical load to realize
large amplitude oscillations. Therefore, piezoelectric energy
harvesting with the characteristics of a bistable plate can
improve the energy harvesting eﬃciency [1]. With the development of microelectromechanical system (MEMS) technology, the size of wireless sensors is simultaneously becoming
smaller. To cope with the trend of miniaturization, piezoelectric energy harvesters that provide energy for wireless sensors
often tend to be miniaturized [2].
In recent years, bistable piezoelectric energy harvesting
has been widely explored. The nonlinear behavior of the
bistable plate, such as chaos and the transition between the
two steady states, is used to drive the piezoelectric plate to
achieve broadband vibration in the nonresonant frequency
environment. In 2010, Arrieta et al. [1] proposed a bistable
composite laminate with four attached piezoelectric patches
and an asymmetric set-up to capture energy in broadband
frequency. They found that high energy conversion can be
obtained with snap-through between the stable states. In
2012, Betts et al. [3] used an electrical function to study the
eﬀects of the aspect ratio, thickness, stacking sequence, and

piezoelectric area on the eﬃciency of energy capture. In
2013, Betts et al. [4] continued their previous experimental
work to understand the dynamic response of the structure,
and they used high-speed digital image correlation to identify
the dynamic modes and study the energy capture characteristics. Experiments showed that the large deformation caused
by snap-through improves the eﬃciency of energy capture.
In 2015, Syta et al. [5] experimentally identiﬁed the dynamics
of the system response by generated voltage time series, and
the frequency spectrum, bifurcation diagrams, and phase
portraits were investigated. In 2016, Syta et al. [6] used nonlinear time series analysis methods of the Fourier spectrum
and recurrence quantiﬁcation analysis to experimentally
investigate the dynamic response of energy harvesting and
relational capturing energy generation.
With the development of MEMS technology, the microbistable structure has been widely investigated. In 2010,
Andò et al. [7] considered the nonlinear behavior of a
bistable cantilever beam to broaden the spectrum and lower
the frequency. They then performed a numerical study based
on stochastic diﬀerential equations to evaluate the behavior
of a MEMS device. In 2016, Medina et al. [8, 9] demonstrated
dynamic snap-through of micromechanically initially curved
beam structures under electrostatic actuation. Experimental
and theoretical results showed that snap-through motion
can be achieved by tailored time-dependent electrostatic
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Figure 1: The energy harvesting structure diagram.

actuation. In the same year, this group constructed a model
of a microscale circular curved bistable plate and investigated
its reliability, accuracy, and suitability. By applying reasonable low voltages, the actuation feasibility of a microbistable
plate with realistic dimensions was demonstrated.
Most reports have discussed triggering of snap-through
in macroscale bistable plates. However, few studies have
described the snap-through behavior in microscale plates
for energy harvesting. In this study, we investigated the
eﬀects of the laying position, area, and thickness of the piezoelectric layer on the eﬃciency of piezoelectric energy harvesting for microbistable piezoelectric energy harvesting. The
unique snap-through behavior of the bistable plate was investigated, and several wide frequency ranges were discovered.

According to von Karman’s large deformation theory, the
nonlinear strain expressions are given by

∂w
u x, y, z, t = u0 x, y, t − z ⋅
,
∂x
∂w
,
v x, y, z, t = v0 x, y, t − z ⋅
∂y

1

w x, y, t = w0 x, y, t + w1 sin ωt ,
where u0 , v0 , and w0 are the displacements of any point on
the neutral surface in the x, y, and z directions.

∂u 1 ∂w
+
∂x 2 ∂x

2

εyy =

∂v 1 ∂w
+
∂y 2 ∂y

2

γxy =

∂u ∂v ∂w ∂w
+
+
⋅
∂y ∂x ∂x ∂y

,

,
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The stress expressions for the base layer are obtained
from the constitutive relation:
σSxx =

ES
1 − υ2S

εxx − αS ⋅ ΔT + υS εyy − αS ⋅ ΔT ,

σSyy =

ES
1 − υ2S

εyy − αS ⋅ ΔT + υS εxx − αS ⋅ ΔT ,

τSxy =

ES
⋅ γxy
2 1 + υS

2. Device Modeling
With the aim of microbistable piezoelectric energy harvesting, the four corners of the base layer were covered with
mass blocks and the pedestal provides harmonic excitation:
w = w1 ⋅ sin ωt , where w1 is the amplitude and ω is the
vibration frequency, as shown in Figure 1.
The displacements of any point in the x, y, and z
directions are

εxx =

3

Similarly, the piezoelectric layer stress expressions are
deﬁned as
σPxx =

EP
1 − υ2P

εxx − αP ⋅ ΔT + υP εyy − αP ⋅ ΔT ,

σPyy =

EP
1 − υ2P

εyy − αP ⋅ ΔT + υP εxx − αP ⋅ ΔT ,

τPxy =

EP
⋅ γxy ,
2 1 + υP

4

where E is the elastic modulus, υ is Poisson’s ratio, α is the
thermal expansion coeﬃcient, hp is the thickness of the piezoelectric layer, e31 and e32 are the piezoelectric coeﬃcients,
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V is the electric potential, superscript S represents the base
layer, subscript P represents the piezoelectric layer, and ΔT
is the temperature change between the processing and normal operating temperatures. All of the MEMS manufacturing
processes, such as sputtering [10], deposition [11], and the
sol-gel [12] method, involved high-temperature processing.
The diﬀerence between the thermal expansion coeﬃcients
of the piezoelectric layer and base layer leads to the generation of the original thermal stress.
Suppose that displacements at any point in the middle
plane were expressed by
u0 x, y = d 1 x + d 2 xy2 + d 3 x3 + d4 xy4 + d 5 x3 y2 + d 5 x5 ,
1
ax2 + by2 ,
2

λξ =
μξ =

E ξ υξ
,
1 − 2υξ 1 + υξ
9

Eξ
,
2 1 + υξ

ξ = S, P
The potential energy of the system U consists of
two parts:

v0 x, y = d 7 y + d8 xy2 + d 9 x3 + d 10 xy4 + d11 x3 y2 + d 12 x5 ,
w0 =

where lξ is the internal length scale parameter depending
on the speciﬁc material and λξ and μξ are the common
Lame constants:

U = U hS + U hP + U wS + U wP
5

where d i i = 1, 2, … , 12 are undetermined coeﬃcients with
time t and a and b are the curvatures along the x and y
directions, respectively.
The total strain energy within the microplate is composed of two parts. One part is based on the classical
continuum mechanics theory and can be expressed as
1 S
σxx ⋅ εxx + σSyy ⋅ εyy + τSxy ⋅ γxy dxdydz,
S 2
1 P
σxx ⋅ εxx + σPyy ⋅ εyy + τPxy ⋅ γxy dxdydz
U hP = ∭V
P 2

10

Because the kinetic energies in the x and y directions
are small compared with that in the z direction, they can
be ignored [4]. The kinetic energy expression of the
structure is
T 1 = ∭V

S

ρS 2
ρ
w dV S + ∭V P w2 dV P ,
P
2
2

11

where ρS and ρP are the densities of each layer of
material.
The kinetic energy of the mass block is

U hS = ∭V

6

T2 =

1
M 1 w2c1 + M 2 w2c2 + M 3 w2c3 + M 4 w2c4 ,
2

12

Based on the strain gradient theory proposed by
Mindlin, ηijk i, j, k = x, y, z , and the other part can be
expressed as

where wci i = 1, … , 4 are the displacement of the four
corner points and M i is the mass of the mass block.
The total kinetic energy of the system is

U wS = ∭V LS1 ⋅ ηiik ⋅ ηkjj + LS2 ⋅ ηijj ⋅ ηikk + LS3 ⋅ ηiik ⋅ η jjk

T = T1 + T2

13

S

+ LS4 ⋅ ηijk ⋅ ηijk + LS5 ⋅ ηijk ⋅ ηkji dxdydz,
U wP = ∭V

P

The virtual work done by the damping force is
δW = −∭rS wδwdV S − ∭r P wδwdV S ,

LP1 ⋅ ηiik ⋅ ηkjj + LP2 ⋅ ηijj ⋅ ηikk + LP3 ⋅ ηiik ⋅ η jjk

+ LP4 ⋅ ηijk ⋅ ηijk + LP5 ⋅ ηijk ⋅ ηkji dxdydz,
7
where Lξi i = 1, 2 5 are the material parameters. The reference value for each material parameter has been obtained
by Ramezani [13]:
Lξ2 =

1 2
l λ,
2 ξ ξ

Lξ4 = l2ξ μξ ,
Lξ1 = Lξ3 = Lξ5 = 0,
ξ = S, P,

8

14

where r S and r P are the damping coeﬃcients.
Because the sizes of the piezoelectric layer in the
length and width directions are much larger than those
in the thickness direction and the polarization direction
is along the thickness direction, the electric displacement
D3 in the thickness direction is much larger than the
electric displacement in the other two directions (D1
and D2 ). Thus, D1 and D2 can be ignored and D3 can
be expressed as
D3 = e31 εxx + e32 εyy − ε33

V
,
hp

15

where V is the electric potential and ε33 is the dielectric
constant.
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Because the electric displacement D3 does not change
with the thickness, the above equation is subjected to homogenization in the thickness direction:
h/ 2+hp
h/2

D3 =

a = −m1 a + m2 b − m3 a2 + m4 b2 + m5 ab + m6 a2 b − m7 ab2

e31 εxx + e32 εyy − ε33 V/hp dz
hp

16

The charge on the electrode can be obtained as follows:
Q = −∬Ω D3 dxdy = −
P

1
hp

VP

e31 εxx + e32 εyy − ε33

V
dV P
hp
17

According to the generated charge, the current can be
obtained by
∂Q
1
I=−
=
∂t
hp

VP

and b. By substituting di into the ﬁrst two equations, the
system dynamics diﬀerential equation can be obtained:

V
e31 εxx + e32 εyy − ε33
dV P
hp

18

+ m8 aΔT − m9 bΔT − m10 aV + m11 bV 1 − m12 ΔT
+ m13 V − m14 r p ω cos ωt − m15 r s ω cos ωt
− m16 rp a − m17 r s a + m18 r p b + m19 r s b + m20 ω2 sin ωt ,
b = n1 a − n2 b + n3 a2 − n4 b2 + n5 ab − n6 a2 b + n7 ab2
− n8 aΔT + n9 bΔT + n10 aV − n11 bV + n12 ΔT − n13 V
− n14 r p ω cos ωt − n15 r s ω cos ωt + n16 r p a + n17 rs a
− n18 r p b − n18 r p b − n19 r s b + n20 ω2 sin ωt ,
24
where mi i = 1 – 20 and ni i = 1 – 20 are the coeﬃcients
determined by the material and size parameters.
Equation (24) is connected to electrical Eq. (22) to
form a dynamic model for microbistable piezoelectric
energy harvesting.

When the external resistance is set to R, the current is

3. Study on the Efficiency of Capturing Energy
V
I=
R

19

From Eqs. (18) and (19), we can obtain
−

∂Q V
=
∂t
R

20

That is,
1
hp

VP

e31 εxx + e32 εyy − ε33

V
dV P =
hp

V
dV P
V P RV P

21

The electric equation can be obtained by
V=

e31 εxx + e32 εyy − hp V/RV P hp
ε33

22

Substituting the variation of the kinetic energy and
potential energy and the virtual force of the damping force
into Hamilton’s principle gives
T1

δU − δT + δW dt = 0,

23

T0

where t 1 and t 2 are the initial and ﬁnal moments of the
system movement, respectively. The equations about a, b,
and di can be obtained by Eq. (23). d i is about the algebraic
equation of a and b, which can be expressed in terms of a

To improve the eﬃciency of energy capture, the eﬀects of the
laying position, area, and thickness on the eﬃciency of the
piezoelectric energy were investigated.
3.1. Selection of Layout Location. In this section, we discuss
the generated voltage of two types of laying positions. Piezoelectric layers of type I and type II are shown in Figure 2. The
size of the base layer is 300 μm × 300 μm × 0.7 μm, and the
size of the piezoelectric layer is 200 μm × 200 μm × 0.7 μm,
where S1 = S2−1 + S2−2 + S2−3 + S2−4 .
The material parameters of the two layers are given in
Table 1. The piezoelectric layer material is polyvinylidene
ﬂuoride, whose elastic modulus is much smaller than that
of the base layer. In scanning the vibration frequency of the
pedestal ω, the variation of the voltage with the frequency is
obtained (Figure 3).
From Figure 3, for the same excitation and laying area,
the natural frequency of type I is lower than that of type II
and the peak value of the capturing voltage under the natural
frequency is about twice as high as that of type II. This is
because under the boundary conditions of center-ﬁxed quadrilateral free, the closer to the center, the greater the strain. To
clearly observe the elliptical part of the graph, a local enlarged
plot is shown in Figure 3. Therefore, the laying position in the
middle has better energy capturing eﬃciency than at the four
sides. Thus, we select type I for the ideal laying position.
3.2. Inﬂuence of Thickness and Area of Piezoelectric Layer. In
this section, the thickness and area of the piezoelectric layer
are discussed for type I when the temperature decreases from
the high MEMS processing temperature to room temperature; that is, ΔT = −400°C. Using I and II laying types, we
investigated the inﬂuence of the piezoelectric layer area on
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Figure 3: Type I and type II capture voltage versus stimulated
frequency.
S2-1

S2-2

300

10

S2-4

V (mV)

S2-3

100

8

25

50

6
4
2

(b) Type II

Figure 2: Type I and type II piezoelectric laying position.

