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G
raphene, a two-dimensional mono-
layer of sp2-bonded carbon atoms,
has attracted increasing attention

in recent years,1 mainly due to its extraordi-

narily high electrical and thermal

conductivities,2,3 great mechanical strength,4

large specific surface area, and potentially

low manufacturing cost.5 Graphene has been

explored for applications in fabricating elec-

tronic and energy storage devices,6�8

sensors,9,10 transparent electrodes,11�13 su-

pramolecular assemblies,14,15 and

nanocomposites.16,17 In particular, the com-

posites of graphene and polymers are of sci-

entific and industrial interest because of their

enhanced properties arising from the high

conductivity and reinforcement of graphene

nanofillers.16,18,19

On the other hand, conducting poly-

mers (CPs) also have been extensively stud-

ied and widely applied in various organic

devices.20�25 To improve the performances

or extend the functions of the devices, CPs

usually have to be nanostructured.23�25

Polyaniline (PANI) is a typical CP with good

environmental stability, interesting electro-

activity, and unusual doping/dedoping

chemistry.24,26�28 Nanostructured PANI can

be synthesized through various chemical

approaches.23�25,29 For example,

polyaniline-nanofibers (PANI-NFs) were fac-

ilely prepared by interfacial or rapid-mixing

polymerization, and they have been applied

for fabricating chemical sensors, actuators,

memory devices, batteries, and

supercapacitors.24,30,31 However, chemically

prepared nanostructured CPs including

PANI-NF are usually powdery and insulat-

ing in their dedoped states.26,32,33 Thus, vari-

ous porous carbon materials (e.g., activated

carbon, mesoporous carbon, and carbon

nanotubes) and a polymer binder (e.g.,

Nafion) were usually used as additives for
fabricating CP-based electrodes.34�39

Graphene, as a new member of carbon na-
nomaterials, also has been applied for fabri-
cating the composites with CPs.40�43 Com-
posites of PANI and graphene, graphite
oxide, and graphene-based nanosheets or
graphene paper were successfully prepared
by in situ chemical or electrochemical po-
lymerization, covalent or noncovalent func-
tionalization, and self-assembly.40,42,44�51 In
most of the previous works, however,
graphite oxide or graphene aggregates
rather than stable dispersions of graphene
sheets were used as the starting materials.
However, graphite oxide is an insulator, and
aggregated graphene sacrificed both large
specific surface area and outstanding
single-layer electric property of
graphene.52�54

In this paper, we report a novel method
for preparing the stable aqueous disper-
sions of CCG/PANI-NFs composites. By fil-
trating the mixed dispersions, paper-like
composite films of CCG and PANI-NFs (G-
PNF) were produced. In these films, PANI-
NFs are uniformly sandwiched between
CCG layers. Furthermore, the composite
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ABSTRACT Composite films of chemically converted graphene (CCG) and polyaniline nanofibers (PANI-NFs)

were prepared by vacuum filtration the mixed dispersions of both components. The composite film has a layered

structure, and PANI-NFs are sandwiched between CCG layers. Furthermore, it is mechanically stable and has a high

flexibility; thus, it can be bent into large angles or be shaped into various desired structures. The conductivity of

the composite film containing 44% CCG (5.5 � 102 S m�1) is about 10 times that of a PANI-NF film. Supercapacitor

devices based on this conductive flexible composite film showed large electrochemical capacitance (210 F g�1) at

a discharge rate of 0.3 A g�1. They also exhibited greatly improved electrochemical stability and rate

performances.
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film containing 44 wt % CCG exhibited greatly im-

proved mechanical properties and conductivity in com-

paring with those of pure PANI-NF films. The superca-

pacitor based on this film possesses a high capacitance

and has a high cycling stability.

