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a b s t r a c t

Graphene and polypyrrole composite (PPy/GNS) is synthesized via in situ polymerization of pyrrole
monomer in the presence of graphene under acid conditions. The structure and morphology of the
composite are characterized by X-ray diffraction (XRD), Raman spectroscopy, Fourier transform infrared
spectrometer (FTIR), X-rays photoelectron spectroscopy (XPS) and transmission electron microscope
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(TEM). It is found that a uniform composite is formed with polypyrrole being homogeneously surrounded
by graphene nanosheets (GNS). The composite is a promising candidate for supercapacitors to have higher
specific capacitance, better rate capability and cycling stability than those of pure polypyrrole. The specific
capacitance of PPy/GNS composite based on the three-electrode cell configuration is as high as 482 F g−1

at a current density of 0.5 A g−1. After 1000 cycles, the attenuation of the specific capacitance is less than
site h
lectrode material

upercapacitors
5%, indicating that compo

. Introduction

With the challenges ahead, including reducing environmental
ollution and dependence on fossil fuel energy, the great efforts
o revitalize the energy industry bring with it a valuable opportu-
ity for us to provide a more stable and secure energy resource.
mong them, energy storage is a key technology to enable renew-
ble energy source deployment, and greatly reduce wasted energy.
upercapacitors, the energy storage devices between secondary
atteries and traditional capacitors, have attracted considerable
ttention over the past decades for higher power density, longer
ycle life, lower of cost and better environmental friendliness
han secondary battery. With the unique advantages, they have
een widely utilized in portable electronics, collecting intermit-
ent energy, mobile communications and electrical vehicles [1,2].
nergy storage mechanisms of supercapacitors predominately
nclude two ways: electric double layer effects and pseudocapaci-
ance [3,4]. Commonly, porous carbon materials are the electrodes
f double-layer capacitors, while transition metal oxides and con-
ucting polymers are corresponding to pseudocapacitors [5]. In

rder to exploit the potential of supercapacitors, many efforts have
een devoted to studying the carbon materials [6,7] and conduct-

ng polymer such as polyaniline (PANI) [8,9], polypyrrole (PPy)
10], and polythiophene (PT) [11]. With the intrinsic electrical con-

∗ Corresponding author. Tel.: +86 10 82547129; fax: +86 10 82547137.
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as excellent cycling performance.
© 2011 Elsevier B.V. All rights reserved.

ductivity and high capacitance as reported [12], polypyrrole is
a promising electrode material for supercapacitors with unusual
doping/dedoping processes, lower of cost, and simple synthe-
sis. However, it also exhibits poor stability and rate capability,
which limit its wide application [13]. Carbon materials such as
activated carbon (AC), mesoporous carbon (MC), and carbon nan-
otubes (CNTs) usually display good stability. Recently, Jurewicz
et al. obtained higher specific capacitance supercapacitors from
carbon nanotube/polypyrrole composites electrode than pure sam-
ples because of the synergistic effects between these components
[14]. However, attractive CNTs are still very expensive and their
double-layer capacitance is low [15,16].

More recently, graphene, a single atomic plane of graphite [17],
is expected to be an excellent electrode material for superca-
pacitors due to its superior electrical conductivity, high specific
surface area, and chemical stability. It has been demonstrated
that graphene-based supercapacitors have high specific capaci-
tance (135–264 F g−1) [18–22]. More importantly, graphene can
also be easily incorporated with conducting polymers as pre-
cursor [23–25] to improve the electrochemical properties of
composite by the synergistic effects, because the ultrathin flex-
ible graphene layers cannot only increase the conductivity of
the composite, but also effectively improve the stability of the

polymer during charge/discharge process. Yan et al. prepared a
graphene/polyaniline composite by in situ polymerization with a
high specific capacitance of 1046 F g−1 at a scan rate of 1 mV s−1

compared to 115 F g−1 for the pure PANI [23]. However, the capac-
itance was mainly dominated by the pseudocapacitance from

dx.doi.org/10.1016/j.jpowsour.2011.02.090
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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he PANI. On this basis, Zhang et al. also developed another
ethod to prepare the graphene/polyaniline composite, and the

pecific capacitance reached 480 F g−1 at a current density of
.1 A g−1. However, the specific capacitance retention at higher
harge–discharge current densities (210 F g−1 at the current den-
ity of 1 A g−1) and cycling stability of this composite should be
mproved [15]. Although some efforts have been made on the com-
osite of graphene with conducting polymer, it is still a challenge to
ynthesize graphene/conducting polymer composite as electrode
aterials with the high capacitance and good rate performance for

upercapacitors.
Herein, we report a facile strategy to synthesize graphene and

Py composite (PPy/GNS) using an in situ polymerization method.
e also describe charge storage properties of the resulting compos-

te in 1 M H2SO4 aqueous electrolyte. The high specific capacitance
f 482 F g−1 is obtained from galvanostatic charge–discharge at a
onstant current density of 0.5 A g−1, which is much larger than that
f each pristine component. This composite not only achieves high
pecific capacitance properties of PPy, but also keeps the advantage
f an excellent conductivity in the single layer network of graphene.