Table 1: Material coeﬃcients.
Physical quantity

Value

ES

190 Gpa

EP

2.1 Gpa

υS

0.2788

υP

0.31

αS

3·10−5/°C

αP

2.5·10−6/°C

e31

2C·m2

e32

2C·m2

ε33

6500ε0

ρS

2300 kg/m2

ρP

5670 kg/m2

0

0.2
0.1
0.2
0.3

0.4

SP/SS

0.6
0.4
0.5
0.6

0.8
0.7
0.8
0.9

Figure 4: The thickness eﬀect of the layout area on device eﬃciency.

the energy eﬃciency of the piezoelectric layer thickness in the
range of 0.1–0.9 (Figure 4).
From Figure 4, for the same piezoelectric layer area, the
eﬃciency of energy capture increases with increasing thickness. This is because a thicker piezoelectric layer results in
more charge generation and higher capturing voltage. For
the same piezoelectric layer thickness, the eﬃciency of energy
capture ﬁrst increases and then decreases with the increasing
area of the piezoelectric layer. In this study, the elastic
modulus of the piezoelectric layer is much smaller than that
of the base layer. In the initial stage of the increase of the
piezoelectric layer area (0 1 < SP /SS < 0 5), the thermoelectromechanical coupling eﬀect is greater than the eﬀect of
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Figure 5: Waveform and phase diagrams of a (red circle) and b (blue triangle) in case of no snap-through.

the increased stiﬀness. As the area increases in the range
(0 5 < SP /SS < 0 9), the increased stiﬀness eﬀect becomes
dominant, system deﬂection begins to decrease, and the
capturing energy eﬃciency decreases.

4. Nonlinear Frequency Responses
From the above results, type I energy harvesting is best when
the area of the piezoelectric patch is 0.5 times the base area
and ΔT = −400°C. Although the eﬃciency of energy capture
increases with the increasing thickness of the piezoelectric
layer, the layer cannot be too thick because the stiﬀness of
the structure will increase and deﬂection will decrease,
ultimately leading to lower eﬃciency of energy capture and
snap-through being diﬃcult to achieve. Thus, the thickness
is set at 0.7 μm.
In this section, we discuss the eﬀect of the snap-through
behavior of the bistable plate on the eﬃciency of energy
capture. By ﬁxing the excitation amplitude and scanning
the frequency, we obtained the waveforms and phase diagrams of a and b (the curvatures in the x and y directions).
These waveforms and phase diagrams reveal that the various snap-through behaviors existing in diﬀerent frequency

regions allow the system to obtain multiple wide-band
energy capture regions before the resonant region.
From Figure 5(a), when the excitation frequency is
between 150 and 1500 Hz, the curvatures of the plate in
the x and y directions are always the same (a = b) and
no snap-through behavior occurs. When the frequency is
between 1500 and 1600 Hz, the plate is in the state b > a
(Figure 5(b)), no snap-through occurs, and the amplitude
is small. No snap-through also occurs in the frequency
range 1600–2100 Hz, and the plate is in the state a > b, as
shown in Figure 5(c). However, with increasing frequency,
two types of snap-through behavior occur. (1) The states
a > b and a < b alternately appear, and there is continuous
snap-through behavior, as shown in Figure 6(a). (2) Successive conversion of the two stable states a = 0 and b = 0
causes large amplitude vibration and enhances the eﬃciency of energy harvesting, as shown in Figure 6(b). When
the excitation frequency is between 2200 and 3100 Hz, no
snap-through behavior occurs. The waveform and phase
diagram are shown in Figure 5(a).
For microscale energy harvesting, the fundamental
frequency is so high that the frequency of vibration in the
ambient environment cannot reach the natural frequency
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5. Conclusion
Considering the size eﬀect, the strain gradient theory is
extended to the nonlinear problem of microbistable piezoelectric energy harvesting. Based on the dynamic model
established in this paper, a microbistable energy harvester
structure was obtained by theoretical analysis. With increasing ambient vibration frequency, the snap-through phenomenon occurs for the microscale bistable energy harvester.
Furthermore, the eﬀect of the snap-through behavior on the

2.4

2.1
V (mV)

and excite resonance. For bistable energy harvesting with
the mass block proposed in this paper, although the mass
block reduces the natural frequency of the structure, the
resonant frequency (6.3 kHz) is also too high compared
with the ambient vibration frequency. Therefore, in this
study, we make use of the characteristic of large amplitude
vibration caused by the snap-through behavior to capture
high voltage in several wide frequency ranges far from
the resonance region.
To describe the inﬂuence of the snap-through behavior of
the microbistable plate on the captured voltage, the frequency is plotted against the voltage in Figure 7. The ﬁgure
shows that 1/3 and 1/2 subharmonic resonances occur when
the ambient vibration frequency ω is close to 1/3 and 1/2
times the natural frequency of the microscale bistable energy
harvester. There are two types of snap-through phenomena:
(1) in the 1/3 subharmonic resonance region (×), continuous
snap-through behavior occurs, as shown in Figure 6(a). (2) In
the 1/2 subharmonic resonance region (●), the two stable
states a = 0 and b = 0 alternatively occur, as shown in
Figure 6(b). The snap-through behavior can produce a higher
output voltage and wider bandwidth at a lower frequency,
which is crucial for a microscale bistable energy harvester.

1.8

1.5

0

1000

2000
𝜔 (Hz)

3000

4000

1/3 subharmonic resonance region
1/2 subharmonic resonance region

Figure 7: Voltage frequency respond curve.

capturing energy eﬃciency was investigated, and the aim of
capturing more energy in several wide frequency ranges far
from the resonance region was realized.
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Carbon nanotubes/graphene composites are directly grown on nickel foil without additional catalysts by chemical vapor deposition
(CVD). Next, the cobalt is deposited on carbon nanotubes/graphene composites by radio frequency (RF) sputtering with diﬀerent
power levels and time periods. Then, the cobalt is transformed into cobalt oxide by annealing. A longer time period of sputtering
leads to higher speciﬁc capacity. Furthermore, the electrochemical stability of cobalt oxide/carbon nanotubes/graphene composites
is higher than that of cobalt oxide.

1. Introduction
The applications of lithium-ion batteries include portable
electronic devices, electric vehicles, and hybrid electric
vehicles. Lithium-ion batteries compared to other batteries
(such as Ni-Cd, lead-acid, and Ni-MH) possess higher energy
densities (100–150 Wh kg−1), higher voltage, and lower
maintenance [1]. The energy density and performance of
lithium-ion batteries mainly depend on the properties of
anode and cathode materials. In this research, we focused
on anode materials of lithium-ion batteries.
Wang et al. [2] have reported that hybrid carbon nanotubes (CNTs) and graphene nanostructures applied in
lithium-ion batteries were directly grown by ambient pressure CVD; methane was introduced to form graphene on
copper foils at 950°C, and then Fe catalysts were deposited
on graphene/copper foils by e-beam evaporation, and ethylene was next introduced to grow pillar CNTs on graphene/
copper foil at 750°C. Wang et al. [3] also demonstrated that
to increase the accessible speciﬁc surface area and the stability as well as conductivity between the carbon nanotube

bundles and the nickel foam, three-dimensional few layer
graphene/multiwalled carbon nanotube architectures were
fabricated on oxygen plasma-treated nickel foam coated with
Fe catalysts by e-beam evaporation through a one-step ambient pressure CVD process using a mixture of acetylene and
hydrogen. In our previous study [4], to control the packing
density of CNTs and the number of graphene layers, carbon
nanotube/graphene composites were directly grown on
cobalt catalyst-coated nickel foam by one-step CVD at diﬀerent temperatures and times.
Han et al. [5] reported that a cobalt oxide-modiﬁed
porous carbon was synthesized via a solvothermal method
followed by a simple thermal treatment process and its high
electrochemical performances (enhanced reversible capacity,
excellent cyclic stability, high Coulomb eﬃciency, and good
rate capability) were attributed to the interconnection networks of electrically conductive porous carbon and cobalt
oxide nanoparticles, which could provide accessible route
for electrolyte diﬀusion as well as intercalation of Li ions into
the active sites, eﬃciently prevent volume expansion/
contraction of cobalt oxide during discharge/charge process,
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Figure 1: Schematic illustration of the fabrication process of Co3O4/CNTs/graphene composites.
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and decrease its inner resistance. Yoon and Park [6] demonstrated that a CNTs/cobalt oxide-blended anode was prepared by cobalt oxide nanoparticles and CNTs mixed with
Super P as conductive carbon and poly-vinylidene ﬂuoride
(PVDF) as a binder; its cyclic ability and rate capability in
comparison with a cobalt oxide anode were probably
improved by the high electronic conductivity and mechanical
ﬂexibility of CNTs, respectively. Abbas et al. [7] also reported
that mesoporous Co3O4 nanoparticles anchored on CNTs by
a chemical coprecipitation method exhibited high capacity as
well as rate capability and good capacity retention due to the
intimate interaction between the CNTs and Co3O4 nanoparticles. Li et al. [8] have demonstrated that cobalt
oxide/graphene nanostructured composites were prepared
by cobalt oxide nanoparticles homogeneously dispersed onto
graphene sheets through a chemical deposition method and
possessed large reversible capacity in the initial cycle and
excellent cyclic stability due to improving the structure stability by the interactions between high conductive graphene
sheets and cobalt oxide nanoparticles anchored on the
graphene sheets. Wang et al. [9] have reported that cobalt
oxide/graphene nanocomposites synthesized by an in situ
solution-based method exhibited initial reversible lithium
storage capacity and the high conductive graphene was used
as a buﬀer medium to allow volume expansion/contraction
of cobalt oxide reacted with lithium by lithium-ion insertion/extraction. Qiu et al. [10] also demonstrated that mesoporous cobalt oxide/graphene nanocomposites synthesized
by one-step in situ growth of cobalt oxide on a graphene
matrix and the volume expansion/contraction of cobalt oxide
nanoparticles could be conﬁned by graphene with large sizes
to prevent electrode pulverization during the lithium-ion
insertion/extraction process. Lou et al. [11] reported that
ultrasmall cobalt oxide nanoparticles/reduced graphene
oxide nanocomposites were prepared by a facile solutionbased synthesis and exhibited good rate capability, excellent
Coulomb eﬃciency, and high reversible capacity since cobalt
oxide was anchored on graphene which provided a high electronic conductivity as well as an elastic buﬀer medium. Yang
et al. [12] demonstrated that binder free 3D hierarchical graphene nanosheets/cobalt oxide ﬁbers composite papers were
synthesized by graphene nanosheets deposited onto electrospun cobalt oxide ﬁbers and possessed good rate capability,
very high reversible capacity, and excellent cyclic ability due
to high electronic conductivity as well as ﬂexible structure
of graphene, large electrode/electrolyte contact area, and
short path length for lithium transportation. Yang et al.
[13] reported that sandwich-like ultrathin cobalt oxide nanosheet/graphene hybrids were prepared by a layer-by-layer
self-assembly and low-temperature annealing method; they

805

800
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790
785
Binding energy(eV)

780

775

Figure 2: XPS spectra in Co 2p region for cobalt oxide/carbon
nanotubes/graphene composites.

possessed very high rate capability and excellent reversible
capacity. Wu et al. [14] also reported that Co3O4/graphene
nanocomposites prepared by solution-phase dispersion of
Co(OH)2 on graphene followed transformation of Co(OH)2
into Co3O4 by annealing treatment exhibited excellent cyclic
stability and high rate capability because of graphene being
beneﬁcial for allowing large volume expansion of Co3O4 without the severe cracking or crumbling of electrode materials
during discharge/charge cycles. Li et al. [15] have demonstrated that Co3O4 mesoporous nanostructures directly
grown on a graphene membrane by hydrothermal treatment
and then annealing possessed excellent capacity retention
due to mesoporous nanostructures with enough space being
beneﬁcial to strain buﬀer of Co3O4 during discharge/charge
process. Hu et al. [16] have reported that porous cobalt oxide
nanoﬁbers coated with reduced graphene oxide (rGO) by
hydrothermal reaction showed good rate capability as well
as enhanced cyclic stability for a half cell and possessed high
stable capacity with operation potential (2 V) for a full cell
(the cathode electrode (LiMn2O4) assembled with the anode
electrode (Co3O4@rGO)).
The main aim of this research was to improve the characteristics of anode materials of lithium-ion batteries through
depositing cobalt on carbon nanotubes/graphene composites
by sputtering with diﬀerent power levels as well as time periods
and transforming cobalt into cobalt oxide by annealing.

