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Graphene nanosheet/carbon nanotube/polyaniline (GNS/CNT/PANI) composite is synthesized via in situ
polymerization. GNS/CNT/PANI composite exhibits the specific capacitance of 1035Fg=! (1mVs™!) in
6 M of KOH, which is a little lower than GNS/PANI composite (1046 Fg~1), but much higher than pure
PANI (115Fg~1) and CNT/PANI composite (780 Fg~1). Though a small amount of CNTs (1 wt.%) is added

into GNS, the cycle stability of GNS/CNT/PANI composite is greatly improved due to the maintenance of
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highly conductive path as well as mechanical strength of the electrode during doping/dedoping processes.
After 1000 cycles, the capacitance decreases only 6% of initial capacitance compared to 52% and 67% for
GNS/PANI and CNT/PANI composites.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Supercapacitors, also called electrochemical capacitors (ECs) or
ultracapacitors, have attracted considerable attention over the past
decades because of their higher power density and longer cycle life
than secondary batteries and their higher energy density compared
to conventional electrical double-layer capacitors [1-6]. To develop
an advanced supercapacitor device, an active electrode material
with high capacity performance is indispensable [2,7]. Recently,
many attempts have been devoted to the use of electronically con-
ducting polymers as electrode materials in supercapacitors such
as polyaniline (PANI), polypyrrole, poly(ethylenedioxythiophene),
polythiophene and its substituted counterparts [1]. The increasing
interest in such polymers is stimulated by the demand of elec-
troactive materials with both high power and energy density as
well as low fabrication costs [8]. Among these materials, PANI has
been considered as one of the most promising electrode materials
because of its low cost, easy synthesis and relatively high conduc-
tivity and lower cost than many other conducting polymers [8].
However, it exhibits the disadvantage of a low cycle life because
swelling and shrinkage may occur during doping/dedoping pro-
cesses, thus, leading to mechanical degradation of the electrodes
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and fading of the electrochemical performance [9,10]. The com-
bination of PANI with various porous carbon materials has been
proved to be attractive to reinforce the stability of PANI as well
as maximize the capacitance value. Gupta et al. reported the elec-
trochemical polymerization of PANI/SWCNT composites with the
highest specific capacitance of 463 Fg~! obtained for 73 wt.% PANI
[11,12], and the highest specific capacitance value of 500Fg~! for
the MWCNT/PANI composite film containing MWCNT of 0.8 wt.%
[13]. Li et al. prepared ordered mesoporous carbon/PANI compos-
ite via in situ polymerization, and the composite exhibited the
highest specific capacitance of 747Fg~! at a current density of
0.1Ag~! and excellent rate capability [10]. Jang et al. synthesized
PANI coated carbon nanofibers by one-step vapor deposition poly-
merization technique, and the maximum specific capacitance was
264Fg~! when the thickness of PANI layer was ca. 20nm [14].
Compared with carbon nanotubes, graphene nanosheets (GNS) are
predicted as an excellent support material due to their high surface
area, remarkable mechanical stiffness and excellent conductivity
[15].

Herein, we reported a simple process to synthesis the compos-
ite of GNS/CNT/PANI via in situ polymerization. The introduction
of 1wt.% CNTs could greatly improve the long-term cycle stability
of GNS/CNT/PANI composite. The morphology, microstructure and
electrochemical performances of the resultant composites were
investigated, and the effect of CNTs on the electrochemical per-
formance was also studied.
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Fig. 1. Typical XRD patterns of the as-prepared PANI, CNT/PANI, GNS/PANI and
GNS/CNT/PANI samples.