. Experimental

.1. Preparation of samples

All the chemicals were of analytical grade and were used
ithout further purification. GNS was prepared by reduction of

raphene oxide with hydrazine hydrate according to the literature
26]. Nanocomposite was synthesized using in situ polymerization
n the presence of GNS suspension and pyrrole with different ingre-
ient mass ratios from 9:1 to 5:5 for pyrrole and graphite oxide.
he nanocomposite synthesized from different ratios is signed as
Gratio. Here we take the PG9:1 composite as an example, indicat-
ng that the mass ratio of pyrrole and graphite oxide is 9:1. Firstly,
.45 g pyrrole monomers were added into 50 mL of 1 g L−1 graphene
queous suspension and sonicated for 30 min. Then, an equal vol-
me of 6.7 mM FeCl3 solution (solvent: 0.1 M HCl) was slowly added

nto the above mixture and kept at 0–4 ◦C for 24 h. Finally, the reac-
ion mixture was filtered, and washed with deionized water and
thanol, and then the product was dried at 60 ◦C for 24 h. For com-
arison, the pure polypyrrole was prepared without graphene by
he similar procedure.

.2. Characterization methods

X-ray diffraction (XRD) analyses were performed using a X’ Pert
ro system with Cu K� radiation (� = 1.54060 Å) operated at 40 kV
nd 40 mA. Raman spectra were obtained on a RM 2000 microscopic
onfocal Raman spectrometer (Renishaw in Via Plus, England)
mploying a 514 nm laser beam. Fourier transform infrared spec-
roscopy (FTIR) spectra were measured using a Nicolet IR 750
pectrometer with pure KBr as the background. X-rays photoelec-
ron spectroscopy (XPS) analysis was recorded on a PHI Quantear
XM (ULVAC-PH INC) which used Al as anode probe in 6.7 × 10−8 Pa.
, H and N microanalysis was recorded on an Elementar Vario El
lemental analyzer. Transmission electron microscopy (TEM) and
igh resolution transmission electron microscopy (HRTEM) were
arried out using a JEOL JSM-2010 operating at an accelerating volt-
ge of 200 kV. Electronic conductivity was measured on compacted
ellets by standard four-probe resistance using Physical Property
easurement System (PPMS).
.3. Electrochemical measurements

The electrode performance was measured in a beaker-type elec-
rochemical cell equipped with the working electrode, a platinum
urces 196 (2011) 5990–5996 5991

sheet as the counter electrode, and a standard calomel electrode
(SCE) as the reference electrode. The working electrode was pre-
pared by mixing 70 wt% active material, 20 wt% acetylene black, and
10 wt% poly(vinylidene fluoride) in N-methyl-2-pyrrolidone and
the slurry was spread onto a titanium plate with 1 cm2 geometry
area. The electrode was heated at 120 ◦C for 2 h to evaporate solvent.
The electrolyte was 1 M H2SO4.aqueous solution. Cyclic voltam-
metry (CV), galvanostatic charge–discharge and electrochemical
impedance spectroscopy (EIS) were measured by a CHI 660C elec-
trochemical workstation. CVs were carried out at the scan rates
ranging from 2 to 500 mV s−1 within the potential range of −0.2
to 0.7 V (vs. SCE). Galvanostatic charge–discharge was carried out
at current densities ranging from 0.5 to 5 A g−1. EIS was recorded
under the following condition: AC voltage amplitude 5 mV, fre-
quency range from 0.1 to 105 Hz at 0.4 V.