2. Materials and Methods
Nickel foam with three-dimensional conductive network
structure working as template for the growth of graphene
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Figure 4: X-ray diﬀraction patterns of carbon nanotubes/graphene composites and cobalt oxide/carbon nanotubes/graphene composites
(power = 100 W and time = 60 min for sputtering cobalt on carbon nanotubes/graphene composites).

facilitated easy access of electrolyte ions to the electrode surface [17, 18]. The use of Ni foam is known to increase the
active material utilization of the electrode, and thus, the speciﬁc capacitance of the electrode with the Ni foam current
collector was higher than that with the Ti mesh current
collector [17, 18]. The nickel foam (1 × 2 × 0.1 cm3) was
degreased ultrasonically (40 kHz) in acetone for 15 min.
Next, it was rinsed ultrasonically (40 kHz) with pure deionized water for 15 min and then ovendried in air (50°C) to
constant weight.
First, the pretreated nickel foam substrate was heated at
1000°C in H2 (100 sccm) and Ar (250 sccm) for 10 min
to reduce the surface oxide layer. Next, carbon nanotubes/
graphene composites were directly and simultaneously
synthesized on the annealed nickel foam without additional
catalysts using one-step ambient pressure thermal CVD with
a gas mixture of C2H2 (15 sccm), H2 (100 sccm), and Ar
(250 sccm) for 10 min at 800°C and then cooled to ambient
temperatures in Ar with the same volume ﬂow rate as carbon
nanotubes/graphene composites grown. Finally, the carbon
nanotubes/graphene composites were weighed.

CCU 15.0kV 8.0 mm ×100k SE(U)

500nm

Figure 5: The FESEM images of carbon nanotubes/graphene
composites.

The cobalt was deposited on the carbon nanotubes/
graphene composites by RF magnetron sputtering from a
3-inch disk Co target (purity: 99.9%, purchased from
SCM, INC) in a vacuum chamber with a background
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Figure 6: The FESEM images of cobalt oxide/carbon nanotubes/graphene composites with time period (60 min) and diﬀerent power
levels (a) 50 W, (b) 100 W, and (c) 150 W for sputtering cobalt onto carbon nanotube/graphene composite.

pressure of 7 × 10−6 torr. The distance between the target and
the substrate was 10 cm. The pressure and volume ﬂow rate
of argon were maintained at 5 mtorr and 15 sccm, respectively. The power levels (50, 100, and 150 W) and time levels
(30, 45, and 60 min) were varied. Then, the cobalt was transformed into cobalt oxide by annealing at 250°C in air for 1 h.
A solution of 1 M LiPF6 dissolved in 1 : 1 : 1 (v/v) ethylene
carbonate (EC)-ethyl methyl carbonate (EMC)-dimethyl
carbonate (DMC) from Ubiq Technology was used as the
electrolyte. The anode electrode (Li metal: 99.9%, 0.3 mm
thick, Ubiq Technology) was assembled with the cathode
electrode (cobalt oxide or cobalt oxide/carbon nanotubes/
graphene composites) into a coin cell battery by using a coin
cell manual crimping machine (CR2032, Taiwan) in an Arﬁlled glovebox. The electrochemical cycling tests were performed at 0.1–2 C using a cycler (PFX 2011, Kikusui, Japan).
The Co 2p peaks of Co3O4 for the Co3O4/carbon nanotubes/graphene composites were explored by XPS (Fison
VG. ESCA210, England). The D peak, G peak, 2D peak,
and Co3O4 peak for the carbon nanotubes/graphene composites and Co3O4/carbon nanotubes/graphene composites
were investigated by microscopic Raman spectrometer
(inVia, Renishaw, England). XRD (D8 Discover Bruker,
Germany) with low angle of incidence was used to characterize the crystalline structure of carbon nanotubes/graphene
composites and cobalt oxide/carbon nanotubes/graphene
composites (power = 100 W and time = 60 min for sputtering
cobalt on carbon nanotubes/graphene composites). Furthermore, the structure or the chemical composition of carbon
nanotubes/graphene composites and cobalt oxide/carbon

nanotubes/graphene composites for cobalt being sputtered
onto carbon nanotubes/graphene composites at diﬀerent
power levels was conducted by ﬁeld emission scanning electron microscope (FESEM) combined with energy-dispersive
X-ray (EDX) (JEOL JSM-6700F, Japan). Additional information on the surface roughness (root mean square (rms) got by
running NanoScope Analysis using original AFM data as
input) of cobalt oxide/carbon nanotubes/graphene composites for cobalt being sputtered onto carbon nanotubes/
graphene composites at diﬀerent power levels and time
periods was obtained by atomic force microscope (Dimension Icon, Bruker, USA). Moreover, impedance measurement was performed using an electrochemical analyzer
(CH Instruments CHI 608B, USA) at 5 mV AC amplitude
with a frequency range between 100 kHz and 0.01 Hz to
measure the charge-transfer resistance for cobalt oxide
(power = 100 W and time = 60 min for sputtering cobalt on
nickel foam) and cobalt oxide/carbon nanotubes/graphene
composites (power = 100 W and time = 60 min for sputtering cobalt on carbon nanotubes/graphene composites).
Cyclic voltammetry tests for cobalt oxide (power = 100 W
and time = 60 min for sputtering cobalt on nickel foam),
cobalt oxide/carbon nanotubes/graphene composites
(power = 100 W and time = 60 min for sputtering cobalt on
carbon nanotubes/graphene composites), and the lithiumion battery (full cell) for cobalt oxide/carbon nanotubes/
graphene composites (power = 100 W and time = 60 min
for sputtering cobalt on carbon nanotubes/graphene composites) were performed using an electrochemical analyzer
(CH Instruments CHI 608B, USA) at a scan rate of 0.1 mV s−1.

Journal of Nanomaterials

5

Co Ka1

CKa1_2
(a)

(b)

Figure 7: The EDX element distributions of (a) C and (b) Co in cobalt oxide/carbon nanotubes/graphene composites (power = 100 W and
time = 60 min for sputtering cobalt on carbon nanotubes/graphene composites).
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2.1. Results and Discussion. Figure 1 illustrates cobalt oxide
prepared by sputtering Co on CNTs/graphene grown on Ni
foil by CVD and subsequent transformation of cobalt into
cobalt oxide by annealing. The Co 2p XPS spectrum
(Figure 2) of the Co3O4/carbon nanotubes/graphene composites shows two peaks located at 780.5 eV (Co 2p3/2) and
795.5 eV (Co 2p1/2), and the spin-energy separation is 15 eV
with the characteristic of Co3O4 [5, 8], which demonstrate
the existence of Co3O4 in the composites. Furthermore, the
Raman spectra (Figure 3) for the carbon nanotubes/graphene
composites and Co3O4/carbon nanotubes/graphene composites have three same peaks positioned at 1355 cm−1 (D),
1583 cm−1 (G), and 2679 cm−1 (2D) which can be assigned
to carbon nanotubes and graphene; however, the additional
peak at 667 cm−1 in the Raman spectrum for Co3O4/carbon
nanotubes/graphene composites can be attributed to
Co3O4 which is in good agreement with the previous literatures [5, 8]. Furthermore, X-ray diﬀraction patterns of
carbon nanotubes/graphene composites and cobalt oxide/
carbon nanotubes/graphene composites (power = 100 W
and time = 60 min for sputtering cobalt on carbon nanotubes/graphene composites) are shown in Figure 4. The
peaks for CNTs/graphene in Figure 4 are identiﬁed as
coming from the (111), (200), and (220) planes of facecentered cubic Ni metal (JCPDS card no. 04-0850) which
originated from the Ni foam substrate. The peaks for
Co3O4/CNTs/graphene in Figure 4 are the same as those
for CNTs/graphene in Figure 4 except the peaks for
Co3O4/CNTs/graphene in Figure 4 from the (111) diﬀraction
plane of Co3O4 (JCPDS card no. 76-1802) [19], (222) and
(400) crystal planes of Co3O4 (JCPDS card no. 73-1701)
[20], and (511) plane of Co3O4 (JCPDS card no. 42-1467)
[21]. Moreover, Co3O4 coated on CNTs/graphene was also
conﬁrmed by comparing the FESEM image in Figure 5 with
the FESEM image in Figure 6(b) and from the EDX element
distributions in Figure 7.
Figure 8 shows the eﬀects of power levels and time
periods for sputtering cobalt onto carbon nanotubes/graphene composites on the speciﬁc capacity (0.1 C) of cobalt
oxide/carbon nanotubes/graphene composites. It shows that
the longer the time period of sputtering, the higher the speciﬁc capacity. The reason behind this may be that a longer
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Figure 8: The eﬀects of power levels and time periods for sputtering
cobalt onto carbon nanotubes/graphene composites on the speciﬁc
capacity (0.1 C) of cobalt oxide/carbon nanotubes/graphene
composites.

time period of sputtering led to higher surface roughness
(Figures 9 and 10), thus leading to higher speciﬁc capacity
since a highly rough surface should possess large surface area
[22]. Furthermore, the speciﬁc capacity increased at power
levels in the range 50–100 W. This picture may be explained
as follows. The higher the power level, the higher the sputtering yield, thus enhancing the deposition rate. Then, particles
falling on the carbon nanotubes/graphene composite surface
do not have enough time to rearrange and resputter themselves; thus, more uniform particles are homogenously
deposited (Figures 6(a) and 6(b)), which leads to increasing
surface roughness (Figures 9 and 10) and speciﬁc capacity
(Figure 8). However, the speciﬁc capacity decreased with
power levels in the range 100–150 W. This illustrates that
an overly high power level leads to an overly strong ion
and reﬂected neutral bombardment of the carbon nanotubes/
graphene composite surface, which only causes more damages
and then increases the pore size (Figures 6(b) and 6(c)) and

6

Journal of Nanomaterials
60
Surface roughness (nm)

50
40
30
20
10
0

30

35

40
45
50
Time period (min)

55

60

50W
100W
150W

Figure 9: The eﬀects of power levels and time periods for sputtering cobalt onto carbon nanotubes/graphene composites on the surface
roughness of cobalt oxide/carbon nanotubes/graphene composites.
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Figure 10: AFM micrograph of cobalt oxide/carbon nanotubes/graphene composites with diﬀerent power levels and time periods (a) 50 W
and 30 min, (b) 50 W and 45 min, (c) 50 W and 60 min, (d) 100 W and 30 min, (e) 100 W and 45 min (f) 100 W and 60 min, (g) 150 W and
30 min, (h) 150 W and 45 min, and (i) 150 W and 60 min for sputtering cobalt onto carbon nanotube/graphene composite.

thus decreases surface roughness (Figures 9 and 10) as well as
speciﬁc capacity (Figure 8).
The discharge/charge proﬁles (0.1 C) of cobalt oxide
(power = 100 W and time = 60 min for sputtering cobalt on
nickel foam) and cobalt oxide/carbon nanotubes/graphene
composites (power = 100 W and time = 60 min for sputtering
cobalt on carbon nanotubes/graphene composites) are shown
in Figures 11(a) and 11(b). The potential plateau in the

ﬁrst discharge curves of cobalt oxide/carbon nanotubes/
graphene composites is not more obvious than that of
cobalt oxide since the crystallinity of cobalt oxide
decreases by adding the poorly crystal carbon nanotubes/
graphene composites and a cathode peak (about 0.6 V) in
the ﬁrst cycle of cobalt oxide is sharper than a cathode
peak (about 0.7 V) in the ﬁrst cycle of cobalt oxide/carbon
nanotubes/graphene composites (Figures 12(a) and 12(b)).
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Figure 11: The discharge/charge proﬁles (between 0.01 V and 3 V at 0.1 C) of (a) cobalt oxide (power = 100 W and time = 60 min for
sputtering cobalt on nickel foam) and (b) cobalt oxide/carbon nanotubes/graphene composites (power = 100 W and time = 60 min for
sputtering cobalt on carbon nanotubes/graphene composites).
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Figure 12: Cyclic voltammograms (between 0.01 V and 3 V from the 1st cycle to the 3rd cycle) of (a) cobalt oxide (power = 100 W and
time = 60 min for sputtering cobalt on nickel foam) and (b) cobalt oxide/carbon nanotubes/graphene composites (power = 100 W and
time = 60 min for sputtering cobalt on carbon nanotubes/graphene composites).