2. Experimental
2.1. Synthesis of GNS/CNT/PANI composites

All the chemicals were of analytical grade and were used
without further purification. CNTs were prepared from the decom-
position of hydrocarbons over Fe/Mo/Al,03 catalyst using a
fluidization method and have average outer diameter of 20-30 nm
[16,17], and then refluxed in a mixture (3:1, v/v) of concentrated
sulfuric (98 wt.%) and nitric acids (65wt.%) for 2h to remove
the catalyst particles and other impurities. GNS was prepared by
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reduction of graphite oxide with hydrazine hydrate as described
elsewhere [18]. 0.165 g GNS and CNTs (mass ratio of GNS to CNTs
is 99:1) were added into 135 mL of H,0 and sonicated for 2 h. Then
0.25M aniline monomers (40 mL, solvent: 1M HCl) were added
into GNS/CNT suspension and sonicated for 30 min. Afterwards, an
equal volume of 0.25 M ammonium persulfate (APS) solution was
added into the above mixture and kept at 0-4°C for 4 h. Finally,
GNS/CNT/PANI composite was washed with distilled water and
ethanol, dried in a vacuum oven at 80°C for 12 h. The mass frac-
tion of PANI calculated from the weight of GNS before and after
polymerization was 85%. For comparison, CNT/PANI and GNS/PANI
were also prepared through the above-mentioned chemical pro-
cess.

2.2. Characterization methods

The crystallographic structures of the materials were deter-
mined by a powder X-ray diffraction system (XRD, TTR-III)
equipped with Cu Ka radiation (A =0.15406 nm). The microstruc-
ture of the samples was investigated by a scanning electron
microscopy (SEM, Camscan Mx2600FE) and transition electron
microscopy (TEM, JEOL JEM2010).

2.3. Preparation of electrodes and electrochemical measurement

The fabrication of working electrodes was carried out as
described elsewhere [19]. Briefly, the electroactive materials, car-
bon black and poly(tetrafluoroethylene) (PTFE) were mixed in a
mass ratio of 75:20:5 and dispersed in ethanol. Then the resulting
mixture was coated onto the nickel foam substrate (1 cm x 1cm)
with a spatula, which was followed by drying at 100°C for 12hin a
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Fig. 2. (a) TEM image of pure PANI and (b-d) SEM images of CNT/PANI, GNS/PANI and GNS/CNT/PANI composite (inset exhibits the corresponding TEM images).



J. Yan et al. / Journal of Power Sources 195 (2010) 3041-3045 3043

vacuum oven. The mass of each electrode was about 4 mg, including
conducting agent and binder.

All electrochemical measurements were done in a three-
electrode setup: Ni foam coated with composites as the working
electrode, platinum foil and Hg/HgO electrode as the counter and
reference electrodes. The measurements were carried out in a
6 M KOH aqueous electrolyte at room temperature. Cyclic voltam-
metry (CV), galvanostatic charge/discharge and electrochemical
impedance spectroscopy (EIS) were measured by a CHI 660C elec-
trochemical workstation. CV tests were done between —0.7 and
0.3V (vs. Hg/HgO) at different scan rates of 1, 10, 20, 50, 100, 200
and 500 mV s~ 1. Galvanostatic charge/discharge curves were mea-
sured at different current densities of 2, 10, 20 and 50 mAcm~2,
and EIS measurements were also carried out in the frequency range
from 100 kHz to 0.1 Hz at open circuit potential with an ac pertur-
bation of 5mV.

3. Results and discussion
3.1. Microstructure characterizations

Fig. 1 shows the XRD patterns of pure PANI, CNT/PANI, GNS/PANI
and GNS/CNTs/PANI composites. For pure PANI, the crystalline
peaks appear at 26 = 15.3°,20.7° and 25.2°, corresponding to (01 1),
(020)and (200) crystal planes of PANI in its emeraldine salt form,
respectively [20]. The X-ray data of the three composites presents
crystalline peaks similar to those obtained from pure PANI, reveal-
ing that no additional crystalline order has been introduced into
the composites.

Fig. 2 shows the SEM and TEM images of as-prepared samples.
During polymerization without GNS and/or CNTs, PANI particles
(about 40nm) form rod-like agglomerations with ~170nm in
diameter and 1-2 pm in length (Fig. 2a). Once doped with CNTs,
the PANI particles homogeneously coat on the surfaces of CNTs
with thickness of ~20nm (Fig. 2b), and some PANI agglomerates
(25-40nm) are also observed on outside of CNTs (Fig. 2b, inset). As
for GNS/PANI composite, PANI particles with the size of ~2 nm coat
on the surfaces of GNS (marked by arrows in Fig. 2¢). If added 1 wt.%
CNTs into GNS, PANI particles preferentially grow on the surfaces
of GNS due to their high chemical activity and surface area[21], and
the surfaces of CNTs are rather smooth (Fig. 2d, inset). Compared
with GNS/PANI composite, there are more PANI agglomerations
in GNS/CNT/PANI composite (marked by circles in Fig. 2d). GNS
are used as support materials for deposition of PANI particles and
CNTs as conductive wires interconnected among GNS/PANI parti-
cles, such structure would be beneficent to further improve the
conductivity of the composite.