RESULTS AND DISCUSSION
PANI-NFs used in this study were prepared by inter-

facial polymerization of aniline according to the litera-

ture.33 The as-formed PANI-NFs were proved to be posi-

tively charged in their emeraldine salt form.55 Thus, it

was reported that as-formed PANI-NFs could form a

stable composite dispersion with negatively charged

oxidized carbon nanotubes (OCNTs) via electrostatic in-

teraction.56 On the other hand, CCG sheets also bring

negative charges due to their residual carboxylic

groups.8 Therefore, it is expected that a stable compos-

ite dispersion of CCG and PANI-NFs also can be pre-

pared through a similar process. However, CCG sheets

are quite different from OCNTs mainly in two different

aspects: first, CCG sheets have many more carboxylic

groups located at their edges for electrostatic interac-

tion.8 Second, both OCNTs and PANI-NFs can be stably

dispersed in the aqueous solutions with a pH value of

2.6.55 However, CCG sheets can be stably dispersed only

in a weak alkaline medium (pH � 10).8 Mixing basic

CCG and as-formed acidic PANI-NF dispersions (pH 10

and 2.6, respectively) will form a mixture with high salt

concentration. The mixture was unstable and precipi-

tated within several days as the weight ratio CCG/(PANI-

NFs � CCG) (rG) was higher than 3%. Furthermore,

choosing a suitable pH value for one component would

cause the aggregation of the other one. In particular,

the aggregation of CCG was highly irreversible.8,57 In or-

der to solve this problem, we purified the as-formed

PANI-NF dispersion by dialyzing it for 24 h to remove

the excess ions and then mixed it with CCG colloid im-

mediately to avoid aggregation (see the Methods sec-

tion).

By mixing the purified PANI-NF dispersion with a

controlled amount of CCG colloid (pH � 10) under son-

ication, a dark blue mixture with a pH value of about 9

was obtained. Surprisingly, the mixed dispersion was

quite stable when its rG was higher than 20% and only

a small portion of the composite (�5%, by weight) was

preticipated from the mixture as rG was in the range of

20�40%. Composite dispersion was so stable that little

precipitate was found after standing for over 1 month

or centrifugation under 1500 rpm for 10 min (Figure 1a,

left). In comparison, we adjusted the purified PANI-NF

dispersion to pH � 9 with ammonia solution, and most

PANI-NFs precipitated after aging for 2 weeks (Figure

1a, right).

Figure 1b shows the typical transmission elec-

tronic micrographs (TEM) of G-PNF composite and

PANI-NFs. As can be seen from the inset of Figure 1b,

PANI-NFs have an average diameter of about 120

nm and length of 0.5�3 �m, which are in agree-

ment with those reported in the literature.33 In the

composite, PANI-NFs are coated or sandwiched by

CCG sheets (Figure 1b). It is known that in alkaline

medium (pH � 9) PANI-NFs are in their neutral state,

while CCG sheets are negatively charged. As a re-

sult, CCG/PANI-NF nanocomposites also bring nega-

tive charges, and they can form a stable dispersion

because of the electrostatic repulsion between each

other. It should be noted here that we also found

several naked PANI-NFs from the TEM images of the

composite; however, they were usually precipitated

upon aging or centrifugation treatment.55

By filtrating the mixed dispersions through a po-

rous polytetraflouroethylene (PTFE) membrane,

G-PNF composite films were prepared successfully.
After treatment with aqueous HCl solution (0.1 mol
L�1), the PANI component in the film can be re-
doped; thus, the color of G-PNF films changed from
dark blue to dark green. We found that the mechan-
ical property of these films was crucially determined
by the CCG weight content of the mixed dispersion
(rG). If rG was too low (e.g., 20%), the prepared com-
posite film was fragile. When rG was increased to
30%, a high-quality flexible film was obtained (Fig-
ure 2). As rG was higher than 40%, the composite film
shrunk dramatically after drying, possibly due to
the regional aggregation of CCG sheets. Therefore,
we chose the composite film with rG of 30% (G-PNF30)

Figure 1. (a) G-PNF composite with rG of 30% stably dispersed in an ammonia solution (pH � 9) (left) and pure PANI-NFs
precipitated from the same medium after aging for 2 weeks (right). (a) TEM images of the G-PNF composite and pure PANI-
NFs (inset).
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for further studies. The CCG content in G-PNF30 was

determined to be 44% by elemental analysis (Tables

S1 and S2, Supporting Information), higher than the

feeding rG (30%). This is mainly due to the fact that

the PANI-NFs of the mixed dispersion were partly

lost during the process of filtration with cotton.