The presence of the plateaus in the ﬁrst discharge curve
can be attributed to the formation of a solid electrolyte
interface (SEI) ﬁlm on the surface of electrodes [23] and
the discharge plateaus disappear in the subsequent cycles
(Figures 11(a) and 11(b)) which also is conﬁrmed by the
cathode peaks (about 0.6 V–0.7 V) occurring during the
ﬁrst discharge scan and disappearing in the following
cycles (Figures 12(a) and 12(b)). Furthermore, if discharge
speciﬁc capacity (200 mAh g−1) at the 2nd cycle is the

same, it occurs at higher potential (about 1.3 V) for cobalt
oxide and at lower potential (about 0.4 V) for cobalt oxide/
carbon nanotubes/graphene composites (Figures 11(a) and
11(b)). Moreover, if charge speciﬁc capacity (400 mAh g−1)
at the 2nd cycle is the same, it occurs at higher potential
(about 1.5 V) for cobalt oxide and at lower potential
(about 0.4 V) for cobalt oxide/carbon nanotubes/graphene
composites (Figures 11(a) and 11(b)). Therefore, the cathode
electrode (LiCoO2) was assembled with the anode electrode
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Figure 14: Cyclic voltammograms (between 1 V and 4.5 V from
the 1st cycle to the 3rd cycle) of the lithium-ion battery (full
cell) for cobalt oxide/carbon nanotubes/graphene composites
(power = 100 W and time = 60 min for sputtering cobalt on carbon
nanotubes/graphene composites).

(Co3O4 or Co3O4/carbon nanotubes/graphene composites)
into a lithium-ion battery (full cell) and the potential plateau
(about 3.5–4.5 V) in the discharge curves (0.1 C) of the
lithium-ion battery (full cell) for cobalt oxide/carbon nanotubes/graphene composites is not more obvious than that
(about 3.25–4.25 V) for cobalt oxide since the crystallinity
of cobalt oxide decreases by adding the poorly crystal carbon
nanotubes/graphene composites; however, the discharge
processes of the lithium-ion battery (full cell) for cobalt
oxide/carbon nanotubes/graphene composites occur at
higher voltage (Figures 13(a) and 13(b)) for the beneﬁt of
merchantable lithium-ion batteries. Finally, the cyclic voltammograms of the lithium-ion battery (full cell) for cobalt
oxide/carbon nanotubes/graphene composites are shown in
Figure 14. The peaks were seen ranging from 2.9 V to 3.2 V
(Figure 14) which can be attributed to the lithiation of

Speciﬁc capacity (mAh g−1)

Current density (A g−1)

Figure 13: The discharge/charge proﬁles (between 1 V and 4.5 V at 0.1 C) of the lithium-ion battery (full cell) for (a) cobalt oxide
(power = 100 W and time = 60 min for sputtering cobalt on nickel foam) and (b) cobalt oxide/carbon nanotubes/graphene composites
(power = 100 W and time = 60 min for sputtering cobalt on carbon nanotubes/graphene composites).
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Figure 15: The eﬀects of cobalt oxide (power = 100 W and
time = 60 min for sputtering cobalt on nickel foam), cobalt oxide/
carbon nanotubes/graphene composites (power = 100 W and
time = 60 min for sputtering cobalt on carbon nanotubes/graphene
composites), and diﬀerent charge/discharge cycles on the speciﬁc
capacity (0.1 C).

Co3O4 as well as delithiation of LiCoO2 during the charge
processes, and the peak was observed at about 2 V
(Figure 14) which can arise from the lithiation of Li1−xCoO2
as well as delithiation of Co/Li2O during the discharge processes [16, 24]. The charge/discharge reactions of Co3O4, carbon nanotubes/graphene composites, and LiCoO2 can be
described by 1, 2, and 3, respectively [5, 25, 26].
Co3 O4 + 8Li+ + 8e− ↔ 3Co + 4Li2 O
6C + xLi+ + xe− ↔ C6 Lix

1
2

Journal of Nanomaterials

9

Speciﬁc capacity (mAh g−1)

1400
1200
0.1C

1000

0.5C

800

0.1C

1C
1.5C

600

2C

400
200
0
0

5

10

15
20
Cycle number

25

30

Co3O4
Co3O4/CNTs/graphene

Figure 16: Rate capability (between 0.01 V and 3 V) for the cobalt oxide (power = 100 W and time = 60 min for sputtering cobalt on nickel
foam) and cobalt oxide/carbon nanotubes/graphene composites (power = 100 W and time = 60 min for sputtering cobalt on carbon
nanotubes/graphene composites).
60

1000
900

50

800
40
-Z″ (ohm)

-z″(ohm)

700
600
500
400

30
20

300
200

10

100
0

0
0

200

400

600
z′(ohm)

800

1000

1200

0

10

20

30

40

50

60

Z′ (ohm)

(a)

(b)

Figure 17: Nyquist diagrams of (a) cobalt oxide (power = 100 W and time = 60 min for sputtering cobalt on nickel foam) and (b) cobalt oxide/
carbon nanotubes/graphene composites (power = 100 W and time = 60 min for sputtering cobalt on carbon nanotubes/graphene composites).

LiCoO2 ↔ Li1−x CoO2 + xLi+ + xe−

0≦× ≦1

3

Figure 15 shows the eﬀects of cobalt oxide
(power = 100 W and time = 60 min for sputtering cobalt on
nickel foam), cobalt oxide/carbon nanotubes/graphene composites (power = 100 W and time = 60 min for sputtering
cobalt on carbon nanotubes/graphene composites), and
diﬀerent charge/discharge cycles on the speciﬁc capacity
(0.1 C). The reason for the large speciﬁc capacity fading
after the ﬁrst cycle (Figure 15) could possibly be the irreversible lithium loss due to the side reaction of electrolyte
decomposition and then formation of a SEI ﬁlm [23].
Cobalt oxide/carbon nanotubes/graphene composites possessed a better cycling performance (speciﬁc capacity only
decreased 29% from the 2nd cycle to the 50th cycle in
Figure 15) in comparison to cobalt oxide (speciﬁc capacity
decreased 71% from the 2nd cycle to the 50th cycle in
Figure 15) since the CNTs/G composites could provide

stable support to cobalt oxide and allow volume expansion
of cobalt oxide without the severe cracking or crumbling of
electrode materials during discharge/charge cycles [5, 9, 10],
which also is conﬁrmed by the discharge/charge proﬁles of
cobalt oxide and cobalt oxide/carbon nanotubes/graphene
composites (Figures 11(a) and 11(b)). The speciﬁc capacity
for cobalt oxide/carbon nanotubes/graphene composites is
about two-fold of the speciﬁc capacity for cobalt oxide
after the 50th cycle (Figure 15). Furthermore, cobalt
oxide/carbon nanotubes/graphene composites show better
rate capability in comparison to cobalt oxide at diﬀerent
C-rates (Figures 16(a) and 16(b)) since the charge-transfer
resistance (16.7 ohm) for cobalt oxide/carbon nanotubes/
graphene composites is much lower than that (366.6 ohm)
for cobalt oxide (Figures 17(a) and 17(b)), hinting that
cobalt oxide/carbon nanotubes/graphene composites show
faster charge transfer during the lithium-ion insertion/
extraction reaction. The cobalt oxide/carbon nanotubes/

10
graphene composites almost recover its original speciﬁc
capacity while the C-rate is back to the initial 0.1 C after
25 cycles; however, the cobalt oxide exhibits apparent speciﬁc
capacity drop.

3. Conclusions
The Co 2p XPS spectrum shows the existence of Co3O4 in the
composites, which also is conﬁrmed by the Raman spectra.
Furthermore, the speciﬁc capacity increased at power levels
in the range 50–100 W; however, the speciﬁc capacity
decreased with power levels in the range 100–150 W. Moreover, discharge processes of the lithium-ion battery (full cell)
for cobalt oxide/carbon nanotubes/graphene composites
occur at higher potential for the beneﬁt of merchandising.
Finally, cobalt oxide/carbon nanotubes/graphene composites
exhibit better rate capability compared with cobalt oxide at
diﬀerent C-rates.
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A hexagonal prism CuSn alloy was prepared at room temperature from 1-ethyl-3-methylimidazolium dicyanamide
([Emim][DCA]) by the direct template-free electrodeposition method with diﬀerent concentrations of Cu(I) and Sn(II) at a low
current density of 0.04 A dm−2. Moreover, the electrodeposition time was also investigated, and the results indicated that the
composition of the CuSn alloy became complex and the structure turned unstable with expanding time. The cycling
performance of the hexagonal prism-structural CuSn electrode was investigated, with the ﬁrst discharge capacity of 345 mAh g−1
and a discharge capacity of about 210 mAh g−1 after 10 cycles.

1. Introduction
Tin is well investigated as an anode material for lithium-ion
batteries (LIB) owing to its high storage capacity (theoretical
capacity is 993.3 mAh g−1) [1, 2]. However, during the charge
and discharge process, Li intercalation and deintercalation
causes the Sn electrode to undergo massive volume expansion and contraction due to the generation of LixSn alloy,
which causes mechanical disintegration that leads to a poor
cycle performance [3].
To stabilize the morphology of Sn anode materials, many
eﬀorts have been made to minimize the mechanical stress in
the electrodes that cause the volume change. The results of
investigations indicate that the Sn alloy [4–6] can eﬀectively
buﬀer the volume expansion during the charge/discharge
process, thus improving structural stability and anode material cycle performance. Cu-Sn alloys are studied as anode
materials for LIB due to their advantages, such as a stabilized
structure, lower cost, environmental friendliness, and especially excellent conductivity. Moreover, the CuSn alloy often
is the most commonly formed using template methods by

chemical vapor deposition [7], sol-gel processing [8], and
electrodeposition [9]. As known to all, electrodeposition is
widely used by industrial production and lab experiments
due to its simple process, easy operation, uniform sedimentation, and so on. Furthermore, ionic liquids usually have a
wide electrochemical window and show ideal electrolytes
for electrodeposition application; it can especially obtain
diﬀerent microstructural platings in ILs [10, 11]. Sun et al.
have reported a method that allowed electrochemical growth
of metal alloys from ILs, obtaining a nanotube alloy [11] and
a nanowire alloy [12].
Herein, we utilized the direct template-free electrodeposition method to synthesize CuSn from 1-ethyl-3-methylimidazolium dicyanamide ([Emim][DCA]). A prism structure
of Cu-Sn was obtained, and it could provide a high surface
area and a large number of active sites for charge transfer.
Hence, this structure can alleviate the large volume change
that induces mechanical disintegration during the charge/
discharge process. Furthermore, the cycle performance of
LIB, which has a hexagonal Cu-Sn prism as the anode, was
also investigated.
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Figure 1: (a) Cathodic polarization curves of a Pt electrode for solutions of [Emim][DCA] containing: (A) 0.05 M Sn(II), (B) 0.1 M
Cu(I) + 0.05 M Sn(II), and (C) 0.1 M Cu(I) at a scan rate of 0.01 V s−1. (b) Cyclic voltammogram curves of a Pt electrode for solutions of
[Emim][DCA] containing: (A) 0.1 M Cu(I), (B) 0.05 M Sn(II), and (C) 0.1 M Cu(I) + 0.05 M Sn(II) at a scan rate of 0.05 V s−1. The
scanning direction of CV is shown as an arrow in (b).

