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Abstract The core-shell structure of carbon-coated MoO;
(C#Mo0O;) nanoparticles have been prepared by using a sim-
ple hydrothermal synthesis and using in situ method to fabri-
cate the high performance nanocomposite with polypyrrole
(PPy) and graphene nanoribbon (GNR). The chemical and
structural of the samples were characterized by using Fourier
transform infrared (FTIR), Raman, and X-ray diffraction.
The morphology of C#Mo0O; nanoparticle and its nanocom-
posite was also observed by using high-resolution transmis-
sion electron microscopy. The electrochemical performance
of prepared PPy/C#MoO; nanoparticle/GNR nanocomposite
not only present the high specific capacitance (991 F g™
at 5 mV s™! scan rate in a 1 M H,S0, electrolyte but also
shows the high retention (92.1%) of capacitance after 1000
charge/discharge cycles. Electrochemical impedance spec-
troscopy test for PPy/C#MoQO; nanoparticle/GNR nano-
composite also shows the very low charge-transfer resist-
ance. These superior properties significantly show that the
C#MoO; nanoparticle used to fabricate the nanocomposite
can further improve the specific capacitance and cycle sta-
bility. Here this paper also provides a low cost and facile
process to fabricate the high performance nanocomposite as
a promising electrode material for supercapacitor.
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1 Introduction

Electrochemical capacitors, also known as supercapacitors,
provide higher power density than both conventional batter-
ies and conventional capacitors [1]. They also possess other
favorable characteristics with respect to energy storage, such
as having long cycling stability and possessing rapid charg-
ing and discharging rates. However, despite their excellent
properties, their use in common power devices is restricted
because of one specific reason: their energy density is lower
than that in the batteries [2]. In order to overcome the energy
density issue associated with supercapacitors, improvements
will need to be made in their capacitance performance and
operating voltages. Supercapacitor can be divided into two
types according to their storage mechanism: electrical dou-
ble-layer capacitors (EDLCs) and pseudocapacitors.

In recent years, carbon-based materials, with excellent
properties (i.e., high specific surface areas, high conduc-
tivities, good structural stabilities, and environmental
friendliness), such as graphene and graphene nanoribbon
(GNR), have often been used as EDLC electrode materials
in EDLC in supercapacitors and other micro-, nanoelec-
tronic materials [3—8]; however, the specific capacitance of
EDLC:s is generally low; this results in low energy density.
Therefore, many researches combine EDLC with pseudo-
capacitors in order to improve the low specific capacitance
problem. In the last decade, EDLC and pseudocapacitor
nanocomposites have been developed specifically for using
it in high-performance supercapacitors [5, 9-14]. As a
result, choosing good pseudocapacitor electrode materi-
als is an important factor to consider when investigating
supercapacitors. Transition metal oxides and conducting
polymers are commonly used as electrode materials in
pseudocapacitors; molybdenum trioxide (MoO3), in par-
ticular, has attracted a lot of attention because of its high
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electrochemical activity, unique structure, environmental
friendliness, and cost effectiveness (its cost is lower than
that of ruthenium oxide (Ru0O,)). However, applying MoO;
to supercapacitors is difficult because of its poor conduc-
tivity and poor cycling stability [15]. Conducting polymer
polypyrrole (PPy) has also been used as a pseudocapacitor
electrode material because of its high conductivity, fast
redox properties, low weight, low cost and easy synthesiz-
ability [16]; however, it also has poor cycling stability due
to shrinkage and swelling during charge—discharge cycles
[17]. Therefore, viable methods to overcome these disad-
vantages of MoO; and PPy need to be studied.

