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ABSTRACT: Graphene/polyaniline (PANI) nanocomposites were prepared by reducing graphene oxide with hydrazine in the
presence of different amounts of polyaniline nanoparticles. In situ cryo-transmission electron microscope (TEM) images of a
graphene oxide (GO)/PANI solution revealed that the PANI nanoparticles were anchored on the surface of the GO sheets.
During the reduction, the as-adsorbed PANI nanoparticles were sandwiched between layers of graphene sheets. These PANI
nanoparticles acted as spacers to create gaps between neighboring graphene sheets, resulting in a higher surface area compared to
pure graphene. Graphene/PANI nanocomposites exhibited the high specific surface area of 891 m?/g. Utilizing this composite

material, a supercapacitor with a specific capacitance of 257 F/g at a current density of 0.1 A/g has been achieved.
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1. INTRODUCTION

Since the first isolation and observation of single-layer graphene
by Novoselov et al. in 2004, graphene has attracted tremendous
research interest.’ Graphene is a single-atom-thick, two-
dimensional sheet of sp>-hybrized carbon atoms arranged in a
honeycomb crystal structure with exceptionally high strength,
surface area, thermal conductivity, and electronic conductiv-
ity.”> These superior properties make graphene a very
promising candidate in many applications, such as sensors,4
field-effect-transistors, §as sorbents,® fuel cells,” batteries,>’
and supercapacitors.'””"> Graphene has been prepared by
several methods, such as mechanical exfoliation,'® direct growth
from organic precursors,14 epitaxial growth on SiC,*> chemical
vapor deposition,'®"” and chemical exfoliation. Among these
methods, chemical exfoliation has been the most employed
method to fabricate graphene-based devices due to its
advantages of facile aqueous synthesis, low cost, and easy
scale up.'***72°

While extremely promising, present graphene-based devices
have not shown performance as high as those theoretically
predicted. This is mainly caused by the relatively low surface
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area of chemically produced graphene. Generally, graphene is
yielded by the chemical reduction of graphene oxide (GO). GO
is a layered stack of oxidized graphene sheets with different
functional groups and can be completely exfoliated upon the
addition of mechanical energy. The exfoliation is accomplished
due to the hydrophilicity of the oxygen-containing (i.e., epoxide
and hydroxyl) functionalities introduced during the oxidation of
the graphite. Thus, GO can be easily dispersed into single
sheets in water at low concentrations (less than 1 mg/mL).
However, upon the removal of the hydrophilic functional
groups on the GO, the reduced GO sheets were inclined to
restack, leading to aggregated graphene sheets a few layers
thick.”" This restacking resulted in a significant decrease in the
surface area of the graphene, consequently leading to poor
performance. Therefore, the creation of high-surface-area
graphene is of paramount significance to advance the
applications of graphene.
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Adhering nanoparticles onto the graphene surface before
graphene sheet restacking occurs is an effective way to maintain
the high surface area of graphene. Various nanoparticles have
been reported to prevent the aggregation of graphene sheets.
Anchoring RuO, on the graphene surface increased the surface
area from 108 to 281 m?*/g.** Si and Samulski deposited Pt
nanoparticles on graphene surfaces before drying, and the
surface area of the resulting composite was as high as 862 m?/
g Yan et al. reported the use of acetylene black to inhibit the
agglomeration of graphene, and the surface area of the resulting
composites was 586 m*/g.>* However, the resulting specific
surface area was still lower than the theoretical surface area of a
single graphene layer (2630 m*/g). This could be due to poor
adhesion of spacers to graphene. Therefore, nanoparticles that
can strongly adsorb onto graphene will be of great importance
to achieve graphene with a surface area approaching the
theoretical value.