2. Experimental
The deposition electrolytes were prepared by the dissolution of various amounts of CuCl and SnCl2⋅2H2O
(≥99.99%, Sigma-Aldrich) into [Emim][DCA] in the glove
box. The electrochemical experiments were tested in a
three-electrode system using a CHI660E electrochemical
workstation. A Pt wire (Φ0.5 mm) was used as the counter
electrode and a Pt foil immersed in deposition electrolytes
was used as the reference. A Pt wire (Φ0.38 mm) was used
as the working electrode for CV measurements, and a Cu foil
(2 cm × 2 cm) was used as a substrate for electrodeposition.
The cell with the CuSn alloy as anode and lithium metal
as cathode was assembled on a glovebox ﬁlled with argon
(H2O, O2 < 0.5 ppm). The Celgard 2400 was the separator
and the electrolyte was 1 M LiPF6 PC/DEC (v/v = 1 : 1). The
cycling performance of the cell was cycled at a current
density of C/10 at room temperature.

3. Results and Discussion
Figure 1(a) displays the cathodic polarization curves of
[Emim][DCA] containing 0.05 M Sn(II), 0.1 M Cu(I) +
0.05 M Sn(II), and 0.1 M Cu(I). The curves have a rising
current attributed to the electrodeposition of Sn (−0.66 V
versus Pt), Cu-Sn (−0.75 V versus Pt), and Cu (−0.82 V
versus Pt). This indicates that the addition of Sn(II) is
beneﬁcial to Cu electrodeposition with a Cu and Sn synergy
codeposition process. Figure 1(b) shows cyclic voltammogram curves and it reveals that the Sn(II)/Sn couple [13]
occur at a potential far more positive than the Cu(I)/Cu
couple [14]. Intriguingly, the two redox processes merge
together and the potentials are shifted toward each other
when the solution contains Cu(I) and Sn(II), suggesting that
there is a strong interaction between Cu and Sn. In the CV,
the reduction peak at −1.0 V and stripping peak at −0.47 V

(vs. Pt) can correspond to the codeposition and strip of the
Cu-Sn alloy, which is evidenced by the XRD spectra
displayed in Figure 2. The results of the CV agree with the
cathodic polarization.
Figure 2 shows SEM images for a typical Cu substrate
electrodeposited with Cu-Sn in diﬀerent concentrations of
Cu(I) and Sn(II) at a current density of 0.04 A cm−2 for 1 h.
Dendrite-like structures are obtained in the electrolyte with
0.04 M Cu(I) and 0.02 M Sn(II) (Figure 2(a)); with the
increase in concentration, the Cu substrate is covered by
a large quantity of outward growing Cu-Sn hexagonal
prisms with diameters ranging from around 5 μm to 10 μm
(Figure 2(b)). As the concentration continues to increase,
uniform Cu-Sn hexagonal prisms are formed and the length
of the prisms is about 20 μm (Figures 2(c) and 2(d)). The
diﬀerent sizes of the prisms may result from the initial
nucleation time which is related to the concentration of
Cu(I) and Sn(II). Higher concentration results from nucleation more easily produced and earlier nucleation formed
larger prisms because there is a longer time period for the
prism to grow [10].
The crystal structure of the as-deposited Cu-Sn prism at
diﬀerent deposition times was tested and shown in
Figure 3. As shown in SEM images (Figures 3(a)–3(c)),
the diameter of the Cu-Sn prism increases with the increase
in deposition time. The tubular hexagonal Cu-Sn with an
inner diameter of around 10–20 μm could be observed,
but its structure is nonuniform, and its parts have some
drawbacks (Figure 3(c)).
The diﬀraction patterns can be indexed to those of the
Cu10Sn3, Cu3Sn, and Cu dominant peaks that resulted from
the substrate (Figure 3(d)). As can be seen in Figure 3(d),
there are other peaks (Cu5.6Sn and Cu4Sn) when the electrodeposition time is extended to 1.5 h. Moreover, the structure
of CuSn is inhomogeneous and unsteady (Figure 3(c)).
Furthermore, the ratio of the Cu-Sn alloy is examined with
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Figure 2: SEM images for a typical Cu substrate electrodeposited with Cu-Sn in diﬀerent concentrations of Cu(I) and Sn(II) at a current
density of 0.04 A cm−2 for 1 h: (a) 0.04 M Cu(I) + 0.02 M Sn(II), (b) 0.06 M Cu(I) + 0.03 M Sn(II), (c) 0.08 M Cu(I) + 0.04 M Sn(II), and
(d) 0.1 M Cu(I) + 0.05 M Sn(II).
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Figure 3: SEM images (a, b, and c) and XRD patterns (d) of the as-deposited Cu-Sn in electrolyte with 0.06 mol L−1 CuCl and 0.03 mol L−1
SnCl2 at a current density of 0.04 A cm−2 for diﬀerent deposition times: (A) 0.5 h, (B) 1 h, and (C) 1.5 h.
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Figure 4: Charge-discharge performance and coulombic eﬃciency of a Cu-Sn cell at a current density of C/10 at room temperature.

energy dispersive X-ray analysis (EDS), and the results reveal
only Cu and Sn elements in the substrate with a 3.5 : 1 ratio of
Cu/Sn, corresponding to the stoichiometry of Cu10Sn3.
The formation of hexagonal Cu-Sn is unique and the
growth mechanism is not very clear. Both the natural
environment and the property of Cu and Sn metals provided by the ionic liquid may have an important role in
hexagonal prism growth.
Figure 4 displays the cycling performance and coulombic
eﬃciency of the Cu-Sn cell at a current density of C/10 at
room temperature. The ﬁrst discharge platform of the
Cu-Sn cell is about 0.35 V and the ﬁrst charge platform
is 0.5 V (inset in Figure 4). The initial charge and discharge
capacities are about 250 mAh g−1 and 345 mAh g−1, respectively. The initial cycle irreversible loss in capacities and
lower coulombic eﬃciency can be seen in Figure 4. It may
be attributed to the SEI ﬁlm formed in the electrode surface
and this is an irreversible process [15–17]. After 10 cycles,
the discharge capacity stays at 210 mAh g−1 and the coulombic eﬃciency is about 100%. The capacity is lower than the
theoretical capacity of Sn due to the Cu-Sn prism still
undergoing volume expansion, but the hexagonal prism
with Cu-Sn as the anode of LIB has an acceptable cycling
performance [1, 18, 19]. Decreasing the size of the Cu-Sn
prism or changing the condition during the preparation of
nanostructural Cu-Sn probably could improve its capacity
and cycle performance [20, 21].

4. Summary
The electrocrystallization of the hexagonal Cu-Sn prism,
which is diﬃcult to achieve in an aqueous solution, was
obtained for the ﬁrst time in a [Emim][DCA] ionic liquid
at room temperature. Using the hexagonal Cu-Sn prism as
the anode for LIB shows that the ﬁrst discharge capacity is
345 mAh g−1 and the discharge capacity stays at 210 mAh g−1
after 10 cycles. The cell performance should be improved
further; therefore, an in-depth study of this approach will
provide a more precise control of the prism size for a synthesis of the nanostructure of the CuSn alloy for LIB.
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Constructing near-infrared-light-mediated core-shell nanostructures incorporating upconversion nanoparticles (UCNPs) and
semiconductors is of great importance for potential applications in photocatalysis, nano-biomedical engineering, solar cell, etc.
In this work, we have demonstrated a two-step solution process to synthesize UCNPs@Zn0.5Cd0.5S core-shell nanoparticles
(CSN). Firstly, a layer of AA-Zn(Cd)[OH]4− composites was coated on UCNPs to form UCNPs@AA-Zn(Cd)[OH]4−
composites, which has been converted to UCNPs@Zn0.5Cd0.5S CSN via sulﬁdation reaction process using thioacetamide (TAA)
as the sulfur source. Moreover, the UCNPs@Zn0.5Cd0.5S yolk-shell nanoparticles (YSN) have been obtained from the
UCNPs@Zn0.5Cd0.5S CSN after calcination at 400°C, which show signiﬁcantly photocatalytic activity for reduction of Cr(VI)
under near-infrared light. All these can be attributed to the enhanced crystallization degree, resulting in enhanced energy
transfer eﬃciency and separation eﬃciency of the photogenerated electrons and holes. An alternative strategy is provided in this
study for fabrication of UCNP/semiconductor composites for various applications.

1. Introduction
The photocatalytic technology driven by solar light has
become more and more attractive because solar energy is
one of the most abundant resources [1–5]. Heterogeneous
photocatalytic techniques based on semiconductor materials are widely used in photocatalytic decomposition of
water, CO2 reduction, and organic reactions [6–8]. Semiconductor materials have their unique electronic band
structure, which will produce highly reactive electrons
and holes when the electron of the valence band transits
to the conduction band inspired by the light of appropriate wavelength. Moreover, the photogenerated electrons
can reduce Cr(VI) under sunlight or simulated sunlight
irradiation [9–12]. However, most of the semiconductor

photocatalysts can only be activated with UV or visible
light. In particular, near-infrared (NIR) light occupies
more than 40% of the incoming solar energy, which makes
it more signiﬁcant to fabricate and develop photocatalysts
driven by NIR light [13–16]. Despite this, the traditional
plasmonic nanoparticles which can be absorbed in the
NIR region are used in catalysis, bioimaging, and so on
[17–19]. However, lanthanide ions doped upconversion
nanoparticles (UCNPs), which can convert infrared energy
to UV–Vis energy and excite semiconductors to broaden
the scope of the spectral response and raise the utilization
ratio of solar energy. Up to date, much eﬀort has been
devoted to fabricate NIR-light-mediated UCNP-based
nanocomposites to fully utilize solar energy [20–26],
including UCNPs@CuS [27–30], UCNPs@ZnO [31–33],
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Figure 1: Schematic description of selective synthesis of UCNPs@Zn0.5Cd0.5S core-shell and yolk-shell nanoparticles.

UCNPs@TiO2 [34–37], UCNPs@Bi2WO6 [38, 39], and
UCNPs@Bi2MoO6 [40–42]. As for the UCNP/semiconductor composites, the ﬂuorescence energy can be passed
from UCNPs (donors) to semiconductors (acceptors) to
broaden the scope of the spectral response of the semiconductor eﬀectively. These composite materials exhibit
encouraging therapeutic eﬃcacy of photodynamic therapy
and the photochemical oxidation of organic matter under
irradiation of NIR light [43, 44]. Many synthetic strategies
including the epitaxial growth method, chemical assembly
method, hydrothermal method, and electrospinning technique have been pioneered to fabricate UCNP-based Förster resonance energy transfer (FRET) nanostructures
[45–49]. However, the large lattice mismatch makes it difﬁcult for coating directly a layer of semiconductors on the
surface of UCNPs.
Herein, a facile chemical solution process has been
proposed to synthesize UCNPs@Zn0.5Cd0.5S core-shell
nanoparticles (CSN), in which UCNPs@AA-Zn(Cd)[OH]4−
composites are ﬁrstly synthesized and subsequently converted to UCNPs@Zn0.5Cd0.5S CSN by liquid sulﬁdation, as
shown in Figure 1(a). UCNPs@Zn0.5Cd0.5S yolk-shell nanoparticles (YSN) can be derived from the as-obtained coreshell nanoparticles of UCNPs@Zn0.5Cd0.5S after calcination
owing to the UCNPs@Zn0.5Cd0.5S CSN incorporated by the
surfactant. The optical properties of the samples have been
studied carefully, and photochemical reduction tests of
Cr(VI) ions are demonstrated.

