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A novel graphene-polyaniline nanocomposite material synthesized using chemical precipitation
technique is reported as an electrode for supercapacitors. The graphene (G)-polyaniline (PANI) nanocom-
posite film was dissolved in N-Methyl-2-pyrrolidone (NMP) and characterized using Raman, FTIR,
Scanning Electron Microscopy, Transmission Electron Microscopy, and cyclic voltammetry (CV) tech-
niques. The interesting composite structure could be observed using different ratios of graphene and
aniline monomer. The supercapacitor is fabricated using G-PANI in N-Methyl-2-pyrrolidone (NMP) and

Iégﬁvgzzisr;g polymers G-PANI-Nafion films on graphite electrodes. A specific capacitance of 300-500Fg~! at a current density
Batteries of 0.1 Ag~"! is observed over graphene-PANI nanocomposite materials. The aim of this study is to tailor
Polyaniline the properties of the capacitors through the optimization of their components, and packaging towards
Graphene a qualification for portable systems applications. Based on experimental data shown in this work, con-

Supercapacitors ducting polymer nanocomposite capacitor technology could be viable, and could also surpass existing

technologies when such a novel approach is used.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Industry and research centers around the globe are coping to
address the world-wide energy demand, and are competing with
all available alternate technologies. Supercapacitors represent an
attractive alternative for portable electronics and automotive appli-
cations due to their high specific power and extended life. In fact,
the growing demand of portable systems and hybrid electric vehi-
cles, memory protection in CMOS, logic circuit, VCRs, CD players,
PCs, UPS in security alarm systems, remote sensing, smoke detec-
tors, etc. require high power in short-term pulses [1-8]. So, in the
last 20 years, electrochemical capacitors have been required for
the development of large and small devices driven by electrical
power [9-11]. The worldwide market for supercapacitors in 1999
was about US $115 million covered by low-voltage devices, and
in 2010 the global market is about US $50 billion for batteries
[12]. Recently, the double layered high performance supercapaci-
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tors based on activated carbon have been marketed [13]. We know
that supercapacitors are well compared to the secondary battery
which exhibits faster and higher power capability, long life, wide
thermal operating range, and is cost effective in the maintenance
of the power devices [14]. The supercapacitors have been made
using highly conductive, lightweight polymers such as polyani-
lines (PANIs), polypyrroles, and polythiophenes [15,16]. However,
high power supercapacitors are a challenge to build using con-
ducting polymer because the conducting polymers exhibit poor
stabilities during the charge/discharge process. The activated car-
bon and carbon nanotubes (CNTs), in recent days, have been used
to fabricate supercapacitors due to their good stability but these
microstructures limit the value of the capacitance. The CNT-PANI
has been tested in supercapacitor electrodes and high capacitances,
improving the PANI stability as well [17,18]. However, the use of
CNTs has been restricted from achieving electric double-layered
capacitance for active devices. The two-dimensional (2D) hon-
eycomb lattice structure of graphene has exhibited unusual and
intriguing physical, chemical and mechanical properties [19]. The
graphene-polyaniline (G-PANI) composite material has recently
been used for energy application [20-24]. As the result of the high
quality of the sp? carbon lattice, electrons have been found to move
ballistically in the graphene layer, even at ambient temperatures. In
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Fig. 1. Schematic of G-PANI synthesis.

this work, the nanocomposite formation of graphene is produced
in order to understand how the graphene could be exploited for
energy application [25]. The G-PANI has been synthesized using
graphene platelets which have been successfully applied in con-
junction with an aniline monomer to produce highly conductive
nanocomposite material.

In this work, G-PANI nanocomposites are prepared using differ-
ent molar ratios of aniline and graphene by the wet polymerization
method using commercial graphene platelets. The present study
shows the characterization of the supercapacitor application of
G-PANI films characterized by Raman spectroscopy, FTIR, cyclic
voltammetry, impedance, Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM) techniques, respectively.
The specific capacitances have been determined for G-PANI mate-
rials in different electrolytic media.