Most reports have found that combining EDLCs and
pseudocapacitor nanocomposites is an effective approach
in overcoming the disadvantages of these two components;
for example, Xia et al. prepared a reduced-graphene oxide/
MoO,/polyaniline nanocomposite with a specific capaci-
tance of 553 F g~ in 1 M H,SO, at a scan rate of | mV
s~!, and they found that it had good cycling stability after
200 cycles [18]. Das et al., meanwhile, synthesized a nano-
composite based on polyaniline, MoO;, and graphene
that showed a significantly large specific capacitance of
593 F g~!; these nanocomposites presented good cycling
stability even after 1000 cycles [19]. Apart from MoO;
nanocomposites, nanocomposites for other metal oxides
have also been reported. Zheng et al. prepared a hierar-
chical reduced graphene oxide—-SnO,—polypyrrole ternary
composite with a specific capacitance of 280.5 F g~!; this
composite showed high electrochemical performance, and it
demonstrated good retention after 800 cycles [20]. Pan et al.,
meanwhile, prepared a new nanocomposite by combining a
MnO,-coated polyaniline nanowire with a graphene sheet;
this nanocomposite showed a maximum specific capacitance
of 875.2 F g~! and exhibited good cycling stability after
1000 cycles [10].

In this study, we proposed a facile and low cost method to
prepare the carbon-coated MoO; nanoparticles (C#Mo0O5)
and its nanocomposite (PPy/C#MoO; nanoparticle/GNR
nanocomposite). By comparing this with an uncoated-MoO;
nanoparticle nanocomposite (PPy/MoO; nanoparticle/GNR
nanocomposite), we found that the electrochemical perfor-
mance and cycling stability of the PPy/C#MoO; nanopar-
ticle/GNR nanocomposite could be increased further. The
prepared C#MoO; nanoparticles could exert three different
functions: (1) promote the combination of each compo-
nent through strong interactions; (2) efficiently reduce the
charge-transfer resistance of the MoO; nanoparticles by the
use of the carbon-coated layer; and (3) further improve the
electrochemical performance of the PPy/C#MoQO; nano-
particle/GNR nanocomposite using this carbon layer. The
enhanced properties of the nanocomposite were compre-
hensively investigated through an electrochemical analysis.
The difference in the performance between the PPy/MoO,

nanoparticle/GNR and PPy/C#MoO; nanoparticle/GNR
nanocomposites has also been investigated in this study.

2 Experimental

2.1 Preparation of GNR, MoO; nanoparticle
and C#MoO; nanoparticle

Our carbon material of GNR was prepared by using previous
research method [21]. 0.05 g multi-wall carbon nanotube
(MWCNT) powders were added in 10 mL concentrated sul-
furic acid (H,SO,) under stirred at room temperature for
I h. Then 0.25 g potassium permanganate (KMnO,) was
added slowly into the above solution and keeps stirred at
room temperature for 1 h. After stirring, the solution was
put in hot water bath (80 °C) and stirred violently for 1 h.
After complete the reaction, the resulting solution was put in
5% hydrogen peroxide (H,0O,) solution at room temperature
for 24 h. Finally, the black powders were then filtered and
washed with distilled water (DI-water), and then dried at
60 °C for 24 h.

The MoO; nanoparticles were prepared by using sim-
ple thermal process. First, 0.137 g molybdenum chloride
(MoCls) (99.6%, Alfa Aesar) were slowly added into 10 mL
methanol. Then, the solution was poured into ceramic con-
tainer and dried at 70 °C. Finally, the ceramic container was
put in a high temperature tube heating system and kept at
300 °C thermal treat for 1 h. After the container was cool
down to room temperature, the green powders of MoO,
nanoparticle were obtained.

For the hydrothermal synthesis of core—shell structure of
C#MoO; nanoparticles, take 0.1 g MoO; nanoparticle pow-
ders added into 20 mL DI-water and sonicated for 30 min.
Then 0.2 g glucose powders were added into the suspension
solution and stirred for 30 min. After stirring, the resulting
solution was transferred into autoclave and hydrothermal
synthesis at 180 °C for 6 h. Finally, the black solution was
filtered, and washed several times with DI-water, dried at
60 °C oven for 24 h.