2. Experimental
All the chemicals are of analytic grade and used as received.
Hydrophilic NaYF4:Yb(30%)/Tm(0.5%)@NaYF4 (denoted
as UCNPs) has been fabricated according to previously
reported protocol [50, 51].
2.1. Synthesis of UCNPs@AA-Zn(Cd)[OH]4− Composites.
In a typical process, 262.32 mg hexadecyltrimethylammonium bromide (CTAB) and 4.2 mg l-ascorbic acid (AA)
were added into a 100 mL ﬂask and dissolved using
60 mL deionized water to form clear solution. 2 mg asprepared hydrophilic UCNPs, 25.24 mg hexamethylenetetramine (HMTA), 26.78 mg Zn(NO3)2·6H2O, and 18.66 mg
Cd(CH3COO)2·2H2O with an equal mole ratio of Zn/Cd
were added into the previous solution with stirring. Subsequently, the mixed solution was heated to 85°C and maintained for 10 h. Finally, the solution was centrifuged after
cooling to room temperature at a speed of 9500 rpm to collect
the products, then washed with ethanol and deionized

water for three times, and dried naturally. The yield of the
UCNPs@AA-Zn(Cd)[OH]4− composites is about 90%.
2.2. Synthesis of UCNPs@Zn0.5Cd0.5S Core-Shell and
Yolk-Shell Nanoparticles. Typically, 20 mg previously prepared UCNPs@AA-Zn(Cd)[OH]4− composites and 3.76 mg
TAA were added into a ﬂask, which was dispersed using
15 mL deionized water and stirred for 12 h, then the temperature was raised to 95°C and kept for 2 h. The product
in yellow was centrifugally separated (9500 rpm, 5 min)
and the precipitate washed with deionized water and ethanol to remove the redundant ions. The as-synthesized
UCNPs@Zn0.5Cd0.5S core-shell nanoparticles were placed
into a muﬄe furnace and then calcined at 400°C for
1 h to form UCNPs@Zn0.5Cd0.5S yolk-shell nanoparticles
(UCNPs@Zn0.5Cd0.5S YSN). For comparison, UCNPs@ZnS
CSN and UCNPs@ZnS YSN have been synthesized according to the same protocol. The yield of products at this stage
is up to more than 95%.
2.3. Photocatalytic Activity. In a typical process, 5 mg of the
photocatalyst was added under stirring into 50 mL of Cr(VI)
solution (20 mg L−1) which were prepared by dissolving
K2Cr2O7 into distilled water. The mixture was magnetically
stirred for 1 h in the dark till adsorption-desorption equilibrium before irradiation. The solution was under irradiation of a 1500 mW cm−2 xenon lamp (PLX-300D, Beijing
Precise Technology Co. Ltd.) with an emission wavelength
of 320 nm–2500 nm. The NIR band (780–2500 nm) was
obtained by equipping with an UV–Vis ﬁlter. The photocatalyst was centrifugally separated (9500 rpm, 2 min), and the
Cr(VI) concentration was determined by diphenylcarbazide
(DPC) method.

3. Results and Discussion
In this work, UCNPs with ca. 42 nm in diameter have
been prepared and used as NIR light nanotransducers
(Figure S1a, in the Supporting Information) [50]. The
UCNPs@AA-Zn(Cd)[OH]4− core-shell composites with
20 nm in shell thickness were synthesized by a modiﬁed process [33], as revealed by TEM image shown in Figure S1b
(in the Supporting Information). The FESEM and TEM
images of the sample, which were obtained from UCNPs@AA-Zn(Cd)[OH]4− composites and thioacetamide (TAA)
at 95°C for 2 h have been shown in Figures 2(a)–2(c), showing
the sample consisted of core-shell nanoparticles. The elemental images shown in Figure S2 (in the Supporting
Information) conﬁrm the chemical composition of the asobtained sample. It is interesting to note that the
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Figure 2: (a–c) FESEM, TEM, and HRTEM images of UCNPs@Zn0.5Cd0.5S CSN. (d–f) FESEM, TEM, and HRTEM images of
UCNPs@Zn0.5Cd0.5S YSN. (g) STEM image of the UCNPs@Zn0.5Cd0.5S YSN. (h–l) Elemental mapping images; the scale bars are 100 nm.
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UCNPs@Zn0.5Cd0.5S YSN.
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Figure 4: Fluorescence spectra (a) and UV–Vis absorbance (b) of diﬀerent samples.

UCNPs@ZnxCd1-xS CSN has been converted to the yolkshell-like nanoparticles obtained after annealing at 400°C
for 1 h and the yolk-shell nanoparticles are ca. 80 nm in total
diameter and 20 nm in shell thickness (Figures 2(d) and 2(e)).
The lattice spacing of 3.6 and 2.5 Å from the shell edge is
shown in Figure 2(f), which is a little smaller than that
of the (100) and (102) crystal plane of CdS nanostructures
[43], conﬁrming that the shell component is alloyed
ZnxCd1-xS. The STEM and elemental mapping images
including Zn, F, Cd, and Y are shown in Figures 2(g)–
2(l), which further conﬁrm that the yolk-shell nanoparticles with a shell consisted of elements of Zn, Cd, and S.
X-ray diﬀraction (XRD) has been used to characterize
the phase of the samples. All the sharper diﬀraction peaks

(Figure 3(a)) coincide perfectly with the β-NaYF4 (JCPDS
no. 28–1192). On the side, the broad diﬀraction peak at
27° shown in Figure 3(b) can be derived to three peaks
located at 25.6, 27.0, and 28.2° by Gaussian curve, which
obviously shifted to higher diﬀraction angles of CdS
(JCPDS no. 41–1049) compared to the pure CdS diﬀraction peaks at 24.8, 26.5, and 28.1° [52]. The EDX spectrum
(Figure S3, in the Supporting Information) and XPS of
UCNPs@ZnxCd1-xS YSN (Figure S4, in the Supporting
Information) are also operated to decide the chemical
composition of UCNPs@ZnxCd1-xS YSN. The accurate
chemical composition of Zn/Cd in UCNPs@ZnxCd1-xS is
0.51/0.49, which has been calculated using atomic absorption spectroscopy (AAS). Therefore, all the above analyses
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Figure 5: (a) UV–Vis spectra of the UV–Vis absorbance spectra of the Cr(VI) complex, showing the photochemical reduction ability of the
UCNPs@Zn0.5Cd0.5S YSN towards photocatalytic reduction of Cr(VI) at given irradiation times using a Xe lamp. (b, c) Photochemical
reduction kinetic curves of Cr(VI) aqueous solution under irradiation of NIR light and a simulated solar light, respectively. C0: the
concentration of initial solution, Ct: the concentration at the irradiation time. (d) The three recycling tests of the photochemical reduction
of Cr(VI) over the UCNPs@Zn0.5Cd0.5S YSN.

demonstrate successive synthesis of the CSN and YSN of
UCNPs@Zn0.5Cd0.5S. Herein, the UCNPs@Zn0.5Cd0.5S CSN
can be transferred to yolk-shell nanostructures because the
shell (Zn0.5Cd0.5S) is comprised of lots of small nanoparticles
stabilized by l-ascorbic acid (AA) molecules, as revealed by
the FTIR spectra (Figure S5, in the Supporting Information).
Some organic molecules or adsorbed functional group will be
removed to form a void between the core and shell components during the annealing process whereas the small nanoparticles of Zn0.5Cd0.5S would be aggregated and the

crystallization degree of Zn0.5Cd0.5S will be improved. As
expected, the UCNPs@Zn0.5Cd0.5S YSN show better photocatalytic ability than UCNPs@Zn0.5Cd0.5S CSN.
The ﬂuorescence spectra (Edinburgh FLS980, UK) and
UV–visible spectra (Hitachi U-5100, Japan) have been used
to study the optical properties of the samples. It is worthy
to note that the ﬂuorescence emissions at 342, 361, 451,
and 476 nm (Figure 4(a)) for UCNPs@Zn0.5Cd0.5S YSN have
been quenched and the quenching eﬃciency is up to 99.90%
for all the emissions (342, 361, 476, and 476 nm), conﬁrming
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−
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3+

The terephthalic acid (TA) was used to generate the
ﬂuorescent product for detecting •OH radicals in solution
[56, 57]. The ﬂuorescence intensity of 2-hydroxyterephthalic acid (TAOH) produced from terephthalic acid
(TA) with •OH shows a dramatic enhancement with time
(Figure S6, in the Supporting Information) in the presence
of UCNPs@Zn0.5Cd0.5S YSN under irradiation of NIR
light, which veriﬁed that the YSN has the great ability to
produce •OH and electrons. Thus, the as-prepared
UCNPs@Zn0.5Cd0.5S YSN would exhibit good NIRmediated photochemical reduction or oxidation performance. In the present study, 50 mL (20 μg/mL) Cr(VI)
aqueous solution was irradiated using infrared light (IR)
or simulated solar light. Before irradiation, mixtures of the
as-obtained photocatalysts and K2Cr2O7 aqueous solution
were stirred in the dark for 1 h to reach adsorption
equilibrium. Diphenylcarbazide (DPC) method has been
widely used to analyze the concentration of Cr(VI) [9].
As shown in Figure 5, there is no obvious change in the Cr(VI)
concentration in the absence of the photocatalyst after irradiation for 1 h, whereas nearly 38.1% and 98.7% of Cr(VI) have
been reduced to Cr(III) in 30 min for UCNPs@Zn0.5Cd0.5S
YSN under irradiation of a Xe lamp equipped with or without
an UV–Vis ﬁlter. UCNPs@Zn0.5Cd0.5S YSN has better photocatalytic activity property than UCNPs@Zn0.5Cd0.5S CSN
because of better crystallization during the annealing process
and has the highest photocatalytic activity among all of
the samples no matter with (Figure 5(b)) or without
(Figure 5(c)) UV–Vis ﬁlter, indicating that the import of

Cr(VI)

T
IE

that the yolk-shell nanoparticles show eﬃciently optical
absorption and energy transfer between the yolk and shell.
Figure 4(b) shows that the UCNPs@Zn0.5Cd0.5S YSN
exhibit stronger UV–Vis absorption at 400–600 nm, which
overlap well with the ﬂuorescence emissions of the UCNPs
and will result in an eﬃcient FRET process occurring
between UCNPs and Zn0.5Cd0.5S. Thus, the as-prepared
UCNPs@Zn0.5Cd0.5S YSN will eﬃciently produce a large
amount of reactive oxygen species including hydroxylfree radicals (•OH) and photogenerated electrons under
irradiation of NIR light or visible light.
In this work, the UCNPs can give ultraviolet–visible light
emissions under excitation of NIR light, which can activate
the shell component (Zn0.5Cd0.5S) via irradiation energy transfer (IET) or FRET process. The electron from the valence band
of the excited shell can transit to the conduction band under
the appropriate wavelength excitation, then a large amount
of photogenerated electrons (e−) is produced from the conduction band and positive hole (h+) from the valence band [46,
53]. After that, the positive hole (h+) can react with Cr(VI),
which results in reduction of Cr(VI) to Cr(III). A rationalization mechanism for the photochemical reduction of Cr(VI)
has been previously demonstrated as follows [54, 55]:

Cr(III)

e–

UCNPs
FR
ET

Zn0.5Cd0.5S

H2 O

h+
•

OH

Scheme 1: Demonstration the NIR-light-mediated photochemical
reduction process.

CdS can enhance the energy transfer eﬃciency between
UCNPs with the shell. Additionally, in order to investigate
the repeatability and chemical stability of photocatalyst, three
uninterrupted cycling tests have been operated and shown in
Figure 5(d). Therefore, the as-prepared UCNPs@Zn0.5Cd0.5S
YSN shows good chemical stability, which has a strong ability for producing •OH and electrons for photochemical
reduction of Cr(VI). The photocatalytic mechanism has
been illustrated and summarized in Scheme 1. The synthetic
method described here has demonstrated that it will provide
an important strategy for constructing nanocompositeincorporated UCNPs and semiconductors for NIR-mediated
photochemical process.