2. Experimental
2.1. Reagents and materials

Aniline (99.5%), ammonium persulfate (98%), sodium hydrox-
ide (powder, 97%) and hydrochloric acid (37%) were all ACS
grade and purchased from Sigma-Aldrich (USA). N-N-dimethyl
formamide (99.8%) was purchased from Alfa Aesar (USA) and
graphene platelets (less than 10 nm in thickness) were purchased
from Angstrom Materials (USA). All these chemicals and materi-
als were employed as purchased without any further purification
unless specified.

2.2. Synthesis and characterization of the graphene—polyaniline
nanocomposite conducting polymer

The G-PANI nanocomposite was chemically synthesized by
oxidative polymerization of aniline using ammonium peroxydisul-
fate [(NH4),S20g)] under controlled conditions. The aniline to
graphene ratio was kept at 1:1 and 1:2 ratios, and added in 1M
HCI solution, where the solution was cooled to 4°C in an ice bath.
Ammonium peroxydisulfate (0.025 M) was also dissolved in 200 mL
of 1 M HCl solution, and the solution was pre-cooled to 4°C. Later,
[(NH4)2S,0g)] in 1M HCI solution was added slowly in the ani-
line solution, and the reaction was continued for 12 h. The dark
green precipitate of the G-PANI nanocomposites recovered from
the reaction vessel was filtered, and washed using deionized water,
methanol, acetone, and diethyl ether for the elimination of the low
molecular weight polymer and oligomers. Further, this precipitate
was heated at 100°C in a temperature-controlled oven [26]. The
schematic of synthesis process is shown in Fig. 1.

2.3. Optical characterizations of films

G-PANI nanocomposites were deposited on Si (100) wafers
and doped in 1.0M HCIl. The G-PANI film was characterized for
its different vibrational bands by Fourier transform infrared (FTIR)
spectrophotometer. The sample chamber of the spectrophotometer
was continuously purged with nitrogen for 15-20 min prior to data
collection and during the measurements for the elimination of the
water vapor absorption. For each sample, 8 interferograms were
recorded, averaged and Fourier-transformed to produce a spec-
trum with a nominal resolution of 4 cm. Finally, the FTIR spectra
of G-PANI nanocomposite films were obtained after proper sub-
traction to a substrate silicon base line. Raman studies of G-PANI
deposited on Si were conducted to derive information regarding
the Raman Shift and absorption bands of inter- and/or intra-gap
states.

2.4. Surface/structure characterization

The surface morphology and the size of G-PANI films were
then investigated by Field Emission Scanning Electron Microscopy
(FESEM). Following, the crystalline structure of the G-PANI
nanocomposite was investigated using high-resolution transmis-
sion electron microscopy (HRTEM).

2.5. The electrode material

Polymer nanocomposite materials typically have the charac-
teristics of both components and can energetically accommodate
dopant ions in a more efficient way. The capacitance study was
made by mixing the G-PANI with nafion and dried over a graphite
electrode. Further, the capacitance was also studied in N-methyl-
2-pyrrolidone (NMP) cast G-PANI films coated over the graphite
electrode. The G-PANI films of various thicknesses were fabricated
using the spin coat and solution cast techniques and then dried at
100°C. The above mentioned G-PANI film can be deposited with
high conductivity on various conductive substrates, with the best
characteristics being obtained on platinum, gold, indium tin oxide
(ITO), and graphite.

3. Results and discussion

Fig. 2a and b shows the SEM picture of undoped G-PANI films
made using NMP on Silicon substrate, illustrating the interesting
structure of an interpenetrating network throughout the G-PANI
surface. The graphene flake structure on the surface of G-PANI can-
not be observed because the film is made using NMP. The NMP
works as plasticizer which produces a smooth film. This film was
doped using 0.2 M HCI for couple of minutes; care must be taken



4104 H. Gomez et al. / Journal of Power Sources 196 (2011) 4102-4108

Fig. 2. SEM micrograph G-PANI undoped (a and b) and G-PANI doped in 0.2 M HCl films (c and d).

