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ABSTRACT: Highly dispersed polypyrrole nanowires are
decorated on reduced graphene oxide sheets using a facile in
situ synthesis route. The prepared composites exhibit high
dispersibility, large effective surface area, and high electric
conductivity. All-solid-state flexible supercapacitors are as-
sembled based on the prepared composites, which show
excellent electrochemical performances with a specific
capacitance of 434.7 F g−1 at a current density of 1 A g−1.
The as-fabricated supercapacitor also exhibits excellent cycling
stability (88.1% capacitance retention after 5000 cycles) and
exceptional mechanical flexibility. In addition, outstanding
power and energy densities were obtained, demonstrating the significant potential of prepared material for flexible and portable
energy storage devices.
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■ INTRODUCTION

Supercapacitors have attracted a lot of attention as one kind of
novel energy storage device, due to their higher power density
than batteries, longer cycling stability, and higher energy
density than traditional capacitors.1−4 Therefore, supercapaci-
tors have shown great potential in portable electronics.5,6

Different from traditional supercapacitors, all-solid-state flexible
supercapacitors use polymer gel as electrolyte. With the
application of polymer gel electrolytes, the all-solid-state
supercapacitors are expected to become flexible, wearable,
and environmentally friendly energy storage devices.7−9 In
order to achieve better electrochemical performance, finding
appropriate electroactive materials is a promising strategy
toward appropriate all-solid-state supercapacitors. Until now,
many kinds of nanostructured electrodes have been developed,
including graphene,10−12 metal oxides,13−15 and conductive
polymers,16,17 etc.
Graphene, one kind of novel carbon material, has shown

great potential in supercapacitor devices. Graphene obtains
high electronic conductivity, excellent mechanical flexibility,
high specific surface area, and chemical stability.18,19 Reduced
graphene oxide (RGO) could be categorized as chemically
derived graphene, which is similar to graphene in a number of
aspects.20 However, with the reduction of graphene oxide
(GO), oxygen-containing groups largely decrease, which shows
that the electrostatic repulsions are too weak to counteract
strong π−π interaction between RGO sheets. The agglomer-
ation appears among RGO sheets, which lead to the lower
surface area and slower electron transport rate and therefore
unsatisfactory capacitive performance.21 Hence, various nano-
structured functional materials (e.g., metal oxides,22−24 carbon

nanotubes,25,26 and conducting polymers27−29) have been
hybridized with RGO to improve capacitive performance.
Polypyrrole (PPy), a kind of the most important conducting

polymers, is treated as one of the potential materials for
supercapacitors among pseudocapacitance materials. PPy has
good environmental stability, low cost synthesis, good
conductivity, unusual doping/dedoping chemistry, and high
redox pseudocapacitive charge storage.30,31 PPy nanowires
show many outstanding characteristics, such as the optimum of
the ion-diffusion pathway, higher energy storage pseudocapa-
citance, and higher surface area than bulk PPy material, which
lead to the improvement of its capacitance over that of bulk
PPy material.32 In this work, we design an all-solid-state
supercapacitor based on novel PPy nanowires and reduced
graphene oxide (V-PPy/RGO) composites. The PPy nanowires
(V-PPy), which obtain high dispersibility, are facilely
synthesized in the presence of V2O5 seed and H2O2.
Meanwhile, the V-PPy could be decorated on the surface of
GO via π−π interaction. Then, the nanocomposites are reduced
by hydrazine (Figure 1). The decorative V-PPy could prevent
the aggregation of RGO sheets owing to electrostatic
repulsions. Hence, high dispersibility has appeared. Further-
more, when the nanocomposite material has both layered and
tubular structure, not only the diffusion of ions and electron
transport will be improved but also its cycling stability and
capacitance are superior to traditional material.33
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■ RESULTS AND DISCUSSION
The morphology and structure of V-PPy and the V-PPy/RGO
composites were characterized using transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
(Figure 2 and Figure S1 and Figure S2, Supporting