3.2. Electrochemical behavior

The specific capacitance of the electrode can be calculated
according to the following equation:

f 1dv
€= vmV

(1)

where | is the response current density (Acm~2), Vis the potential
(V), v is the potential scan rate (Vs~1), and m is the mass of the
electroactive materials (as-prepared composites) in the electrodes
(8)-

Fig. 3 shows the CV curves of as-prepared samples, where the
current has been transferred into the specific current per unit mass
of electroactive material. Positive currents in the figures are for
oxidation and the negative currents are for reduction processes. In
Fig. 3a, it can be found that there are a couple of redox peaks in CV
curves of pure PANI and the as-prepared composites, attributed to
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Fig. 3. (a) CV curves of pure PANI, CNT/PANI, GNS/PANI and GNS/CNT/PANI com-
posite at 10mVs~1, and (b) CV curves of GNS/CNT/PANI composite at different scan
rates of 1, 10, 20 and 50 mVs~!, where the current has been transferred into the
specific current per unit mass of electroactive material.

the redox transition of PANI between a semiconducting state (leu-
coemeraldine form) and a conducting sate (polaronic emeraldine
form) [8], which results in the redox capacitance. The differences
between the oxidation and reduction peaks, AEgg, is taken as an
estimate of the reversibility of the redox reaction [22]. Values of
0.18, 0.29 and 0.37V are obtained for the redox reactions of PANI
with GNS and/or CNTs incorporation, compared to 0.48V for pure
PAN]I, indicating that the redox reactions appear to occur more
reversibly after the addition of GNS and/or CNTs. In addition, the
larger current density response of GNS/PANI composite electrode
means higher specific capacitance than that of pure PANI, CNT/PANI
and GNS/CNT/PANI composites. The dispersion of nanoscale PANI
particles on GNS reduces the diffusion and migration length of
the electrolyte ions during the fast charge/discharge process and
increases the electrochemical utilization of PANI. Fig. 3b shows CV
curves of GNS/CNT/PANI composite at different scan rates. It can be
noted that the cathodic peaks shift positively and the anodic peaks
shift negatively with the increase of potential scan rates from 1 to
50 mV s~1, which is mainly due to the resistance of the electrode [8].
Furthermore, the obvious increase of current with scan rates means
a good rate capability for GNS/CNT/PANI composite electrode.

Fig. 4 shows the galvanostatic charge/discharge curves of the
pure PANI and as-prepared composites. From Fig. 4a, it can be
noted that the charge voltage becomes lower and the discharge
voltage becomes higher after GNS and/or CNTs are incorporated in
the PANI. This indicates that the energy consumed by the internal
resistance is reduced and, therefore, the effective energy stor-
age is improved. This improvement is perhaps due to the fact
that the inner resistance of the electrode is reduced when GNS
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Fig. 4. (a) Galvanostatic charge/discharge tests of pure PANI and as-prepared com-
posites at 2mAcm~2. (b) Galvanostatic charge/discharge tests of GNS/CNT/PANI
composite at different current densities of 2, 10, 20 and 50 mA cm—2.

and/or CNTs are present. In Fig. 4b, the charge/discharge duration
of GNS/CNT/PANI composite decreases with the current densities
from 1 to 50 mA cm~2. It can be seen obviously that there are two
clear voltage stages included in the curves: —0.2 to 0.3 and —0.7
to —0.2V, respectively. During the former, short charge/discharge
duration is ascribed purely to the electric double-layer capaci-
tance of the electrode. During the latter, the combination of electric
double-layer capacitance and Faradaic capacitance is responsible
for the longer charge/discharge duration due to Faradaic charge-
transfer accompanied by the double-layer charging/discharging
process. These results are in accordance with those deduced from
the CV tests.