3. Results and discussion

3.1. Structure and morphology studies

Fig. 1a shows the XRD patterns of GNS, pure PPy and PPy/GNS
samples with different ingredient mass ratios. For GNS, the
diffraction peaks at 2� = 24.5◦ and 42.8◦ can be attributed to the
graphite-like structure (0 0 2) and (1 0 0), respectively. A character-
istic peak of amorphous for pure PPy appears at about 2� = 26◦ [27].
As the GNS percentage increases in the composite, the broad peak
also shifts from 2� = 26◦ to 24.8◦ and the peak at 42.8◦ does not obvi-
ously appear, implying that the PPy and GNS have been completely
interacted. Here, we can calculate that the value of interplanar spac-
ing is about 0.34 nm for the broad peak about at 2� = 25◦, which is
identical to the �–� stacking distance. As a result, we can speculate
that there probably exists �–� stacking between the PPy chains and
the graphene planes, further supported by the HRTEM images [28].
Raman spectroscopy is as shown in Fig. 1b, which is widely used
to obtain structural information about carbon-based materials. The
Raman spectroscopy of all samples exist two prominent peaks at
about 1590 and 1350 cm−1, which correspond to the G and D bands,
respectively (Fig. 1b). The G and D bands are significantly broad-
ened with the introduction of GNS, suggesting that the nanocrystal
size decreases due to the phonon confinement [29]. Additionally,
there are a broad peak at 1051 cm−1 and two small peaks at 933
and 981 cm−1 for pure PPy and PGratio composite, which are the
characteristic peaks of PPy.

The FTIR absorption spectra of the PPy and PG9:1 are shown in
Fig. 1c. From the top of spectrum, the characteristic polypyrrole
peaks are located at 1529 cm−1 and 1446 cm−1, which are due to
the antisymmetric and symmetric ring-stretching modes, respec-
tively [30]. Strong peaks near 1144 cm−1 and 887 cm−1 indicate the
doping state of polypyrrole, and a broad band at 3000–3500 cm−1

describes N–H and C–H stretching vibrations. Furthermore, the
bands at 1030 and 1284 cm−1 are attributed to C–H deforma-
tion vibrations and C–N stretching vibrations, respectively [31–33].
Compared with the pure PPy, it is clearly observed that most of the
marked peaks are shifted left when the graphene was introduced
into the synthesis process of PPy. This reveals that the groups from
graphene are associated to the nitrogenous functional groups of
PPy backbone via the same doping process into the PPy backbone,
just as the normal dopant of Cl− [34]. Herewith, there probably
exist interactions such as �–� stacking between polypyrrole back-
bone and graphene or hydrogen bonding for the residual oxygen
functional groups on graphene.
Similar phenomenon is also observed by N 1s XPS core-level
spectra for PG9:1. From Fig. 2, the peaks are reasonably decom-
posed into three Gaussian peaks with the binding energy of 398.2,
399.9 and 401.2 eV, respectively. The peak at 398.2 eV related to
the neutral and the imine-like structure (>C N–) can be used to



5992 D. Zhang et al. / Journal of Power Sources 196 (2011) 5990–5996

and P

e
s
m
a
t
[
P
m
t
t
i
f
d
c
c
t
i
b

t

Fig. 1. (a) XRD patterns, (b) Raman spectra of PPy, GNS

stimate the density of defects within the PPy [35], because the
tructure is believed to interrupt the electron hopping on the poly-
er chain [36]. The peak at 399.9 eV is owing to the neutral and

mine-like structure (–NH–) [37]. The peak at 401.2 eV is caused by
he positively charged Nitrogen atoms with protonation (–NH+–)
38]. Consequently, the doping level and the defect density of pure
Py and PG9:1 composite can be quantitatively estimated. The for-
er is calculated from the ratio of the area of peak at 401.2 eV to

he total area of the N 1s peak, and the latter from the ratio of
he 398.2 eV to the same area. The doping level of composite is
ncreasing from 0.208 to 0.308 and the defect density is reducing
rom 0.013 to 0.0016 after the introduction of graphene. The higher
oping level of composite is consistent with its higher electronic
onductivity tests, showing that the conductivity of PPy and PG9:1
omposite are 107 S m−1 and 685 S m−1, respectively. Moreover,

he lower defect density and higher conductivity of the compos-
te may make a contribution towards the higher capacitance and
etter rate capability.

TEM and HRTEM characterization are also used to investigate
he structure and morphology of the samples. Fig. 3 shows TEM

Fig. 2. (a) and (b) N 1s XPS core-level spectra of the PPy and PG9:1 composite, resp
Gratio. (c) FTIR spectra of the PPy and PG9:1 composite.