Information). The weight feed ratio of V-PPy to RGO was
varied as 2:1, 1:1, and 1:2, and the resulting composites were
named as V-PPy/RGO21, V-PPy/RGO11, and V-PPy/RGO12,
respectively. Figure 2A and 2B show uniform nanowire
morphology of V-PPy with diameters around 80 nm. As
shown in Figure 2C and 2D, V-PPy nanowires are completely
coated on RGO sheets. Figure 2E and F are high-resolution
transmission electron microscopy (HRTEM) images, which

showed the partial morphology of a composite. The
morphology of the RGO sheet shows a wrinkle and crumple-
like surface, with a thickness of about 2.86 nm. More details are
presented by Figure S1 and Figure S2 (Supporting
Information). For V-PPy/RGO21, the overabundance of V-
PPy nanowires cannot be completely adsorbed on the surface
of RGO sheets. As to V-PPy/RGO12, the amount of V-PPy
nanowires decreases, and the RGO nanosheets can be seen
clearly.
Figure 3 shows the photograph of RGO, V-PPy, and V-PPy/

RGO composite dispersions. All of the dispersions were placed

for 72 h after ultrasonication to reveal the dispersibility directly.
As shown in Figure 3, the V-PPy dispersion is stable without
significant precipitation, while the RGO sheets aggregate and
precipitate in aqueous solvent. However, the V-PPy/RGO
dispersion can be well-stable without the observation of any
floating or precipitate particles. The excellent dispersibility of
the V-PPy/RGO in our present study can be attributed to the
electrostatic repulsions between the coated V-PPy nanowires.
When V-PPy nanowires were decorated on RGO sheets, it
could prevent the aggregation of RGO. The data of zeta
potentials are presented in Table 1, and the result is according
with that of the above, which further confirms the improvement
of electrostatic repulsions between the prepared sheets.
The structure of the V-PPy, RGO, and V-PPy/RGO was

studied by Raman spectra (Figure 4A). The peaks of PPy were
located at 977, 1050, 1338, and 1578 cm−1. The small peaks
near 977 and 1050 cm−1 have been associated with the
bipolaronic structure and C−H in-plane deformation of V-PPy.
The CC backbone stretching and ring-stretching mode of
the V-PPy lead to the peaks near 1578 and 1338 cm−1,
respectively.34,35 Raman spectra of the RGO-based nano-
composite have very distinctive peaks for the D and G bands,
which are located at about 1350 and 1584 cm−1, respectively.
The changes of D/G intensity ratio can demonstrate the
variable ratio of Csp3/Csp2. When the V-PPy/RGO ratio
increases, the D/G intensity ratio gets close to the D/G ratio
of V-PPy. Meanwhile, the characteristic peak for PPy at 977 and
1050 cm−1 disappears when the V-PPy/RGO ratio decreases.
Both of these variations confirm the successful fabrication of V-
PPy/RGO composites.

Figure 1. Scheme showing the synthetic route of V-PPy/RGO
composites.

Figure 2. TEM images of (A) V-PPy nanowire and (B) V-PPy
nanowire with partial enlargement. TEM images of (C) V-PPy/
RGO11 and (D) V-PPy/RGO11 with partial enlargement. HRTEM
images of (E) V-PPy/RGO11 and (F) V-PPy/RGO11 with partial
enlargement.

Figure 3. Photographs of RGO, V-PPy, and V-PPy/RGO composites
dispersed in water (1 mg/mL) after 1 h ultrasonication and stood for
72 h.
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X-ray photoelectron spectroscopy (XPS) was used to study
the structure of the V-PPy/RGO composite. Through analysis
of wide region spectroscopy (Figure 4B) of GO and the V-
PPy/RGO11 composite from XPS study, it could be observed
that for GO sheets the C/O intensity ratio was 0.57, and that
for V-PPy/RGO11 is 1.86, which is mainly due to the addition
of V-PPy. Most of the oxygen functionality has been
successfully removed after reduction. In addition, a new peak
of N 1s appears in the spectra of V-PPy/RGO11, corroborating
the successful fabrication of V-PPy. The high-resolution XPS
spectrum of the C 1s region of GO is shown in Figure 4C,
which can be disintegrated into four peaks. The four peaks are
located at C−C (284.5 eV), C−O (286.8 eV), CO (288.7

eV), and OC−O (291.0 eV).36 The peak intensity of C−O is
comparable to the intensity of C−C, and the CO peak is also
very high. Figure 4D shows the C 1s region of V-PPy/RGO11.
The peak intensity of C−O and CO decreases, as a result of
the in situ polymerization of V-PPy and the reduction of GO,
while the C−C peak becomes prominent. Besides the changes
of C−O and CO, a new carbon bond of C−N with the
binding energy of 285.4 eV appears, due to N atoms in the
pentagonal ring of pyrrole for V-PPy/RGO. From Figure 4E, it
can be seen that the only peak at 400.0 eV corresponds to N 1s,
demonstrating the decoration of V-PPy in composite. The high-
resolution XPS spectrum of V could be deconvoluted into two
peaks (Figure 4F). The peaks with binding energy of 516.7 and