as not to leave the film in the HCl, otherwise, leaching of the film
occurs from the Si substrate. Fig. 2c and d depicts the HCI doped
NMP-G-PANI film. The doped graphene PANI film shows the less
lined penetrating structure because doping changes the total mor-
phology of polyaniline due to the creation of polaron and bipolaron
structure throughout the chain [27]. Fig. 3a depicts the structure
of the graphene platelets used for the synthesis and Fig. 3b shows
the TEM picture of G-PANI nanocomposite film. Fig. 3¢ reveals an
interesting structure where graphene flakes can be seen embed-
ded in the polyaniline suggesting a graphene interconnection with
the polymer network. Fig. 4 shows the FTIR spectra of G-PANI
(undoped) deposited on silicon with characteristic bands at 3907,
3693, 3410, 3341, 3095, 2590, 1963, 1668, 1596, 1514, 1429, 1319,
1274, 1171, 1151, 1008, 858, 759, and 546cm~!. Among these,
the band at 3410cm! is due to the N-H stretching of PANI in
graphene-PANI (undoped). The appearance of peaks at 1596 and

1514 cm! are attributed to the C=C stretching of the quininoid and
benzenoid rings, respectively. The band at 1319cm™! is assigned
to the emeraldine base structure. Further, the band at 1171 cm™!
is due to the N=Q=N, where Q represents the quininoid ring. The
characteristic bands of graphene for (=0 and C-C are shifted to
1668 cm~! and 1008 cm~! due to the presence of polyaniline in the
G-PANI nanocomposite material.

Fig. 5 shows the Raman spectroscopy of the G-PANI-1 (1:1
ratio) and G-PANI-2 (1:2), nanocomposite systems deposited on
silicon substrates. The Raman spectra shows bands at 1136, 1164,
1192,1197, 1221, 1244, 1286, 1346, 1375, 1417, 1438, 1494, 1520,
1583, 1614, and 1632cm™!, and is a complementary technique
to FTIR for the identification of vibrational modes at the sur-
face of carbon based materials. The broad asymmetric bands at
1500-1700cm™! are very characteristic of polyaniline system. The
Raman bands at 1583 and 1346cm~! are due to D peaks and

Fig. 3. TEM picture of the graphene platelets used for the synthesis (a), the G-PANI-nanocomposite film structure (b), and their resulting interaction in the polymer

nanocomposite network (c).
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Fig. 5. Raman studies on graphene-polyaniline nanocompsosite at two different
monomer:graphene ratio.

G peaks, respectively, indicative of the lattice distortions of the
graphene due to the presence of the polyaniline in the network.
The peak at 1375cm~! present in G-PANI structure reveals that
graphene does not only make the nano-composite material, but
also could be acting as a dopant in the nanostructure.

Cyclic voltammetry (CV) of graphene dissolved in N-N-
dimethylformamide (DMF) and deposited on ITO plate was
performed in 0.1 M camphor sulfonic acid and 2 M H,SOg4, and the
corresponding voltammograms. Fig. 6a shows the CV measurement
as a function of scan rate (5, 10, 20, 50, and 100mV s~1). A distinct
peak centered at 0.6V corresponds to the oxidation of graphene
platelets. The graphene also exhibits interesting electrochemical
behaviors in a diffusion controlled system where the conductivity
is induced by a charge transfer doping mechanism. Fig. 6b reveals
the CVsof graphene and, shows peaks at 0.45 V (oxidation)and 0.4V
(reduction). The graphene is completely reversible in two different
electrolytic systems as shown in Fig. 6a and b.
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Fig. 6. Cyclic volammetry of graphene in 0.1 M camphor sulfonic acid (a) and CV of
graphene in 2 M H,S04 (b).
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Fig. 7. Cyclic volammetry of G-PANI in 0.2 M HCl.