2.2 Preparation of PPy/C#MoO; nanoparticle/GNR
nanocomposite

For the in situ synthesis of nanocomposite, C#MoO;
nanoparticle powders (0.008 g) and GNR (0.008 g) were
dispersed simultaneously in 40 mL 1 M hydrochloric
acid (HCI) solution by sonication. Then 0.08 mL pyr-
role monomer was dropped in the above solution under
stirred for 30 min. After that, the prepared ammonium
persulfate (APS) solution (0.013 g APS powders were dis-
solved in 10 mL 1 M HCI) was dropped carefully into the
dispersion solution at 0 °C and keeps stirred for 3 h. After
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reaction, the black powders were filtered and washed with
DI-water and methanol successively and then dried for
1 day at 60 °C oven. The control sample (PPy/MoOj; nan-
oparticle/GNR nanocomposite) is also prepared by using
the same method. The flow chart for prepare core—shell
MoO; nanoparticles and its nanocomposite is presented
in Fig. 1.

2.3 Material characterization

The Fourier transform infrared (FTIR) spectra were
measured by using a Perkin—Elmer Spectrum One spec-
trometer with potassium bromide (KBr) pellet, and the
resolution is 4 cm™!. Raman spectra were measured by
using a Jobin yvon TRIAX 550 spectrometer at the scan
range 500-2000 cm~! with a wavelength 633 nm He—Ne
laser. The X-ray diffraction (XRD) scan of sample was
performed on a Rigaku D/MAX 2000 diffractometer
equipped with Ni—filtered Cu Ka radiation in the reflec-
tion mode. The scan ranges of angle were collected from
20 =5°-50° with the increment of 2°/min. The morphol-
ogy was observed by using a JEOL/JEM-2100F high-
resolution transmission electron microscopy (HRTEM).
The samples for HRTEM measurement were dispersed in
ethanol. Then, the solution was dropped on lacey carbon
film on copper grid.

40
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o ®0 o= H——OH
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~
MoO; nanoparticle OH
D-Glucose
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—

2.4 Electrochemical performance analyses

The electrochemical performances were evaluated with a
three-electrode system using 1 M H,SO, solution as an elec-
trolyte. 1 mg sample was dispersed into 2 mL ethanol by soni-
cation for 1 h in presence of 0.01 mL nafion. Take 0.02 mL
dispersed solution dropped onto a glassy carbon electrode with
an area of 0.5 cm? as a working electrode and dried at room
temperature before test. In the conditions of electrochemical
measurements, the voltage range of cyclic voltammetry (CV)
and galvanostatic charge/discharge tests were measured from
—0.21t0 0.8 V (vs. Ag/AgCl). The electrochemical impedance
spectroscopy (EIS) analysis was made in the frequency range
from 10° to 1 Hz, using alternate current amplitude of 5 mV.

The specific capacitance (Cg,) was calculated from CV
curves by using the following Eq. [22]

Cy, = [ 1dV/2mvV 1)

where Cg, is the specific capacitance (F g™, f IdV is the
integrated area of CV curve, m is the mass of sample on
the working electrode, v is the scan rate (mV s7h), Vis the
potential scan range.

The calculated specific capacitance from galvanostatic
charge/discharge curve is using the following equation [15, 23]

Cy, =1-At/m-AV )
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Fig. 1 Flow chart for the preparation of PPy/C#Mo0O; nanoparticle/GNR nanocomposite
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where I is the discharge current (A), At is the discharge time
(s), AVis the potential scan range (V), and m is the mass of
sample on the working electrode (g).