Table 1. Zeta Potential Data of RGO, V-PPy, and V-PPy/RGO Composites

RGO V-PPy V-PPy/RGO11 V-PPy/RGO12 V-PPy/RGO21

zeta potential (mV), pH = 7.0 −3.5 −38.5 −37.9 −37.7 −38.2

Figure 4. (A) Raman spectra of pure V-PPy, RGO, and V-PPy/RGO and (B) XPS spectra of the pristine GO and prepared V-PPy/RGO11
composite. High-resolution XPS spectra of (C) C 1s of pristine GO, (D) C 1s, (E) N 1s, and (F) V 2p of V-PPy/RGO11.
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523.7 eV are associated with V 2p3/2 and 2p1/2, respectively.37

Table S1 (Supporting Information) records the elemental
composition of V-PPy/RGO composites determined from XPS.
As the V-PPy ratio increases, the V content and N content also
increase.
UV−vis spectra could be used to analyze the interaction

between GO sheets and the V-PPy nanowire. The UV spectra
of V-PPy, GO, and V-PPy/GO11 are shown in Figure S3
(Supporting Information). The predominant absorption peak
of GO at 228 nm is associated with the π−π transition of
aromatic CC bonds.38 With the addition of V-PPy, the
predominant peak at 228 nm for GO shifts to 238 nm for V-
PPy/GO11, which may be attributed to the π−π interaction
between the polymer backbone and the GO sheets.
To estimate the effective surface area of the V-PPy/RGO

composites, cyclic voltammetry (CV) tests were employed for
analysis in the solution of 10 mM K3Fe(CN)6 and 0.1 M KCl
(Figure S4A, Supporting Information). The calculations of
effective surface area come from the Randles−Sevcik equation

= ×i n v D AC(2.687 10 )p
5 3/2 1/2 1/2

(1)

where ip refers to the peak current; n is the number of electrons
participating (n = 1, in 10 mM K3Fe(CN)6); v is the scan rate;
D is the diffusion coefficient (D = 5.7 × 10−6 cm2 s−1, in 0.1 M
KCl); A is the surface area, and C is the concentration of
K3Fe(CN)6.

39 As shown in Figure S4B (Supporting Informa-
tion), the relation was linear between peak current ip and the
square root of scan rate v. For the bare glassy carbon electrode
(GCE), RGO, and V-PPy/RGO11 electrodes, the slopes were
0.430, 0.674, and 1.901, respectively. A was calculated to be
0.067 cm2 (bare GCE), 0.105 cm2 (RGO), and 0.296 cm2 (V-
PPy/RGO11), indicating that the electrode effective surface
area was increased obviously after the modification of such
unique hybrids, which would enhance the electrochemical
properties.
An all-solid-state symmetric flexible supercapacitor was

assembled with two V-PPy/RGO electrodes based on PET
substrate with nickel-plated conductive fabric using solid PVA-
H2SO4 electrolyte and separator (Figure 5). CV and

galvanostatic charge/discharge tests were used to evaluate the
electrochemical performance of those prepared supercapacitors.
CVs of the V-PPy/RGO11 supercapacitor with a voltage
window of −0.2−0.8 V are shown in Figure 6A. The CVs at
different scan rates from 30 to 300 mV/s exhibit rectangular
and symmetric shape, demonstrating the ideal capacitive
characteristic of V-PPy/RGO11. As shown in Figure 6B,
galvanostatic charge/discharge curves of the prepared V-PPy/
RGO11 between −0.2 and 0.8 V were obtained at different