Fig. 7 shows the CV of G-PANI films vs. Ag/AgCl as a function
of scan rate (5, 10, 20, 50, and 100mVs~1) in 0.2 M HCL. It can be
observed that the reversible redox system with oxidation peaks
at 0.3, 0.68 and 0.92V, and reduction peaks at 0.7, 0.42, —0.05V,
respectively. The peak centered at 0.65 V is attributed to the oxida-
tion of emeraldine form of PANI, whereas the peak at 0.86V is due
to the pernigraniline form of PANI (otherwise known as protona-
tion of PANI) [28]. Interestingly, from Fig. 7 it is obvious that the
G-PANI nanocomposite exhibited distinct redox peaks at —0.1V.

The square of current vs. square root of scan rate for G-PANI
films in 0.1 M HCl for redox potential is linear (figure not shown).
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Fig. 8. Nyquist plot of graphene polyaniline at difffrent monomer:graphene ratios in 2 M H,SOy4,
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Fig. 9. Cyclic volammetry of graphene deposited on graphite substrate in 2 M H,SO4 (a), G-PANI films in 2 M H,SO04 (b), and G-PANI fabricated on a graphite electrode (c

and d) using NMP and nafion, respectively.

The diffusion coefficient Dy in HCl medium for G-PANI nanocom-
posite has been calculated using the Randles-Sevcik equation [29]
as

Ip = (2.687 x 10°)n32AD}/%C, 2 1)

where n is the number of electrons transferred in the reaction, A is
the electrode area, Cis the concentration of the diffusing species in
the bulk of the electrolyte, and vis the sweep potential rate. By using
values of n=2 and C=0.2M H(I, the diffusion coefficient Dy was
found to be 8.0 x 10-8 cm?2 s~1, This value is more than two orders
in magnitude than the polyaniline systems alone. The resistance of
the supercapacitor cell is strongly dependent on the resistivity of
the electrolyte used and the size of the ions from the electrolyte
that diffuses into and out of the G-PANI films.

Fig. 8 shows the Nyquist plots of the capacitor just based
on G-PANI films made at two different ratios in 2M H,SO04. It
shows the highly conducting graphene-PANI film. The semicir-
cle observed in different ratios in 2M H;SO,4 are indicative that
the systems are diffusion controlled. The resistance of the films at
2 M H;S04 has been found to be 56 2 and 0.1 €2, respectively. The
lower resistance is indicative that graphene makes a very highly
conductive film in 2 M H,SO4 and has higher capacitance values.

The potential of using these composites as electrode materials
for supercapacitors are tested by standard cyclic voltammetry (CV)
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Fig. 10. Cyclic volammetry of G-PANI-2 films (1:2 ratio) in 2 M KOH.

and galvanostatic charge-discharge techniques. All electrochem-
istry measurements were conducted in a three-electrode cell, using
a working electrode prepared by casting a nafion-impregnated
G-PANI nanocomposite sample onto a graphite electrode, a plat-
inum sheet used as the counter electrode, and AgCl/Ag used as
the reference electrode. The electrolytes used consisted of 2M
H,S0,4 in order to understand the charge-discharge technique in
an acid media. The cyclability of this graphene-conducting poly-
mer (PANI) electrode is examined under long-term cycling over 100
cycles, which has shown a good cyclic performance and reversibil-
ity. After the charge transfer process, the conducting polymer is
electronically conductive. In developing supercapacitors, the elec-
trode material and electrolyte characteristics should be considered
jointly. Electrochemical characteristics, such as impedance and
capacitance are studied in capacitor fabrication as well. The mate-
rials must maintain their high conductivity at all times throughout
the various redox processes taking place during charge/discharge
cycles. This is important, particularly during discharge for longer
periods of time, so the material can get closer to the ideal situa-
tion of having a battery-like energy density while maintaining the
high capacitor-like power density. Fig. 9a shows the CV of graphene
deposited on graphite substrate in 2 M H,SO4 as the working elec-
trode, Ag/AgCl as reference, and Pt as a counter electrode. Fig. 9b
shows the CV of G-PANI films in 2 M H,SO4. Fig. 9c and d shows