3 Results and discussions

3.1 Chemical, structural and morphological
characterizations

The functional groups of each material were measured using
FTIR spectra, as shown in Fig. 2. In this figure, in curve a,
typical PPy peaks at 1550 and 1460 cm™', which can be
attributed to the presence of C—C and C-N in-ring stretch-
ing mode, respectively. The other peaks found at 1175,
1045, and 910 cm™! can be attributed to C-N stretching
vibration, C—H deformation, and C-H out-of-plane vibra-
tion, respectively [24]. The peak at 1725 cm™! for the GNR
curve, b, was attributed to the C=0 stretching vibration;
it indicates the existence of oxidized functional groups in
the GNR. For the pure MoO; nanoparticles (curve c), the
three main peaks appeared at 890, 830, and 775 cm™'; this
was attributed to the typical characterization peaks of MoO;
monoclinic structure [25]. The FTIR spectrum of C#MoO;
nanoparticles (curve d) was obtained in order to find some
information about the carbon layer on MoO; nanoparticles.
Comparing it with the pure MoO; nanoparticle, it can be
found that the appearance of the peak at 1620 cm™! was due
to the stretching mode of the C=C group, which indicates
the presence of carbon. The C#MoO; nanoparticle/GNR
nanocomposite (curve e) is observed, and the appearances
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Fig. 2 The FTIR spectrum of (a) Pure PPy, (b) GNR, (c) MoO; nan-
oparticle, (d) C#MoO; nanoparticle, (¢) C#MoO; nanoparticle/GNR
nanocomposite, and (f) PPy/C#MoO; nanoparticle/GNR nanocom-
posite

of the peaks of the C#MoO; nanoparticles reveal that the
C#MoO; nanoparticles exist in the GNR matrix. Moreover,
it can be observed that the peak at 1620 cm~! (C=C group)
shifted to a lower wavenumber (i.e., 1590 cm_l); this may
be due to the n—r interaction between the C#MoO; nano-
particles and the GNR. After the nanocomposite had been
fabricated with PPy through in situ polymerization (curve
/), the curve became similar to that of the pure PPy, and the
characteristic peaks for PPy shifted to lower wavenumbers.
This result was also attributed to the n—x interaction between
the PPy polymer chain and the C#Mo0O; nanoparticle/GNR
nanocomposite [26, 27].

In order to provide further evidence of the existence
of the carbon material, we utilized Raman spectroscope;
the resulting spectra can be seen in Fig. 3. The spectra of
the pure MoO; nanoparticle are shown in curve a, and the
three main peaks that appear at 901, 845, and 775 cm™' can
be attributed to the typical peaks of a MoO5; monoclinic
structure; this has previously been reported [25]. For the as-
prepared C#MoO; nanoparticles (curve b), the weak peaks
at 1340 and 1590 cm™! can be attributed to the disordered
(D-band) and graphitic structures (G-band), respectively.
The presence of the D and G-bands further proves that the
coated-carbon layer was present on the surface of the MoO;
nanoparticles.

The structures of the as-prepared materials were deter-
mined using XRD technique, as shown in Fig. 4. For the
pure GNR (curve a), the diffraction peak at 10.5° is due to
the (001) crystal plane of the GNR layer structure. For the
pure MoOj; nanoparticles (curve b), the significant diffrac-
tion peaks at 23.04°, 25.06°, and 26.08° are due to the (011),
(200), and (111) crystal planes, respectively. According to
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—— C#MoO, nanoparticle

Intensity (a.u.)

901

T T T T T T T T T T T T T T
600 800 1000 1200 1400 1600 1800 2000
Raman shift / cm”

Fig. 3 The Raman spectrum of MoOj; nanoparticle and C#MoO;
nanoparticle
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Fig. 4 The XRD pattern of (a) GNR, (b) MoO; nanoparticle, (c)
C#MoO; nanoparticle, (d) C#MoO; nanoparticle/GNR nanocompos-
ite, and (e) PPy/C#MoO; nanoparticle/GNR nanocomposite

the JCPDF 47-1081 database, this result proves that the
MoO; nanoparticles belong to the monoclinic (f-phase)
crystal structure of MoOj. The XRD pattern of the C#MoO;
nanoparticles (curve c¢) shows that their diffraction peaks
are the same as those of the pure MoO; nanoparticles; this
indicates that amorphous carbon coats the MoO; nanopar-
ticles [28]. After being combined with GNR (curve d), the
C#MoOQ; diffraction peaks appear in the XRD pattern of the
C#MoO; nanoparticle/GNR nanocomposite; this confirms
that the C#MoO; nanoparticles exist in the GNR matrix.
For the PPy/C#MoO; nanoparticle/GNR nanocomposite
(curve e), there is appearance of C#MoO; nanoparticle
peaks, which indicates that the C#MoO; nanoparticles are
present in the nanocomposite. Furthermore, there are no new
diffraction peaks in XRD profile of the PPy/C#Mo0O; nano-
particle/GNR nanocomposite; this indicates that amorphous
PPy coats the surface.