4. Conclusions
In summary, we have synthesized UCNPs@Zn0.5Cd0.5S coreshell and yolk-shell nanoparticles by a facile epitaxial growth
process. UCNPs@AA-[Zn0.5Cd0.5(OH)4]2− nanocomposites
are ﬁrstly synthesized via a modiﬁed process, which can be
converted to UCNPs@Zn0.5Cd0.5S CSN via a sulﬁdation
reaction. The UCNPs@Zn0.5Cd0.5S YSN can be achieved
after calcination of UCNPs@Zn0.5Cd0.5S CSN at 400°C. In
addition, the crystallization degree for the ﬁnal
UCNPs@Zn0.5Cd0.5S YSN has been enhanced during the
annealing process. The ﬂuorescence emissions for Tm3+ in
UCNPs@Zn0.5Cd0.5S yolk-shell nanoparticles have been
quenched greatly, demonstrating eﬃcient energy transfer
between the achieved two components of UCNPs and
Zn0.5Cd0.5S. The as-obtained UCNPs@Zn0.5Cd0.5S YSN
exhibit superior photocatalytic activity for reduction of
Cr(VI) under no matter simulated solar light or IR light.
Therefore, this work should inspire further exploration
for alterative nanoparticles with high potential for potential applications in nanomedicine, photocatalytic, energy
conversion, etc.

Data Availability
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Herein, simpliﬁed time-eﬃcient production of AlN-coated SiC (SiC@AlN) ceramic powder was practiced. Short-term vibratory
ball milling with high frequency was employed to integrate the microsize particles. Also, paraﬃn as a signiﬁcant phase change
material (PCM) was reinforced using the manufactured SiC@AlN in order to enhance the thermal conductivity (TC) and
stability of the ﬁnal composite. Various characterization methods were used to clarify the changes in particle size of the
biceramic powder as well as the thermal features of the paraﬃn-based composite. Manufactured SiC@AlN was found to be the
most eﬀective in the improvement of interfacial adhesion of composite components and the subsequent enhancement of TC,
compared with singular ceramic powders as the reinforcing agents. Also, diﬀerential scanning calorimetry (DSC) indicated a
very slight increase in latent heat of the fabricated composite PCM.

1. Introduction
Energy can be stored in diﬀerent forms via a variety of
methods. Among these, storage of energy utilizing the latent
heat thermal storage (LHTS) and phase change is of interest
owing to its simplicity and eﬃciency and to the abundance of
such forms of wasted energy in large quantities. Several
characteristics of paraﬃn wax including suitable melting
point, large latent heat (145–240 kJ/kg), chemical stability
with regular degradation level, process adaptability, low
cost, and low environmental eﬀects present this material
as a promising phase change material (PCM) for LHTS
purposes. However, engineers still face a signiﬁcant challenge
dealing with paraﬃn, speciﬁcally its intrinsic low thermal
conductivity (i.e., below 0.4 W/m·K). To tackle such diﬃculty
and further improve the desired responses in energy storage
such as melting/solidiﬁcation onset temperatures, durability,
and chemical inertness, additives have been used to produce
a paraﬃn-based composite PCM [1–7].

Due to their substantially high melting point, chemical
stability and durability, and signiﬁcant high-temperature tolerability, ceramics could also be used as eﬃcient media for
energy storage. Dhaidan et al. [8] used CuO for paraﬃn reinforcement and performed experimental and numerical investigations on the melting behaviour of the resultant composite
PCM. Ho and Gao [9] reported the changes in the values of
thermal conductivity and eﬀective dynamic viscosity for the
paraﬃn-based PCM loaded with 0, 5, and 10 wt.% of Al2O3
as the reinforcing agent. As a result, a rather nonlinear
dependence of the thermal conductivity and the eﬀective
dynamic viscosity of the PCM on the mass fraction of
Al2O3 was observed. A maximum increase in thermal conductivity was reported to be 17% by using 10 wt.% of Al2O3
measured at 60°C. A comparison between Al2O3 and CuO
was numerically studied by Valan Arasu et al. [10] on the
thermal performance enhancement of paraﬃn wax. They
reported a marginal enhancement with both ﬁllers, where
the melting and solidiﬁcation behaviour of Al2O3@paraﬃn
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(i) Fair dispersion
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(i) Poor dispersion
(ii) Low Kapitza resistance
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for energy carriers

(i) Fair dispersion
(ii) Low Kapitza resistance
(iii) Improved ballistic
movement for energy
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Figure 1: Schematic illustration of the formation of the better ﬁller-matrix interface and better pathways for heat conduction in
SiC@AlN powder.

was better due to the lower growth in dynamic viscosity compared to the use of CuO as a ﬁller with the same mass fraction. Teng and Yu [11] experimentally studied the eﬀect of
diﬀerent ceramic additives (Al2O3, TiO2, SiO2, and ZnO)
on the LHTS performance of paraﬃn wax. They concluded
that TiO2 exhibits a better enhancement in thermal energy
storage performance as it increases the thermal conduction
and solidiﬁcation onset temperature while reducing the melting onset temperature of paraﬃn. In the present study, a new
series of ceramic ﬁllers were employed to enhance the thermal
energy storage behaviour of paraﬃn. Because of their low density, low thermal expansion, considerably high thermal conductivity, superior thermal shock resistance, and relatively low cost,
aluminium nitride (AlN) [12] and silicon carbide (SiC) were
selected as the target ceramic ﬁllers. Interface enhancement is
the most signiﬁcant issue in fabrication of composites. Recently,
a rather new trend of multiple-ﬁller composite systems has
emerged which is aimed at surface enhancement of components to achieve better interactions between the ﬁller and the
matrix [13–17]. Herein, to facilitate the encapsulation of SiC
particles and subsequent formation of passages for heat conduction within the matrix, a considerable gap was selected between
the average sizes of particles for the two ceramic components.
The objective is to enhance the adhesion of the paraﬃn wax
to the powder (see Figure 1). For this purpose, production of
AlN-coated SiC (SiC@AlN) via time-eﬃcient high-energy ball
milling was practiced to unveil the eﬀect of biceramic blend as
well as of the singular ﬁllers on the thermal performance of
the resultant PCMs. A variety of characterization methods were
carried out to thoroughly investigate the ﬁllers and thermal features of the ﬁnal composite PCMs.

States. All of the mentioned materials were used without
any further puriﬁcation. Some of the physical and thermophysical speciﬁcations of as-received materials are
shown in Table 1.

2. Materials and Methods

2.2. Powder Preparation. The mechanical alloying method
via vibratory mini ball mill (Pulverisette 23, Fritsch International, Germany) was used in order to mechanically fuse
the AlN on the surface of SiC particles and enhance the particle bonding in the biceramic powder. Also, it likely facilitates the production of a uniformly distributed particle size
within the functionally coated SiC, where AlN and SiC particles are 6 and 67.8 μm in diameter, respectively. Accordingly,
SiC@AlN powder is expected to enhance the thermal energy
storage capacity of paraﬃn while maintaining the intrinsic
low electrical conductivity of the matrix as it could be potentially used as phase change thermal energy storage medium.
Diﬀerent variables have been considered to optimize the
integration and uniformity of the ﬁnal SiC@AlN powder.
15, 30, and 50 Hz were chosen as the studied milling frequencies, where the milling time and ball-to-powder mass ratio
(BPR) vary from 15 to 120 min and 4 : 1 to 20 : 1, respectively.
The mass fraction of each component in the biceramic powder was kept constant at 50 wt.%. The grinding ball (15 mm
in diameter) and the milling vial (10 ml) were both made of
zirconia (95% ZrO2).
For single-ﬁller systems, AlN particles were used as
received and pristine (as-received) SiC particles were exposed
to the mechanical stress via ball milling for 60 min at 50 Hz to
minimize the deposition of powder while moulding and
enhance the dispersion of SiC within the matrix. Ball-milled
SiC with an average particle diameter of about 28.53 μm will
be referred to as “SiC” throughout this report unless otherwise mentioned.

2.1. Materials. Paraﬃn wax, aluminium nitride (powder, ≥98%),
and silicon carbide (powder, 200–450 meshes) were all
purchased from Sigma-Aldrich Chemicals Company, United

2.3. Composite PCM Preparation. Uniformly mixing the
composed biceramic powder with the liqueﬁed paraﬃn is
the next step in the PCM fabrication. A rather simple, but
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Table 1: Speciﬁcations of as-received materials.

Material

Average particle
size (μm)

ρ (g/cm3)
at 25°C [18]

k (W/m·K)
at 25°C

CP (J/kg·K)
at 0–100°C

Melting point (°C) [18]

—
6.0
67.8

0.90
3.26
3.22

<0.4 [19]
320 [21]
270 [21]

2140–2900 [20]
819.7 [22]
675.4 [23]

53–57 (ASTM D87)
>2200
2700

Paraﬃn wax
Aluminium nitride (AlN)
Silicon carbide (SiC)

Sonosmasher
controller
Horn probe

Air/vapor

Powder

Round ﬂask

Liqueﬁed
paraﬃn

Aluminium
holder

Hot plate

0 RPM

100°C

Figure 2: Graphic illustration of the mixing process.

eﬀective, method was used employing an ultrasonic generator (Sonosmasher, Ulsso Hitech Co. Ltd., Korea) to increase
the dispersion of the solid particles within the melted paraﬃn
wax while reducing the number of trapped bubbles and gaseous impurities in the mixture. This process is graphically
shown in Figure 2. During the sonication process, the mixture was regularly monitored to ensure the minimum deposition of the powder by controlling the input power of the
ultrasonic generator (10–30%). The hot plate was kept at
100°C, and the mass fraction ratio of the ﬁller to the whole
composite PCM is 5 wt.% for all the cases.

3. Results and Discussion
3.1. Particle Morphology. SEM images of the as-received and
as-prepared particles are shown in Figure 3. As seen here,
AlN particles are physically attached to the surface of the
deformed SiC.
3.2. Particle Size Analysis. A step-by-step procedure via a
laser diﬀraction particle size analyzer (Microtrac S3500

integrated with a wet SDC unit, Microtrac Inc., United
States) was carried out to individually optimize each parameter leading to the ﬁnal set of optimum variables. Firstly, the
eﬀect of diﬀerent milling frequencies (15, 30, and 50 Hz) with
variations in BPR on the particle size distribution (PSD) was
examined, while the ball milling time was kept constant at
15 min. The PSD graphs are illustrated in Figure 4 with
respect to changes in the milling frequency. As the ball milling frequency increases, the particle diameter tends to
decrease, speciﬁcally a dramatic reduction in the highest
peak, due to the impact force and shear stress between the
particles, ball, and walls of the milling vial. It also indicates
that the particle size integration in SiC@AlN powder is
possible as multipeak graphs are inclined to unify in a
single-peak curve with the increase in frequency. Therefore, the mechanical stress when the milling frequency is
at 50 Hz tends to alloy the AlN on SiC particles noting
that fracture eﬀects are also at minimum due to the large
gap of about 11 times between the particle sizes of asreceived powders.
Secondly, following the optimization of milling frequency, further variations of BPR were also undertaken to
enhance the integration, while delivering a handful amount
of powder for PCM preparation. As shown in Figure 5(a),
the rise in BPR gradually ﬂattens the volume distribution of
lower peaks which in turn heightens the desired singular
peak at a fair SiC@AlN particle size falling between the average sizes for as-received AlN and SiC powders. Given 20 : 1 as
BPR, 0.3301 g of powder was prepared in a single run for
PCM reinforcement.
Thirdly, following the optimization of milling frequency
and BPR, the milling time was studied to conclude the
process. Figure 5(b) displays the PSD graphs with respect
to changes in the milling time. Results imply the consistency of the average SiC@AlN particle size after 60 min
(up to 120 min) maintaining 33.9 μm in value. The only
diﬀerence was the slight reduction observed in the number
of smaller particles. Hence, according to Figures 4 and 5,
the optimum milling conditions for obtaining the largest
SiC@AlN particles would be 60 minutes of mechanical
alloying while milling frequency and BPR are at 50 Hz
and 20 : 1, respectively.
3.3. XRD Analysis. X-ray diﬀraction (XRD MAX-2500,
Rigaku Corp., Japan) analysis was carried out to establish
a better understanding of the powder integration via ball
milling. As seen in Figure 6, the crystal structure of singular
ceramic powders was barely altered after low-energy milling.
High-energy milled powders, however, have responded well
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Figure 3: SEM images of the as-received and as-prepared particles.
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Figure 4: PSD graphs of AlN, pristine SiC, and SiC@AlN (50 wt.% AlN/50 wt.% SiC) powders with respect to diﬀerent milling frequencies
and BPRs.