In the present work, graphene/polyaniline (PANI) nano-
particle composites were prepared by reducing GO in the
presence of different contents of PANI nanoparticles. PANI is a
conducting polymer that contains positively charged amine/
imine groups on its polymer chain, which may favor adhesion
onto the GO surface. A schematic illustration of this procedure
is shown in Figure 1. Our results showed that the use of PANI
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Figure 1. Schematic illustration of the preparation of (a) graphene and
(b) graphene/PANI nanocomposites.

as the spacer can partially prevent graphene sheets from
restacking, resulting in an increase in the specific surface area.
Graphene nanocomposites with 2 wt % PANI (ratio to GO)
exhibited a high specific surface area of 891 m?/g and a
mesoporous structure. The high surface area and the
mesoporous structure of the prepared composites allow faster
transport by electrolyte ions, consequently leading to excellent
performance as supercapacitors.

2. EXPERIMENTAL SECTION

2.1. Synthesis of GO. The GO was prepared using a modified
Hummer’s method.?>? Prior to the Hummer’s method, an additional
graphite oxidation procedure was carried out. Two grams of graphite
flakes was mixed with 10 mL of concentrated H,SO, 2 g of
(NH,),S,0q and 2 g of P,O;. The resulting mixture was stirred
constantly and heated at 80 °C for 4 h. The mixture was then filtered
and washed with DI water. The product was dried in an oven at 80 °C
overnight. This preoxidized graphite was then subjected to oxidation
by the Hummers’ method. Two grams of preoxidized graphite, 1 g of
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sodium nitrate, and 46 mL of sulfuric acid were mixed and stirred for
1S min in a 500 mL flask immersed in an ice bath. Then, 6 g of
potassium permanganate was slowly added to the above suspension
solution and cooled for another 15 min. Water (92 mL) was added
slowly to the suspension, causing a violent effervescence. The
temperature was maintained at about 98 °C for 15 min. The
suspension was diluted by 280 mL of warm water and treated with 10
mL of 30% H,0, to reduce the unreacted permanganate. Finally, the
resulting suspension was centrifuged at 12000 rpm a few times to
remove residual salts and acid. The purified GO was dispersed in DI
water at a concentration of 0.2 mg/mL and sonicated for 1 h. Then,
the GO dispersion was subjected to another centrifugation at 5000
rpm for S min to remove the unexfoliated GO. The resulting GO
colloid solution is able to remain stable for a few months.

2.2. Synthesis of PANI. The PANI nanoparticles were synthesized
by chemical oxidative polymerization in the presence of HCI and
poly(4-styrenesulfonate) (PSS).*” Aniline monomer, 0.53 mmol, was
dissolved in 40 mL of 0.5 M aqueous HCI solution. Then, 0.6 g of
aqueous PSS solution was added to the above solution and was stirred
for 1 h. The polymerization of aniline was conducted by adding 0.69
mmol of ammonium persulfate as an oxidizing agent for 12 h at room
temperature. After polymerization, PANI nanoparticles were collected
by filtration and freeze-dried.

2.3. Synthesis of Graphene and Graphene/PANI Nano-
composites. Graphene/PANI composites with different PANI
content (wt % of GO) were prepared by reducing the mixture of
the graphene oxide dispersion with the anchored highly hydrophilic
PANI The PANI aqueous dispersion was added to 200 mL of the GO
solution. The mixture was stirred for 1 h and then subjected to
sonication for 1 h. Subsequently, a hydrazine solution was added into
the mixture, and the mixture was stirred and heat treated at 90 °C for
24 h. Then, the mixture was filtered by a 0.025 yim membrane, washed
with DI water, and freeze-dried.

2.4. Fabrication of Supercapacitor Electrodes. The super-
capacitor electrode was prepared by casting a Nafion-impregnated
sample onto a glassy carbon electrode with a diameter of S mm. The
electrode material (S mg) was first dispersed by sonication for 1 hin §
mL of ethanol/water mixture (1:4 v/v) containing 10 uL of Nafion
solution (S wt % in water, Ion Power, Inc.). This dispersion (10 uL)
was then dropped onto the glassy carbon electrode and dried at 80 °C
before electrochemical testing.