The morphologies of the MoO; nanoparticles, C#MoO;
nanoparticles, C#MoQO; nanoparticle/GNR nanocomposite,
and PPy/C#MoO; nanoparticle/GNR nanocomposite were
observed using HRTEM; they can be seen in Fig. 5. Fig-
ure 5a shows the pure MoO; nanoparticles with diameters of
approximately 20-25 nm. In Fig. 5b, the high magnification
image shows the core—shell structure of the C#MoO; nano-
particles, and the carbon layer on the nanoparticle surface
can be seen to have a thickness of approximately 2 nm. In the
C#MoO; nanoparticles/GNR nanocomposite (Fig. 5c), it can
be observed that the C#MoO; nanoparticles are well loaded
on the GNR surface. This result demonstrates that there is
a good interaction between the C#MoO; nanoparticles and
the GNR. From the image of the PPy/C#MoO; nanoparticle/
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GNR nanocomposite (Fig. 5d), it can be observed that the
PPy (black arrow) coats the surface of the nanocomposite,
and can also be observed that the size of the GNR nanocom-
posite increased to about 190 nm. Moreover, it can be seen
that the C#MoO; nanoparticles (red arrow) are present in the
nanocomposite. A schematic diagram (shown in Fig. 1) of
the morphologies of each sample were clearly revealed on
top of the HRTEM images.

3.2 Electrochemical characterizations

The electrochemical performances of the different samples
were measured using cyclic voltammetry (CV), galvanostatic
charge/discharge, and electrochemical impedance spectros-
copy (EIS) tests. In this section, we show the difference in
the electrochemical performance of the PPy/MoO; nanopar-
ticle/GNR and PPy/C#MoO; nanoparticle/GNR nanocom-
posites. The CV curves for the PPy/MoO; nanoparticle/GNR
and PPy/C#MoO; nanoparticle/GNR nanocomposites at a
scan rate of 5 mV s~! are shown in Fig. 6a. As demonstrated,
the current density and the area of the CV curve for the PPy/
C#MoO; nanoparticle/GNR nanocomposite are larger than
those of the PPy/MoO; nanoparticle/GNR nanocomposite.
In general, the specific capacitance value from the CV test
depends on the area of the CV curve; therefore, this result
indicates that the PPy/C#MoO; nanoparticle/GNR nano-
composite has a better electrochemical performance and
higher specific capacitance than the PPy/MoO; nanoparticle/
GNR nanocomposite. The specific capacitance (991 F g71)
of the PPy/C#Mo0O; nanoparticle/GNR nanocomposite at a
scan rate of 5 mV s~! was calculated using Eq. 1. In compar-
ison with the specific capacitance of the pure materials (i.e.,
pure PPy and GNR), which we investigated in our previous
study, the specific capacitances of pure PPy and GNR were
reported to be approximately 243 and 134 F g™!, respectively
[29]. The specific capacitance of the PPy/C#MoO; nanopar-
ticle/GNR nanocomposite is significantly higher than that
of the pure materials. Furthermore, it also shows a higher
specific capacitance than that of the PPy/MoO; nanoparticle/
GNR nanocomposite (839 F g~!). The notable increase in
the specific capacitance of the PPy/C#MoQO; nanoparticle/
GNR nanocomposite could be attributed to the following:
(1) the synergistic effect between the EDLC and the pseu-
docapacitor; (2) the C#MoO; nanoparticles can efficiently
reduce the charge—transfer resistance of the nanocomposite;
and (3) a good combination of each component can further
enhance the performance of the nanocomposite. In Fig. 6b
and c, the CV curves of the PPy/MoO; nanoparticle/GNR
and PPy/C#MoO; nanoparticle/GNR nanocomposites are
shown for scan rates of 5-200 mV s~!. The closed rectan-
gular shapes of the CV curves at various scan rates in Fig. 6¢
indicate that the PPy/C#MoO; nanoparticle/GNR nanocom-
posite possesses a better charge propagation property than
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Fig. 5 The TEM images of a MoO; nanoparticle, b C#MoO; nanoparticle, ¢ C#MoO; nanoparticle/GNR nanocomposite, and d PPy/C#MoO;
nanoparticle/GNR nanocomposite. The inset shows the schematic diagrams of morphology of each sample