Fig. 5 shows the variation in the specific capacitance of pure
PANI and as-prepared composites as a function of scan rates. It
can be observed that the specific capacitance of GNS/CNT/PANI
is much higher than that of pure PANI and CNT/PANI compos-
ite but lower than that of GNS/PANI composite at the same scan
rates. The maximum specific capacitance of 1035Fg~! is obtained
at a scan rate of 1TmVs~! for GNS/CNT/PANI composite com-
pared to 115, 780 and 1046Fg~! for pure PANI, CNT/PANI and
GNS/PAN], respectively. The greatly enhanced specific capacitance
is due to the synergistic effect between GNS and PANI [8]. In
addition, the small nanometer-sized PANI can exhibit enhanced
electrode/electrolyte interface areas, providing high electroactive
regions and short diffusion lengths [23], which can ensure the
high utilization of PANI. For GNS/CNT/PANI composite, more PANI
agglomerations are observed than that of GNS/PANI, resulting low
electrochemical utilization of PANI (Fig. 2d). What is more, the
specific capacitance of GNS/CNT/PANI composite is much larger
than that of SWCNT/PANI (350-485Fg~1) [11,12,24], porous car-
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Fig. 5. Specific capacitance of PANI and PANI based composites at different scan
rates.

bon/PANI (160-180Fg~!) [25,26], MWCNT/PANI (322-606Fg~1)
[27,28], activated carbon/PANI (380-500Fg~1) [29,30], ordered
mesoporous carbon/PANI (747-900Fg-1) [8,10] and carbon
nanofiber/PANI (264Fg~1)[14].

The long-term cycle stability of the GNS/PANI, CNT/PANI and
GNS/CNT/PANI composites was also evaluated in this study by
repeating the CV test between —0.7 and 0.3 V (vs. Hg/HgO) at a scan
rate of 200 mV s~ for 1000 cycles. The specific capacitance based on
electroactive materials as a function of cycle number is presented in
Fig. 6. The GNS/CNT/PANI electrode is found to exhibit excellent sta-
bility over the entire cycle numbers. After the first cycle, the specific
capacitance increases by 11% and the electrode thereafter reaches
the stability state. After 1000 cycles, the capacitance decreases only
6% of initial capacitance compared to 52% and 67% for GNS/PANI and
CNT/PANI composites demonstrating that GNS/CNT/PANI electrode
exhibits excellent cycle stability. The decrease of specific capaci-
tance could be attributed to the swelling and shrinkage during the
long-term charge/discharge processes [31]. PANI particles on GNS
could interconnect with each other provided by CNT conductive
network as well as the improvement of mechanical strength (Fig. 7).
Therefore, this unique structure is favorable for the enhanced of the
electrochemical performance.

Impedance of the GNS/CNT/PANI composite after the 1st and
1000th cycle was measured in the frequency range of 100 kHz to
0.1Hz at open circuit potential with an ac perturbation of 5mV
(Fig. 8). It could be obviously seen that the impedance spectra
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Fig. 6. Variation of the specific capacitance of PANI based composites as a function
of cycle number measured at 200mV's~! in 6 M KOH aqueous solution.
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Fig. 7. Schematic illustration of the effect of CNTs on electrochemical performance
of the GNS/CNT/PANI composite.
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Fig. 8. Nyquist plots of GNS/CNT/PANI electrode in the frequency range of 100 kHz
to 0.1 Hz measured during the cycle life testing (inset is the enlargement of dashed
segment, representing the high-frequency region).

are almost similar in form, composed of one semicircle at high-
frequency end followed by a linear part at the low-frequency end.
After 1000th cycle, the internal resistance increases from 1.48 to
1.66 2 and the diffusion limitation is also enhanced, which is prob-
ably attributable to the composite crack during charge/discharge
and then part of the PANI deposits loses contact with each other
due to the swelling and shrinkage.

4. Conclusions

In this paper, GNS/CNT/PANI composite was synthesized via
in situ polymerization. GNS are used as support materials for
deposition of PANI particles and CNTs as conductive wires inter-
connected among GNS/PANI particles. CNTs can not only provide

highly conductive path resulting in the improvement of conduc-
tivity of composite, but also maintain the mechanical strength.
The maximum specific capacitance is 1035Fg-! at a scan rate
of TmVs~! in 6M KOH. After 1000 cycles, the capacitance
decreases only 6% of initial capacitance compared to 52% and
67% for GNS/PANI and CNT/PANI composites demonstrating that
GNS/CNT/PANI electrode has excellent cycle stability. Therefore,
the intriguing GNS/CNT/PANI composite is quite a suitable and
promising electrode material for supercapacitors.
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