2.5. Characterization. The morphology of the graphene and the
graphene/PANI nanocomposites was characterized by a Philips CM
200 transmission electron microscope (TEM) and an FEI NOVA
field-emission scanning electron microscope (FE-SEM). For cryogenic
TEM (cryo-TEM) analysis, 3.5 uL of the sample was dropped onto a
copper grid coated with holey carbon film. The grid was immediately
plunged into liquid ethane cooled by liquid N,. The sample grid was
then loaded into the microscope with a Gatan side-entry cryo-holder.
Cryo-TEM images were collected using the Philips CM200 with a field
emission gun operating at 200 kV. The specific surface areas of the
graphene, the PANI, and the nanocomposites were determined by the
Brunauer—Emmett—Teller (BET) method of nitrogen sorption at 77
K using a Quantachrome Autosorb-1 surface area analyzer. The pore
size distribution was calculated using a NLDFT model, assuming
cylindrical slit-shaped pore geometry for the pores. The structural and
compositional information of the graphene, the PANI, and the
composites were analyzed using a Kratos AXIS Ultra X-ray
photoelectron spectrometer (XPS).

2.6. Electrochemical Measurements. A three-electrode cell
system was used to evaluate electrochemical performance using cyclic
voltammetry (CV), galvanostatic charge/discharge, and electro-
chemical impedance spectroscopy (EIS) using a Solartron 1287
electrochemical workstation. An aqueous solution of 1 M H,SO, was
used as the electrolyte. A platinum sheet and a saturated Ag/AgCl
electrode were used as the counter and the reference electrode,
respectively. CV curves were measured between —0.2 and 0.8 V vs Ag/
AgCl at different scan rates. Galvanostatic charge/discharge tests were
performed at current densities of 0.1, 0.3, 0.5, 1, 2, 5, and 10 A/g. EIS
measurement was carried out at open circuit potential with AC
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Figure 2. (a) XPS spectra and (b) high resolution C 1s spectra of of the PANI, graphene oxides, graphene, and graphene/PANI composites.

amplitude of S mV over the frequency range from 100 kHz to 0.1 Hz.
The specific gravimetric capacitance was calculated from the discharge
process according to the following equation:

IAt

mAV (1)

where C is the specific capacitance of the active material (F/g), I is the
applied current (A), At is the total discharge time (s), AV is the

potential change (V), and m is the mass of active material (g) in the
electrode.

3. RESULTS AND DISCUSSION

3.1. Composition Analysis. The atomic composition of
the GO, graphene, PANI, and graphene/PANI composites was
analyzed by XPS, and the comparative results are shown in
Figure 2 and Tables 1 and 2. The C/O ratio in Table 1 is an

Table 1. Elemental Composition of GO, Graphene, PANI,
and Graphene/PANI Composites®

sample C (%) O (%) N (%) S (%) C:0
GO 69.8 29.1 0 0.08 2.4
graphene 90.5 8.3 1.6 0.03 10.9
PANI 79.3 11.7 6.9 2.06 6.7
graphene/PANI 89.6 7.9 2.34 0.13 11.3

“In atomic percent.

indication of the oxygen-containing functional groups (ie., C—
0, C=0, C(0)0). The C/O ratio of GO (2.4) is much lower
than that of the graphene (10.9) and the graphene/PANI
nanocomposites (11.3), suggesting that the functional groups
on the surface of the GO were mostly reduced. It can be seen in
Table 1 that PANI has a higher N and S composition than
graphene-based materials. Compared with pure graphene, the
higher N and S content in graphene/PANI composites

probably indicates the presence of PANI in graphene/PANI
composites. The nitrogen content in graphene sample may be
incorporated through the reaction of hydrazine with the
carbonyl groups of GO.>®*” The curve fitting of C 1s spectra
were performed and shown in Figure S1, Supporting
Information. The detailed functional groups on the surfaces
of GO, graphene, PANI, and graphene/PANI composites are
listed in Table 2. Similar to the C/O ratio, the relative ratio of
oxygen-containing functional groups in graphene and gra-
phene/PANI are much smaller than those of GO, which is
consistent with other findings.***>*' Upon hydrazine reduc-
tion, the relative ratio of C—O and C=0 functional groups is
significantly reduced.