the PPy/MoO; nanoparticle/GNR nanocomposite [30, 31].  scan rate was increased; this is because it is not possible for
The trends of the calculated specific capacitances at various  the charge to completely diffuse into inner active materials at
scan rates are shown in Fig. 6d. We found that the specific ~ high scan rates, and this results in a relatively lower specific
capacitance of all of the nanocomposites decreased when the  capacitance [32].
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Fig. 6 a CV curves of PPy/MoOj; nanoparticle/GNR nanocomposite
and PPy/C#MoO; nanoparticle/GNR nanocomposite at a scan rate of
5 mV s71, CV curves of b PPy/MoO; nanoparticle/GNR nanocom-

The electrochemical performance of the nanocomposites
was measured using a galvanostatic charge/discharge test
at a current density of 5 A g~!. Figure 7a shows the curve
obtained for the PPy/C#MoQO; nanoparticle/GNR nano-
composite; it is almost triangular in shape, which indicates
that the PPy/C#MoO; nanoparticle/GNR nanocomposite
possesses a good charge propagation property. A superior
specific capacitance of 960 F g~! at a current density of
5 A g~! was calculated for the PPy/C#MoO; nanoparticle/
GNR nanocomposite using Eq. 2; this value was greater than
that for the PPy/MoO; nanoparticle/GNR nanocomposite
(816 F g™!); this result is similar to that found in the CV test.
The long cycling stability of the two nanocomposites was
evaluated using charge/discharge tests at a current density
of 15 A g~! for 1000 cycles, as shown in Fig. 7b. In the inset
of Fig. 7b, we can see that the reduced discharge time of the
PPy/MoOj; nanoparticle/GNR nanocomposite is larger than
that of the PPy/C#MoO; nanoparticle/GNR nanocomposite
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after 1000 cycles. The retention of the specific capacitance
calculated for the PPy/C#MoO; nanoparticle/GNR nano-
composite is approximately 92.1%, which is better than the
81.6% found for the PPy/MoO; nanoparticle/GNR nano-
composite. The good cycling stability of the PPy/C#MoO;
nanoparticle/GNR nanocomposite may be due to the carbon
layer that coats the surface of the MoO; nanoparticle surface
and that subsequently improves the stability of the MoO;
nanoparticles and nanocomposite. In general, because of
the advantages offered by EDLCs, the carbon layer and the
GNR serve as an EDLC in the nanocomposite and provide
it with good cycling stability required for overcoming the
poor cycling stability of the pseudocapacitor. Therefore, the
enhancement in the cycling stability of the PPy/C#MoO;
nanoparticle/GNR nanocomposite can be attributed to the
synergistic effect and the strong interaction between the
EDLC and the pseudocapacitor [33, 34].
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Fig. 7 a Galvanostatic charge/discharge curves of PPy/MoO; nano-
particle/GNR nanocomposite and PPy/C#MoO; nanoparticle/GNR
nanocomposite at a current density of 5 A g~!, and b Cycle stability
of PPy/MoO; nanoparticle/GNR nanocomposite and PPy/C#MoO;
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nanoparticle/GNR nanocomposite at a current density 15 A g=!. The
inset shows the discharge curves of the first and last cycle for the PPy/
MoO; nanoparticle/GNR nanocomposite and PPy/C#MoO; nanopar-
ticle/GNR nanocomposite
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Fig. 8 The Nyquist plots of a MoO; nanoparticle and C#MoOj; nanoparticle, and b PPy/MoO; nanoparticle/GNR nanocomposite and PPy/