and HRTEM images of GNS, PPy and PG9:1. The GNS is agglomerated
into sheet structures with hundreds of nanometers and scrolled
like crumpled paper, as shown in Fig. 3a. Meanwhile, the HRTEM
image suggests that the GNS consists of less than a few orderly
arranged carbon layers, indicated by arrows in Fig. 3b. Fig. 3c shows
that pure polypyrrole has been synthesized like bulk with several
of micrometers. The HRTEM image displays the amorphous struc-
ture of PPy (Fig. 3d). Compared with Fig. 3d, Fig. 3e demonstrates
that the PPy has been homogeneously surrounded like an entan-
gled state by GNS. Furthermore, the particle sizes of composite are
obviously smaller than pure PPy as can be seen from Fig. 3c and
e. The lattices (neighboring distance about 0.34 nm) and the amor-
phous structure of PPy are also found from Fig. 3f. Surprisingly, the
number of lattices in PG9:1 (only 6.7 wt% GNS estimated by C, H
and N elemental analysis) is more than that of pure GNS, confirm-

ing that the graphene and polypyrrole are strongly incorporated by
interactions such as �–� stacking. No matter the Raman or TEM
image, the results show the particles are smaller than pure sam-
ples. In general, nanocrystallization of the material could lead to
higher specific surface, high electrochemical utilization, and the

ectively. Dashed line is the measure curve, and solid line is the fitting curve.
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Fig. 3. (a) and (b) TEM and HRTEM images of GNS; (c) and (d) TEM

nhancement of the electrochemical properties as electrodes for
upercapacitors [39].

.2. Electrochemical properties

The electrochemical performance of the samples as the
lectrode material for supercapacitors was tested by cyclic voltam-
etry (CV) and galvanostatic charge–discharge technique in

hree-electrode system. Fig. 4 exhibits the cyclic voltammetry of
he PG9:1 composite electrode with a potential range between −0.2
nd 0.7 V (vs. SCE) at different scan rates from 5 to 500 mV s−1.
he shapes of all CV curves show the rectangular and symmet-
ic current–potential characteristics, meaning the ideal capacitive
ehavior. In addition, it is also seen that there are no clear redox
eaks in the potential range between −0.2 and 0.7 V (vs. SCE). The

ectangular shape can remain even at a very high scan rate of
00 mV s−1, indicative of highly capacitive nature with good ion
esponse.

Fig. 5a and b shows the galvanostatic charge–discharge curves
f PPy, GNS, and PG9:1 electrodes at current densities of 0.2 and

ig. 4. (a) and (b) CVs of PG9:1 composite at various scan rates with potential from −0.2 to
ith the thickness of 30 �m for all electrodes in three-electrode system.
RTEM images of PPy; (e) and (f) TEM and HRTEM images of PG9:1.

5 A g−1, respectively. Fig. 5a and b presents that the capacitive
behavior of the composite is also very good because of the near
triangle shape. The specific capacitance of the composite is higher
than that of pure PPy and GNS under the same current density
which can be clearly found from the specific capacitance curves
(Fig. 5c). The specific capacitance of the electrode using galvanos-
tatic can be calculated according to the following Eq. (1):

C = 1 × �t

m × �V
(1)

where I is the current, �V is the potential window, �t is the dis-
charge time, m is the mass of active material in a single electrode.

As shown in Fig. 5c, the specific capacitance of the PG7:3 is the
highest (482 F g−1, 0.5 A g−1) among all the samples, which exceeds
that of pure polypyrrole (152 F g−1), and remains 222 F g−1 at the

current density of 5 A g−1, while that of pure polypyrrole sharply
decreases to only 43 F g−1. It is noted that the PG6:4 composite
shows not only high capacitance but also better rate capability,
indicating this ratio is optimal among all the samples. Based on
the discussion above, the improved capacitance and better rate

0.7 V (vs. SCE). The total mass of active material of electrode is about 0.4 mg (1 cm2)
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ig. 5. (a) and (b) Galvanostatic charge–discharge curves of PPy, GNS and PG9:1 at c
nd PGratio electrodes at different current densities.

apability of composite might be mainly ascribed to higher conduc-
ivity and smaller particle sizes of composite, which can shorten ion
iffusion length and make higher materials utilization.

Fig. 6 shows the complex plane impedance plots produced from
IS analyses of the PPy, GNS and PG9:1 electrode. The equivalent
eries resistance (ESR) of all the materials is about 1 �, which is the
ntercept of the plot with the real impedance (Z′), including both

he solution resistance and the DC resistance [40]. The impedance
lot shown in Fig. 6 can be divided into the high-frequency and the

ow-frequency component of the plot. The semicircle at the high
requency is nearly not detected for all electrodes, suggesting that