current densities in the range of 1−20 A g−1. The galvanostatic
charge/discharge curves are linear and symmetric, indicating
the good capacitive behavior. Figure 6C shows the detailed
specific capacitance of V-PPy, RGO, and V-PPy/RGO
supercapacitors at different current densities. The highest
specific capacitance of V-PPy/RGO11 could be determined to
be 434.7 F g−1 at a current density of 1 A g−1, almost quadruple
that of RGO (117.2 F g−1). Even as the current density
increases to 20 A g−1, the specific capacitance of V-PPy/
RGO11 also retains a high value of 361.1 F g−1, 83% retention
of the capacitance at 1 A g−1, which probably results from the
high dispersibility, the increasing effective surface area, and the
combination of tubular and layered structures, accessible for
fast ion transportation.
The galvanostatic charge/discharge curves of V-PPy, RGO

sheets, and V-PPy/RGO supercapacitor devices with a voltage
window of −0.2−0.8 V at a current density of 1 A g−1 were
shown in Figure S5 (Supporting Information), respectively.
The electrical conductivity of V-PPy, RGO, and V-PPy/RGO
composites was shown in Table S2 (Supporting Information).
The electrical conductivity of V-PPy is poor, indicating that the
excess V-PPy nanowires of V-PPy/RGO21 lead to the lower
specific capacitance than V-PPy/RGO11. In the V-PPy/
RGO12 composite, the less V-PPy nanowires cannot
completely prevent RGO restack, which may reduce the
specific capacitance compared to V-PPy/RGO11.
The Ragone plot, consisting of energy density and power

density, is an important parameter for the energy storage
device. Figure 6D shows the Ragone plot of the V-PPy/RGO11
all-solid-state supercapacitor device. The solid-state super-
capacitor shows a high energy density of 60.37 Wh kg−1 at a
power density of 0.5 kW kg−1. Moreover, upon increasing the
power density up to 10 kW kg−1, the energy density of V-PPy/
RGO11 remains at 50.14 Wh kg−1. Such a high and stable
energy density indicates that V-PPy/RGO11 can act as a
promising material for practical application in supercapacitors.
This all-solid-state flexible supercapacitor also shows excep-

tional mechanical flexibility. Figure 7A demonstrates the
excellent flexibility and good mechanical properties of the
thin film electrodes. Figure 7B shows the similar electro-
chemical performances under different bending angles. In order
to estimate the reliability after continuous bending, the flexible
V-PPy/RGO11 supercapacitor was tested after 200 bending
cycles of 180° bending angle (Figure S6, Supporting
Information). The CV curve after 200 bending cycles is similar
to the initial curve, which demonstrates outstanding mechanical
robustness.
To demonstrate the practical potential of the V-PPy/RGO11

all-solid-state flexible supercapacitors, we fabricated a tandem
supercapacitor device consisting of two pieces of all-solid-state
flexible supercapacitors in series. As shown in Figure 7C, a red
light-emitting-diode (LED, the lowest working potential is
about 1.5 V) could be powered by this tandem supercapacitor
device, demonstrating the practical potential application of the
V-PPy/RGO11 supercapacitor.
Cycling stability is an important characteristic of super-

capacitor, and the cycling life of the V-PPy/RGO11 all-solid-
state supercapacitor was tested by galvanostatic charge/
discharge technique for 5000 cycles at the current density of
10 A g−1. The V-PPy/RGO11 supercapacitor device shows a
slight decrease and remains about 88.1% retention of the initial
capacitance after 5000 cycles (Figure 7D), comparable to and
even better than those reported for solid-state supercapacitor,

Figure 5. Schematic diagram of the all-solid-state device with PVA-
H2SO4 polymer gel as electrolyte.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5059603 | ACS Appl. Mater. Interfaces 2014, 6, 17937−1794317940



such as 89% of PANI−GNR−CNT after 1000 cycles,9 90.6% of
PPy nanofiber/graphene film after 1000 cycles,40 and 83.6% of
polypyrrole electrodes after 2000 cycles.41 The good electro-
chemical performance in the cycling test illustrates the
outstanding cycling stability of V-PPy/RGO11.

■ CONCLUSIONS
In summary, V-PPy/RGO composites have been facilely
synthetised in the presence of V2O5 seed and H2O2. The
decorative V-PPy could prevent the aggregation of RGO sheets,
which has been proved by dispersion photographs and zeta
potential data. Raman and XPS measurements demonstrate the
successful fabrication of V-PPy/RGO composites. Furthermore,
we have successfully fabricated all-solid-state flexible super-
capacitors with the V-PPy/RGO composites to achieve
excellent capacitive characteristics, superior cycling stability,
and outstanding mechanical flexibility, owing to the significant
advantage of the decorative V-PPy. We believe the hybrid
supercapacitor could be a promising flexible and wearable
energy storage system for fast and efficient energy storage in
the future.