3.2. N, Adsorption Isotherm, BET Surface Area, and
Pore Size Distribution. To study the effects of PANI on
preventing the restacking of graphene, N, adsorption—
desorption isotherms were measured by a Quantachrome
Autosorb-1 surface area analyzer at 77 K. The N, adsorption—
desorption isotherms and the pore size distribution of the as-
prepared composites with different PANI content are shown in
Figure 3. The N, adsorption—desorption isotherms (Figure 4a)
show that graphene materials possess a Type IV isotherm and a
Type H3 hysteresis loop (according to the International Union
of Pure and Applied Chemistry (IUPAC) classification),
indicating the presence of mainly mesoporous structure and
slit-shaped pores.’”** Therefore, the pore size distribution
(Figure 4b) was obtained by a hybrid DFT (NLDFT) model,
assuming cylindrical slit-shaped pore geometry for the
mesopores.”* With the addition of PANI, both the N,
adsorption amount and the pore volume of the graphene/
PANI composites were higher than those of graphene without
PANL. It was revealed that the pore size distribution center was
at about 5 nm for all the graphene samples. The amount of
mesopores around 3—6 nm and micropores of 1-2 nm was

Table 2. Relative Ratio (%) of Different Carbon Components in GO, Graphene, and Graphene/PANI Composites from C 1s

XPS Spectra
sample Cc=C Cc-C
binding energy (eV) 284.3 285.0
GO 24.3 224
graphene 43.7 21.0
graphene/PANI 44.5 20.5
PANI 713 (C=C)

2687

C-N/C-$ c-0 Cc=0 C(0)0

285.8 286.6 287.8 289.3

S.1 32.1 9.1 4.5

7.3 6.4 S5.8 32

89 S.1 5.7 3.3

169 (C=N) 7.5 (C=N+) 3.8 (C-S)
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Figure 3. (a) Nitrogen adsorption and desorption isotherms and (b)
pore size distribution of the as-prepared composites with different
PANI contents.
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Figure 4. Effects of PANI content on the BET specific surface area of
the graphene/PANI composites.

also increased with the incorporation of the PANI into the
graphene. The pore volume of all samples is displayed in Table
S1 (Supporting Information).

The specific surface area of graphene and its composites was
calculated on the basis of BET theory and is shown in Figure 4.
It can be noticed that the BET specific surface area of the
graphene without the addition of PANI was only 268 m*/g. As
the PANI content in the composites was increased, the specific
surface area of the resulting composites also increased, peaking
at around 2 wt % PANI content, and then decreased. A high
BET specific surface area of the composites with 2 wt % PANI
was determined to be as high as 891 m?/g, which is much
higher than that of either the PANI (49 m*/g) or the pure
graphene (268 m?®/g). This large specific surface area of
graphene/PANI suggests that the introduction of PANI
nanoparticles between the 2D graphene sheets can reduce the
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layer-to-layer stacking, when compared to that of pure
graphene. When the PANI content is equal to 3% or higher,
the BET surface area of the resulting composites decreases
slightly, though it is still significantly higher than that of pure
graphene. This slight decrease could be attributed to the
relatively low surface area of PANI (49 m?®/g). Another
possibility is that the PANI nanoparticles may aggregate at
higher concentration, consequently limiting their influence on
reducing graphene restacking.

3.3. Morphology of Graphene and Graphene/PANI
Composites. PANI/PSS nanoparticles were synthesized via a
chemical oxidative polzmerization of aniline with PSS as the
dopant and stabilizer.2”*° Figure S2, Supporting Information,
shows the SEM image of PANI/PSS nanoparticles, which
possessed a particle-size distribution of mainly 20—40 nm.
Graphene/PANI nanocomposites were prepared by in situ
chemical reduction of exfoliated GO in the presence of different
amounts of PANI As shown in Figure 1b, the synthesis consists
of three steps: (1) the exfoliation of GO in a diluted aqueous
solution; (2) the uniform mixing of GO and PANI; (3) the
chemical reduction by hydrazine. The morphology of GO,
graphene, and graphene/PANI composites was studied by SEM
and TEM, as shown in Figures S and 6. A layered structure has