Fig. 6. Nyquist impedance plots of the PPy, GNS and PG9:1 electrodes.
t densities of 0.2 and 5 A g−1, respectively. (c) The specific capacitances of PPy, GNS

interfacial charge-transfer resistance is significantly low or body
impedance is too large. The 45◦ sloped portion of the Nyquist plots
in the low frequency is the Warburg resistance resulting from the
frequency dependence of ion diffusion/transport in the electrolyte.
The larger Warburg resistance indicates greater variations in ion
diffusion path lengths and increases obstruction of ion movement.
The slope of the impedance plots of GNS (nearly vertical) and PG9:1
increases obviously in the low frequency, while that of PPy always
stays almost constant. The reduced resistance of the composite may

be in part due to the network of the graphene structure, which
facilitates the efficient access of electrolyte ions to the graphene
surface and shortens the ion diffusion path. In addition, it suggests
that GNS shows better capacitive than PPy [41].

Fig. 7. Capacitance retention ratio of PPy and PG9:1 electrodes from the 1st to the
1000th cycle at the scan rate of 50 mV s−1.
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which might greatly contribute to the electrochemical proper-
ties of the composite. With a small content of graphene (6.7 wt%
ig. 8. (a) CVs of PG9:1 composite as a two-electrode cell configuration at vario
harge–discharge curves of PPy and PG9:1 composite at the current of 2 mA. (c)
otal mass of active material of two electrodes is 9.1 mg.

Fig. 7 shows the cyclic stability of the PG9:1 and pure PPy elec-
rodes at the scan rate of 50 mV s−1. There are a decrease in the first
00 cycles and thereafter an increase for the specific capacitance of
G9:1. The increase of the specific capacitance is maybe due to that
he oxygen groups on the graphene are further reduced by elec-
rochemical reaction, which is consistent with other report [42].
esides, the activation of electrode material also leads to higher
onductivity because of better contact between electrolyte and
lectrode material. After 1000 cycles, the specific capacitance keeps
6% for PG9:1, while just only 64% for PPy. This obviously enhanced
yclic stability for PG9:1 composite is resulted from graphene which
an stabilize the structure of PPy during the charge–discharge pro-
esses.

To further estimate the actual performance of composite as elec-
rode material for supercapacitors, we have also fabricated the
ymmetric two-electrode cell. Fig. 8a and b shows that the curves
lso nearly stay rectangle and triangle through cyclic voltammetry
nd galvanostatic charge–discharge tests. The specific capacitance
f single electrode is 280 F g−1 at the current density of 2 mA with
wider potential window (−0.2 to 0.8 V). In addition, the specific

nergy and specific power of the PG9:1 composite are also consid-
rable. The specific energy and specific power of the samples in
wo-electrode system are estimated from galvanostatic discharge
urves at the different currents and marked in the Ragon plot, as
hown in Fig. 8c. The specific energy values of PG9:1 electrode are in
he range of 1.4–10.5 Wh kg−1, while the specific power values are
n the range of 55–5510 W kg−1, revealing that there is a decrease

n specific energy of the electrode material with an increase of spe-
ific power. The specific energy values of PPy electrode are in the
ange of 0.5–4.8 Wh kg−1, while the specific power values are in
he range of 55–3950 W kg−1. Compared with PG9:1 and pure PPy
lectrodes, the specific energy of PG9:1 is much higher than pure
n rates with the potential from −0.2 V to 0.8 V in 1 M H2SO4. (b) Galvanostatic
plots of PPy and PG9:1. (d) Nyquist impedance plots of the PPy and PG9:1; The

PPy under the same specific power. The maximum power density
can be calculated according to the following Eq. (2):

Pmax = U2
0

4mR
(2)

where U0 is the potential at the beginning of discharge, R is the
ESR, and m is the total mass of active material of the two elec-
trodes [43]. The ESR as shown in Fig. 8d is only 1.39 � for the PG9:1
electrode, and the maximum power density Pmax = 12.7 kW kg−1 is
obtained. The good electrochemical properties of the PG9:1 com-
posite might be ascribed to nanocrystallization of the composite
and the enhanced conductivity of the whole electrode.

4. Conclusions

Composite of graphene and polypyrrole was synthesized via
in situ polymerization, showing higher specific capacitance, better
rate capability and cycling stability as supercapacitor electrodes.
Studies of structural and morphological reveal that it is proba-
bly due to interactions between polypyrrole and graphene during
the in situ polymerization, such as hydrogen bonding and �–�
stacking. The nanostructure of the PPy was induced and greatly
affected by the addition of graphene during the synthesis process,
in PG9:1) in the composite, not only the specific capacitance but
its rate capability is also enhanced. Further optimization and
control of the structures to exploit better electrochemical proper-
ties of graphene-based composites are under investigation in our
group.
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