to lattice integration as the peaks for SiC and AlN are merged
at 2θ = 35.5°, 37.6°, 60°, 65°, and 71°. This can be attributed
to the formation of SiC@AlN particles due to mechanical

stresses and temperature growth in the vial. Also, the
increase in milling time will result in Bragg’s angle shift
implying exertion of higher levels of uniform strains. XRD
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Figure 5: PSD graphs of AlN, pristine SiC, and SiC@AlN (50 wt.% AlN/50 wt.% SiC) powders with respect to diﬀerent BPRs and milling
periods.
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Figure 6: XRD patterns of SiC (a), AlN (b), and SiC@AlN powders
after low-energy milling (t BM = 15 min, f BM = 15 Hz, BPR ≡ 4 1)
(c) and high-energy milling (f BM = 50 Hz, BPR ≡ 20 1) where the
milling times were 60 (d), 90 (e), and 120 min (f).

then conﬁrms the previous statement claiming that the integration was adequately done by 60 min of milling and a further increase in the time will merely reduce the number of
smaller particles.
3.4. Surface Properties. The surface free energy (SFE) of
reinforcing powders was analyzed using the sessile drop
technique (Tilt Controller, Surface Electro Optics, Korea).
Several samples were prepared using uniformly dispersed

powder over adhesive tapes. Distilled water and diiodomethane (Sigma-Aldrich Chemicals Company, United
States) were then used as the probe liquids to observe the
contact angle for each case of dispersed powder. Measurements were carried out several times to ensure the reliability
of contact angle values. Then, to calculate the values of SFE
using the obtained average contact angle, the OwensWendt theory [24] was employed for the extrapolation of
the results through the analysis program (Surfaceware 9,
Surface Electro Optics, Korea). As illustrated in Table 2,
the SiC powder exhibits greater total SFE compared with
AlN and hybrid SiC@AlN particles. The obtained SFE
values were then used to calculate the work of adhesion
(WA) between the components [25–28]. In thermodynamics, WA is explained as the work required for dividing one
surface into two separate surfaces. For composites, this can
be deﬁned as the amount of work required to separate the
ﬁller from the matrix. Accordingly, a larger value of this
surface parameter in a multicomponent system means a
greater adhesion between the components (ﬁller and matrix).
This parameter is calculated using
WA = 2

σDM σDF + 2

σPM σPF ,

1

where σM and σ F are the SFE values for matrix and ﬁller
materials, respectively. Superscripts D and P stand for dispersive and polar components of the SFE.
The respective results for WA of diﬀerent PCM composite systems are also shown in Table 2. It can be seen that compared to pristine AlN, WA was slightly improved in PCM
reinforced with SiC@AlN, which implies improvement of
interfacial adherence between paraﬃn and the biceramic
ﬁller. However, SiC possesses the largest value of WA and it
is presumably due to the greater dispersive component of
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Table 2: Surface free energy of the reinforcing powders.

Paraﬃn
AlN
SiC
SiC@AlN

Surface free energy (mJ/m2)
Dispersive
Polar
Total

Contact angle (deg)
Water
Diiodomethane
87.44 (±0.367)
84.63 (±2.477)
14.9 (±1.103)
74.18 (±3.207)

56.08 (±0.825)
22.28 (±2.247)
9.5 (±0.408)
13.22 (±0.545)

32.688
45.797
43.310
47.131

2.363
1.180
32.383
3.763

Thermal conductivity (W/m‧K)

—
80.722
92.747
84.465

3050

0.22
+17.73%

0.21

2900
2750

0.2

−7.68%

2600

+10.08%

0.19

−12.11%

0.18

2450
2300

−22.95%

0.17
0.16

35.051
46.977
75.693
50.894

WA (mN/m)

−4.70%
Paraﬃn (P)

P + 5AlN

P + 5SiC

P + 5SiC@AlN

Speciﬁc heat (J/kg‧K)

Sample

2150
2000

Thermal conductivity
Speciﬁc heat

Figure 7: Thermal conductivity and speciﬁc heat of fabricated composite PCMs compared with those of pure paraﬃn. Growth and reduction
percentages of parameters against pure paraﬃn are marked by plus (+) and minus (−) signs, respectively.

SFE of the powder. The SiC powder used for this study has a
high Si/C ratio which in turn decreases its polarity and gives
the powder a mild viridescent colour.
3.5. Thermal Conductivity. Thermal conductivity (TC) and
speciﬁc heat (SH) of the samples were measured via a transient plane source method using a Hot Disk instrument
(Hot Disk, TPS 2500 S, Hot Disk AB, Sweden). A nickel
coil wrapped in Kapton with a diameter of 3.2 mm (#5465)
was used as the measuring probe for TC. The estimated
data reproducibility and accuracy of the equipment provided by the manufacturer are better than 1% and better
than 5%, respectively. The SH value of the fabricated composite PCM was also measured using a highly conductive
golden cell as the reference. Results are shown in Figure 7
with the percentages of the change in each parameter compared with that of pure paraﬃn as the reference. Each sample was measured by more than four times, and the
standard deviation bars can also be seen. The standard
deviation for TC and SH is less than 2% and less than
5%, respectively.
Addition of AlN powder increases the value of TC by
more than 10% compared with that of pure paraﬃn. SiC
powder, however, not only does not improve the energy conduction capability of paraﬃn but also lessens this value by
about 4.7% presumably due to the introduction of crystallite
impurities and amorphous phases after ball milling. It is
assumed that despite the lower Kapitza resistance between
SiC and paraﬃn (see Section 3.4), phonons are scattered via
the SiC lattice defects and grain boundaries. Also, the porous
structure of SiC may lead to a larger volume of air voids

which in turn reduces the TC. The highest increase in TC
was achieved using SiC@AlN biceramic as the ﬁller. This is
attributed to the integration of major accommodating characteristics of the two ceramic components resulting in better
adsorption of paraﬃn by the biceramic powder. Also, according to the percolation theory, the percolation threshold of
particles decreases by using the mixture of powders with
bimodal PSD [29] which in turn increases the chance of formation of longer-range pathways for heat conduction.
This is also evidenced by energy dispersive X-ray
spectrometry (EDS, Oxford Instruments, United Kingdom)
of composites’ cross-sectional area. Samples were linearly
notched and submerged under liquid nitrogen for approximately 10 min before the breakage. Figure 8 shows the distribution of elements across the fracture area. It can be easily
seen that conductive networks are better formed using the
SiC@AlN ﬁller. Comparing all three cases, P + 5SiC@AlN
exhibits the larger density of particles across the composite with a higher number of networking bridges, while
P + 5AlN falls in the second place pushing the composite
reinforced with SiC to the last. This trend properly corresponds to the results obtained for thermal conductivity.
As preceded by the rule of mixture, speciﬁc heat of the
fabricated blend drops with the use of all types of ﬁllers studied. The largest reduction occurs with SiC as the reinforcing
agent. AlN and SiC@AlN on the other hand exhibit better
storage capacities of thermal energy in the solid state. Also,
this could result from the coarse AlN particles (6 μm) and
the larger SiC@AlN particles which are dispersed more uniformly compared with the isotropic scattering of larger SiC
particles (28.53 μm).
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Figure 8: EDS mapping of composite cross sections and their respective elemental compositions.

Figure 9 shows the values of thermal conductivity for P
+ 5SiC@AlN according to diﬀerent durations of the mechanical
alloying process. As seen here, the biceramic ﬁller after 60 min
of milling exhibits the highest conductivity which conﬁrms the
optimum condition of ball milling obtained in Section 3.2.
3.6. DSC Thermograms of Fabricated PCMs. The ﬁnal fabricated material is to be ultimately used as a phase change
medium under high charge/discharge rates for energy storage
and retrieval. Diﬀerential scanning calorimetry (DSC-60, Shimadzu Corp., Japan) was employed to explore the behaviour
of the fabricated composite PCM under the variation of

temperatures and also to observe the phase change utility of
the material by ﬂuctuations in the energy response. A small
piece of solidiﬁed PCM (7 mg) was placed inside an aluminium hermetic pan (S201-53090, T Max = 300° C, PMax = 0 3 M
Pa; Shimadzu Corp., Japan) and then melted to ensure the
uniform distribution of the sample in the holder. Prior to
measurement, the sample was cooled down to room temperature to minimize the eﬀect of residual heat within the specimen. Following the insertion of the sample and reference
into the measurement chamber, experimental parameters
including heating rate and the lowest and highest measurement temperatures for both endothermic and exothermic
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Table 3: Experimental values of DSC analysis for the fabricated
composite PCMs and pure paraﬃn.

0.22
P + 5SiC@AlN
Thermal conductivity (W/m‧K)

0.21
0.2
0.19

Phase change
temperature (°C)
TP
T Endset
T Onset

Paraﬃn (P)

Endo
Exo

47.22
53.45

55
49.93

58.21
42.81

135.02
142.68

P + 5AlN

Endo
Exo

47.16
53.74

54.39
50.74

58.14
43.01

131.28
139.57

P + 5SiC

Endo
Exo
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53.98

54.89
50.26

58.49
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Figure 9: Thermal conductivity of paraﬃn reinforced with 5 wt.%
of SiC@AlN powder as a function of milling time.
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Figure 10: DSC thermograms of (a) endothermic and (b)
exothermic runs for the fabricated composite PCMs and pure
paraﬃn.

runs were set at 5°C/min and 25 and 100°C, respectively.
Resultant thermograms are shown in Figure 10. The DSC
patterns of analyzed cases were slightly diﬀerent. Each case
was measured several times (at least three times) to ensure
the stability of the analysis. The obtained values for transition
temperatures and latent heat are presented in Table 3.
As seen in the values obtained by DSC analysis, the addition of ﬁllers delays the starting temperature of the phase
transition in both heating and cooling runs. Among these,
SiC due to its higher melting point (~2730°C) exhibits a longer hold-up in phase change onset temperatures. This also
could be caused by the lower thermal conductivity of the bulk
composite PCM reinforced with SiC (see Section 3.5) which
postpones the heat distribution and subsequently transition
of the crystal structure. Also, the absence of accommodating
porous networks in SiC particles will result in poor integration with paraﬃn leading to less functionality as a stable and
uniform PCM. This is evidenced by the lower phase change
diﬀerential temperature and latent heat of P + 5SiC at the
endothermic run. The use of the AlN coarse particles as the
reinforcing agent indicates slightly higher latent heat compared with that of P + 5SiC in the heating run that can be
attributed to better dispersion of the particles within the paraﬃn and higher level of integration with the matrix due to a
surface integration. Both of singular ﬁllers, however, decrease
the intrinsic higher latent heat of paraﬃn which is opposed
by what is desired from a material for a reliable LHTS.
Comparing the values of latent heat, paraﬃn reinforced
with SiC@AlN presents slightly greater latent heat than all
the cases including pure paraﬃn. This is due to the formation
of a particulate structure with a larger surface area, which was
improved by the mechanical alloying method, and higher
volume fraction of well-dispersed ceramic particles for
energy storage.

4. Conclusions
The present study analyzes the eﬀects of ceramic and biceramic powders on the thermal properties of paraﬃn for the
potential use as a PCM in thermal energy storage systems.
SiC microparticles were successfully coated with AlN powder

Journal of Nanomaterials
using ball milling with optimized conditions. However, the
crystalline structure of SiC seemed to have undergone a negative alteration due to the high intensity of the mechanical
stresses. Composite PCMs were fabricated via ultrasonication, and thermal analyses of the samples are presented.
The highest increase in thermal conductivity was achieved
using the SiC@AlN ﬁller compared with singular ceramic
powders. EDS results indicate a better capability of the
SiC@AlN ﬁller to conduct energy at the solid state of PCM
with higher ballistic movements of phonons compared with
AlN or SiC powder as the ﬁller. DSC analysis also indicates
a very slight growth in the latent heat of paraﬃn reinforced
with SiC@AlN powder. This increase, however, would not
be considered a meaningful enhancement for the fabricated
PCM. Further improvement of LHTS must be pursued using
the combination of such materials and surface engineering
with the enhancement of the paraﬃn-ﬁller interface as the
main objective.
Lastly, according to Sigma-Aldrich catalogues, SiC
(Lot #378097; 250 g: 47.90 USD) costs approximately 4.54
times lower than AlN powder (Lot #241903; 250 g: 217.50
USD) [18]. Therefore, production of such a hybrid ﬁller,
according to obtained results, not only improves the properties of the ﬁnal PCM composite but also economically
justiﬁes the addition of SiC as a low-cost extender to the
AlN powder.
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