■ EXPERIMENTAL SECTION
Synthesis of V-PPy Nanowires. The procedures are as follows:

0.2 mL of pyrrole was first dispersed in 100.0 mL of deionized water
under vigorous stirring. An amount of 0.005 g of V2O5 seed42

dispersed in 2 mL of H2O was dropped in the mixture. In order to
initiate polymerization, 5 mL of H2O2 was added dropwise to the
dispersion. After continuous stirring for 12 h, the color of the
dispersion turned to dark, and V-PPy nanowires were obtained. For
purification, the obtained dispersion was repeatedly filtered to remove

the unreacted reactants and washed with water several times. The
powder was then dried under vacuum to yield ∼100 mg of V-PPy
nanowires.

Synthesis of V-PPy/RGO. GO was synthesized using a modified
Hummer’s method43 and dispersed in water with a concentration of
1.0 mg/1.0 mL of H2O by ultrasonication. V-PPy/RGO composites
were synthesized by using in situ polymerization. Pyrrole was
polymerized on the surface of GO by a facile route. Here we take
the V-PPy/RGO11 composite as an example, and 0.2 mL of pyrrole
and 0.005 g of V2O5 were added into 100 mL of GO dispersion under
vigorous stirring. When 5 mL of H2O2 was dropped in the mixture, in
situ polymerization was initiated and lasted for 12 h. The resulting V-
PPy/GO11 was then reduced by 0.40 mL of hydrazine hydrate at 90
°C for 6 h. V-PPy/RGO11 composites were obtained, yielding ∼200
mg.

Fabrication of Flexible Solid-State Supercapacitors. PVA/
H2SO4 gel electrolyte was prepared by adding 6 g of PVA powder and
6 g of H2SO4 into 60 mL of deionized water. The mixture was heated
at 85 °C under stirring until the solution became clear. The as-
prepared V-PPy/RGO was coated on the PET substrate with nickel-
plated conductive fabric. Two pieces of freestanding electrodes and a
filter paper as separator were immersed into the PVA/H2SO4 gel
electrolyte and then dried at room temperature for 6 h. Finally, they
were assembled into a flexible all-solid-state supercapacitor and
evaporated excess water.

Apparatus. TEM images were performed on a JEM 2100 high-
resolution TEM. SEM imaging was obtained with a JEOL-JSM-7600F
SEM. HRTEM images were performed on a FEI Tecnai F30 operated
at 200 kV. Zeta potential was recorded on a Malvern Nano-Z
Instrument. Raman analysis was obtained with a Jobin Yvon HR800.
XPS spectra were obtained with a PHI 5000 VersaProbe. UV−vis
spectra were performed on a Lambda 35 UV−vis spectrometer. The
electrical conductivity was determined using the Keithley 2400 source

Figure 6. (A) CVs of V-PPy/RGO11 supercapacitor with a voltage window of −0.2−0.8 V at different scan rates. (B) Galvanostatic charge/
discharge curves of V-PPy/RGO11 supercapacitor between −0.2 and 0.8 V with different current densities. (C) The specific capacitances of V-PPy,
RGO, and V-PPy/RGO composite supercapacitor devices at different current densities. (D) Ragone plots of V-PPy/RGO11.
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meter four-probe system. All electrochemical measurements were
performed on a CHI660d (Shanghai CH Instrument Company,
China). The effective surface area was tested with a conventional
three-electrode system consisting of a GCE (diameter = 3 mm), a
platinum wire, and a saturated calomel electrode as the working
electrode, the reference electrode, and the counter electrode,
respectively.
The specific capacitance (C) of the all-solid-state supercapacitor was

calculated using the following equations

= ·Δ
Δ ·

C
I t
V m (2)

where I is the current; Δt is the discharge time; ΔV is the potential
window; and m is the mass of active material.
The energy density (E) and power density (P) were calculated

according to the following equation

= Δ =
Δ

E C V P
E

t
1
2

;2
(3)
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