<
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Fig. 11. Cyclic volammetry of G-PANI-2 films (1:2 ratio) in nafion-in 2 M HCL.
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Fig. 12. Schematic of charging and discharging mechanism using G-PANI-2 (1:2 ratio) electrode in 2 M H,SO4 electrolyte in the electrochemical cell.

the CV of G-PANI fabricated on a graphite electrode using NMP and
nafion, respectively. It is interesting to observe that the CV behavior
of G-PANI film obtained on graphite substrate at different binders
(NMP and nafion) differ in 2 M H,SO,4 electrolytic system. It is also
remarkable to note that the G-PANI composite retains the charac-
teristic features of CV for around 100 cyclic, and further it shows
fewer features (figure not shown). The behavior of the CV could
also be interpreted due to removal of oxygen containing group
from PANI systems. The CV obtained for H,SO4 shows the better
reversibility in the systems.

To further understand the effect of acid and basic electrolytic
over the value, the CV on G-PANI films was studied in 2 M KOH solu-
tion. Fig. 10 shows the CV of G-PANI-2 in 2 M KOH to understand
the capacitance effect. It did not reveal the redox characteristics CV
in the KOH system due to the undoped state, which prolonged in
the KOH electrolyte. So, it is indicative that the salt or acidic sys-
tems should only be taken for the G-PANI or conducting polymer
system based material for supercapacitor or rechargeable energy
applications.

Fig. 11 shows the CV of G-PANI-2 in nafion system as a func-
tion of scan rate in 2 M HCI. The CVs show the diffusion controlled
system. The CV study is indicative that nafion is a good binder sim-
ilar to N-Methyl-2-pyrrolidone (NMP) for G-PANI nanocomposite
material.

Fig. 12 shows the schematic of charging and discharging using
G-PANI-2 electrode in 2 M H,SO,4 electrolyte in the electrochemical
cell. The specific capacitance is obtained by studying the equation
C=-1/2xfZ" [30], where Z” is the imaginary part of the total com-
plex impedance. The single electrode specific capacitance values
were evaluated by multiplying the overall capacitance by a factor of
two and divided by the mass of a single electrode material. We have
also obtained the capacitance values by using the equation C=i/s
where ‘i’ is the current and ‘s’ is scan rate. The charge-discharge
characteristics of the capacitor cells are evaluated at a constant
current.

The discharge capacitance ‘Cd’ is evaluated from the linear part
of the discharge curves using the relation. Cd=iAt/AV where ‘7" is
the constant current and ‘At’ is the time interval for the voltage
change of AV.

The columbic efficiency ‘n’ was nearly 1.2 calculated using
(n=charging time/discharging time x 100%) in Figs. 13 and 14 for
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Fig. 13. Charging and discharging of G-PANI-2 in 0.2 M TBATFB.
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Fig. 14. Charging and discharging of G-PANI-2 in 2 M H;,S04.

the G-PANI nanocomposite in organic and inorganic electrolytes,
respectively. The charging of G-PANI is measured in acetonitrile
containing tetrabutyl ammonium tetrafluoroborate (TBATFB) as an
electrolyte whereas the similar charging and discharging response
have been observed for the G-PANI film studied in the 2 M H,S04
(Fig. 14).

4. Conclusions

G-PANI nanocomposites have been synthesized by varying the
monomer to graphene ratio for obtaining highly conducting sys-
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tems suitable to supercapacitor applications. The morphology of
the G-PANI has been characterized by using SEM, TEM, FTIR, and
Raman to understand the graphene effect over the polyaniline net-
work system. The presence of graphene in polyaniline shows the
penetrating network like structure in G-PANI film, whereas the
TEM shows how the graphene platelets are making the network
structure with polyaniline. The high specific capacitance and good
cyclic stability have been achieved using 1:2 aniline to graphene
ratio by weight of G-PANI polymer. This result has proved that
the presence of graphene in network of polyaniline changes the
composite structure, and could easily be exploited for high pow-
ered supercapacitor applications for portable devices. Based on
these results from G-PANI polymer nanocomposite, new synthesis
applying G-polyanilines and G-polythiophenes are in progress as
a future work for supercapacitor applications.
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