Figure S. SEM image of (a) low magnification and (b) high
magnification of pure graphene and (c) low magnification and (d)
high magnification of graphene/PANI nanocomposites.

been observed in SEM images of both pure graphene (Figure
Sa)b) and graphene/PANI composites (Figure Sc,d), which
results from the stacking of the graphene sheets because of the
van der Waals force interaction. In order to study the influence
of the addition of PANI in preventing graphene restacking,
cryo-TEM was utilized to study the morphology of GO and
PANI in aqueous solutions. The cryo-TEM technique can be
used to image a sample frozen in an aqueous solution by liquid
N,, which does not alter its original morphology during the
sample preparation. It is shown in Figure 6a that, upon mixing
the GO and the PANI in the solution, some of PANI particles
were adsorbed on the GO sheet (as pointed out by the arrows).
The TEM image of the freeze-dried GO solution with 2 wt %
PANI before the hydrazine reduction (Figure 6b) also indicates
that the PANI particles tend to adsorb on the GO sheet. After

dx.doi.org/10.1021/am4001634 | ACS Appl. Mater. Interfaces 2013, 5, 2685—2691
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Figure 6. (a) Cryo-TEM image of the mixture solution of GO and
PANIL TEM image of (b) freeze-dried GO solution with 2 wt % PANI
and (c) graphene/PANI nanocomposites. (Note: In panels a and b,
black arrows point to the GO sheets and red arrows point to the PANI
particles. In panel ¢, black arrows point to the graphene sheets and red
arrows point to the PANI particles.)

the hydrazine reduction, the PANI nanoparticles were anchored
on or sandwiched between the graphene sheets (Figure 6¢). It
is speculated that, upon mixing GO and PANI in the solution,
the PANI nanoparticles tend to adsorb on the GO sheets due
to the Coulombic interaction and van der Waals between PANI
and GO. When GO is reduced by hydrazine, the hydrophilic
functional groups on GO are removed, causing reduced GO
sheets to restack. After the hydrazine reduction of the GO,
most of the adsorbed PANI nanoparticles were sandwiched
between layers of graphene. These PANI nanoparticles act as
spacers to create gaps between neighboring graphene sheets,
which are accessible by gaseous or liquid species.*® PANI
nanoparticles that are not anchored on the graphene surface
may play a role in reducing particle agglomeration during the
drying process.”* This effect of PANI on reducing graphene

interlayer stacking is evidenced by the N, adsorption
adsorption—desorption isotherms and the pore size distribu-
tion, shown in Figures 4 and S. This result is consistent with
our previous work using functionalized carbon blacks as the
spacer to prevent graphene restacking.36

This work points out several important factors that can
influence the surface area of graphene composites. First of all,
single-layer GO and nanoparticles must be well dispersed in
water. In this work, a dilute dispersion of GO and PANI (0.2
mg/ mL) was used to prevent significant aggregates.37 Second, a
strong interaction of GO and nanoparticles is required to
uniformly incorporate nanoparticles into the graphene network
to prevent restacking. For instance, when acetylene black was
used as the spacers, most carbon particles were found to exist
near the edge of graphene rather than uniformly disperse
between graphene layers.”* Moreover, the nanoparticles are
expected to have a relatively low density, as the nanoparticles
also contribute to the total weight of the composites. PANI was
chosen as candidate spacers due to its several properties, i.e.,
good dispersion, strong interaction between PANI and GO/
graphene, and low density. Last but not least, the freeze-dryin§
technique can partially reduce restacking of graphene.’
Overall, on the basis of the XPS spectra, N, adsorption—
desorption isotherms, pore size distribution, SEM, and TEM
observations, it can be concluded that our synthesized
graphene/PANI composites exhibited a layered structure,
separated by PANI nanoparticles. Such a structure with both
a high surface area and a proper size distribution may lead to a
faster diffusion rate in graphene/PANI composites, which can
be utilized in supercapacitor applications.