C#Mo0Oj; nanoparticle/GNR nanocomposite

EIS analysis is a powerful tool for investigating the
impedance behavior of electrode materials. The typical
Nyquist plots of the MoO; nanoparticles, C#MoO; nano-
particles, PPy/MoO; nanoparticle/GNR nanocomposite,
and PPy/C#MoO; nanoparticle/GNR nanocomposite are
shown in Fig. 8. Generally, in the high-frequency region,
the solution resistance (R,) is calculated from the intercept
with the real axis [35]. The diameter of the semi-circle in
the high-frequency region is attributed to the charge-trans-
fer resistance (R, at the electrode—electrolyte interface
[36]. The calculated R, and R, values of all of the sam-
ples are shown in Table 1. According to previous studies,
low R, values indicate that there is a low charge-transfer

Table 1 The R, and R, values calculated from EIS measurement

Sample R, (2) R, (Q)
MoOj; nanoparticle 11.1 79.8
C#MoOj; nanoparticle 10.5 11.1
PPy/MoO; nanoparticle/GNR 7.71 7.99
PPy/C#Mo0O; nanoparticle/GNR 6.65 5.65

resistance at the electrode—electrolyte interface; this could
improve the electrochemical performance [37, 38]. From
Table 1, it can be seen that the R, values of the C#MoO;
nanoparticles and PPy/C#MoO; nanoparticle/GNR
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nanocomposite are clearly lower than those of the pure
MoO; nanoparticles and PPy/MoO; nanoparticle/GNR
nanocomposite; this indicates that the charge-transfer
resistance of the C#MoO; nanoparticles and PPy/C#MoO;
nanoparticle/GNR nanocomposite are low in value. This
result therefore proves that the C#MoO; nanoparticles
used to make the PPy/C#MoO; nanoparticle/GNR nano-
composite can efficiently reduce the charge-transfer resist-
ance and improve the electrochemical performance of the
nanocomposite. Furthermore, in the low-frequency region,
the portion of the Nyquist plot with a 45° slope repre-
sents the resistance to ion diffusion in the electrode mate-
rials [15]. The slopes of the C#MoO; nanoparticles and
PPy/C#MoO; nanoparticle/GNR nanocomposite are larger
than those of the MoOj; nanoparticles and PPy/MoO; nan-
oparticle/GNR nanocomposite; this indicates that the ion
diffusion resistance for the C#MoOj; nanoparticles and
PPy/C#Mo0O; nanoparticle/GNR nanocomposite is low;
as a result, charge can easily diffuse into the inner spaces
of the electrode materials.

4 Conclusions

In conclusion, we used a core—shell structure of C#MoO;
nanoparticles to fabricate a high-performance PPy/C#MoO;
nanoparticle/GNR nanocomposite via an in situ chemical
oxidation polymerization. The presence of amorphous car-
bon layer on the surfaces of the MoO; nanoparticles was
successfully confirmed using Raman spectroscopy and
XRD measurements. The FTIR spectra showed that the t—n
interaction between PPy, the C#MoO; nanoparticles, and
the GNRs improved the combinations between these com-
ponents; this was also indicated by the HRTEM images. The
CV test and galvanostatic charge/discharge test show that the
PPy/C#MoO; nanoparticle/GNR nanocomposite exhibited
the highest specific capacitance of about 991 and 960 F g™
in the respective tests. The PPy/C#MoQO; nanoparticle/GNR
nanocomposite was also found to have excellent cycling
stability (92.1% retention) after 1000 charge/discharge
cycles; this was about 10% greater than that of the PPy/
MoO; nanoparticle/GNR nanocomposite. Furthermore, the
EIS results show that the charge-transfer resistance values of
the C#MoO; nanoparticles and PPy/C#MoO; nanoparticle/
GNR nanocomposite were significantly lower than those of
the MoOj; nanoparticles and PPy/MoO; nanoparticle/GNR
nanocomposite. These results indicate that the carbon layer,
which coats the MoO; nanoparticle surface, can improve the
performance of the nanocomposite. Owing to the superior
electrochemical performance found in this study, we believe
that the PPy/C#MoO; nanoparticle/GNR nanocomposite
will be a promising supercapacitor electrode material.

@ Springer
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