3.4. Electrochemical Properties. The electrochemical
performance of the graphene and graphene/PANI composites
was examined by CV, galvanostatic charge/discharge tests, and
electrochemical impedance spectroscopy. Figure 7a shows the
CV curves of the graphene/2 wt % PANI composites in 1 M
H,SO, with various scan rates in the range of —0.2 to 0.8 V vs
Ag/AgCl. Although PANI and the residue functional groups on
graphene may contribute to some pseudocapacitance, the CV
curves of the graphene/PANI composites are relatively
rectan%ular in shape, indicating excellent capacitance behav-
ior.***” The percentage of pseudocapacitance can be estimated
by integrating the area of redox peaks and excluding the
contribution of double-layer capacitance. It was found out that
pseudocapacitance of graphene/PANI composites was about
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impedance.

17% of the total capacitance, which is much higher than that of
graphene (6%). Considering there is only a few percent of
PANI in the composites, such high percentage of pseudocapa-
citance may originate from the high capacitance of PANI** and
synergistic effect between PANI and graphene.* At the same
scan rate, the larger current response of the graphene/PANI
composites means a higher capacitance than that of pure
graphene (Figure 7b). The capacitance of a supercapacitor is
proportional to the accessible surface area.*’ The larger
capacitance of graphene/PANI composites probably results
from the higher surface area of graphene/PANI and the
enhanced accessibility by electrolyte ions.

The galvanostatic charge/discharge curves of graphene/2 wt
% PANI nanocomposites were performed at different current
densities (Figure 8a). The specific capacitance of graphene and
graphene/2 wt % PANI was calculated on the basis of
galvanostatic discharge curves using eq 1 and is shown in Figure
8b. The shape of all charge/discharge curves is nearly linear and
symmetric, which is characteristic of a good capacitance. At 0.1
A/g, the specific capacitance of graphene/PANI composites is
257 F/g, and even at 10 A/g, the specific capacitance is 145 F/
g. Again, the graphene/PANI composites exhibited a much
higher specific capacitance (213 F/g at 1 A/g) than pure
graphene (116 F/ gat1lA/ g) , resulting from the higher surface
area of the composites and a faster ion diffusion rate. The
capacitances of graphene/PANI composites are higher than
those of previously reported graphene,'”*** CNT,* and
activated carbons.***’ The cycling life of graphene/PANI
composites was tested at a charge/discharge rate of 2 A/g
(Figure 8c). After 1000 cycles, the capacitance still remained
about 98% of initial performance. In Figure 8d, the Nyquist plot
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of the graphene/PANI composites showed an arc shape in the
high frequency region and then a vertical line in the low
frequency region. The vertical line at low frequency region
indicates a good capacitive behavior, representative of fast ion
diffusion in the electrode material. The equivalent series
resistance (ESR) can be estimated from the x-intercept of the
Nyquist plot to be about 0.5 €. This low ESR could be
attributed to high conductivity of graphene in the composite
electrode. Electrochemical measurements have shown that
graphene/PANI composites can be a promising candidate
material for supercapacitor applications where high surface area
and suitable pore size distribution is required.

4. CONCLUSION

Graphene/PANI nanocomposites have been prepared by
reducing graphene oxide with hydrazine in the presence of
PANI nanoparticles. The incorporation of PANI nanoparticles
can effectively reduce the layer-to-layer stacking of graphene.
After the reduction is complete, PANI nanoparticles were
sandwiched between layers of graphene and acted as spacers to
create gaps between neighboring graphene sheets. A high
surface area of 891 m?/ g was achieved in graphene/2% PANI
(wt % ratio to GO) composites, which is much larger than pure
graphene (268 m’/g). Electrodes made with the nano-
composites exhibited a specific capacitance of 257 F/g at a
current density of 0.1 A/g, much higher than that of pure
graphene (138 F/g). Even at 10 A/g, the capacitance of the
composites was still 145 F/g. Our results have shown that
graphene/PANI nanocomposites possess superior electro-
chemical performance as supercapacitors, mainly due to their
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large surface area and excellent accessibility of mesopores to
electrolyte ions.
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