The G-PNF30 film has a layered structure as shown in

its cross-section scanning electron micrograph (SEM,

Figure 3a), which is probably caused by the flow-

assembly effect of graphene sheets during filtration.58,59

The magnified SEM image (Figure 3b) reveals that PANI-

NFs are sandwiched between CCG layers. The inter-

spaces between the CCG layers are in the range of

10�200 nm. This morphology endows G-PNF30 film

with additional specific surface area comparing with

that of the compact graphene film prepared under the

same conditions (Figure 3c). Filtrating the dispersion of

PANI-NFs also produced a porous film (Figure 3d). How-
ever, the mechanical property of this film is poor and
it usually broke into small pieces after drying. Therefore,
the G-PNF30 film has several advantages over pure
graphene or PANI-NF films for fabricating supercapaci-
tors. First, the self-standing property and highly flexibil-
ity of G-PNF30 film provide the possibility of shaping
the material into desired structures by convenient me-
chanical techniques. Second, G-PNF30 has a high con-
ductivity of 5.5 � 102 S m�1, which is about 10 times
higher than that of pure PANI-NFs (50 S m�1). Third, the
composite film can be directly used for fabricating a su-
percapacitor device; neither an insulating binder nor a
low capacitance conducting additive is required. Fur-
thermore, as a flexible film, G-PNF30 plays an irreplace-
able role in fabricating flexible electronic devices such
as roll-up displays, electronic papers, and intelligent
cloths.42

The performances of the supercapacitor cells based
on G-PNF30 were evaluated by cyclic voltammetry (CV)
and galvanostatic charge/discharge tests in two-
electrode systems. Figure 4a illustrates the CV of a
G-PNF30 film and compares it with that of a CCG or a
PANI-NF film with the same weight. The two pairs of re-
dox waves shown in both CV of G-PNF30 and PANI-NF
films are attributed to the redox of PANI, correspond-
ing to its leucoemeraldine/emeraldine and emeraldine/
pernigraniline structural conversions, respectively. Both
CVs have large rectangular areas, indicating these two
supercapacitors have large double-layer capacitances.
In comparison, the CV of CCG film exhibits a much
smaller rectangular area, mainly due to its compact

Figure 2. Digital photograph of a flexible G-PNF30 film.

Figure 3. Cross-section SEM images of G-PNF30 (a, b), pure CCG (c), and PANI-NF (d) films prepared by vacuum filtration.
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morphology and the absence of electroactive PANI

component.59

Figure 4b demonstrates the galvanostatic charge/

discharge curves of the supercapacitors tested at a

charging/discharging current density of 0.3 A g�1. All

electrochemical tests of supercapacitors are based

on two-electrode system, which can measure their

performances more accurately.7 The supercapacitor

based on CCG films exhibited a triangular-shape

charge/discharge curve, implying its capacitance is

mainly attributed to pure electric double layer (EDL)

capacitance. However, the discharging curve of the

supercapacitor fabricated from G-PNF30 films shows

two voltage stages in the ranges of 0.8�0.45 V and

0.45�0 V, respectively. The former stage with a rela-

tively short discharging duration is ascribed to EDL

capacitance; nevertheless, the latter stage with a

much longer discharging duration is associated with

the combination of EDL and faradaic capacitances

of PANI-NF component.35 The discharge curve of the

supercapacitor with PANI-NF films is similar to that

of the supercapacitor with G-PNF30 films. However,

its “IR drop” is much higher than that of G-PNF30 su-

percapacitor. This result reflects that the internal re-

sistance of the former device is much higher than

that of the latter.60 Low internal resistance is of great

importance in energy storing devices; for less en-

ergy will be wasted to produce unwanted heat dur-

ing charging/discharging processes. Thus, G-PNF30

film is more suitable for fabricating safe and power-

saving supercapacitors compared with PANI-NF film.

Specific capacitances of G-PNF30, PANI-NF, and

CCG films calculated from their charge/discharge

curves are listed in Table 1. It is clear from Table 1

that both the G-PNF30 and PANI-NF films have much

larger specific capacitances than CCG film. The gravi-

metric capacitance of G-PNF30 film (210 F g�1) is

also much higher than the average value (arith-

metic mean) of PANI-NF and CCG films (214 � 0.56

� 57 � 0.44 � 145 F g�1), indicating the synergic ef-

fect of both components. This effect is mainly due

to the following two factors. First, the incorporation

of PANI-NFs into CCG greatly improved the double-

layer capacitance of the composite film by forming a

porous structure which has high specific surface

area. The Brunauer�Emmett�Teller specific surface

area test (BET-SSA, Table 1) shows that the specific

surface area of G-PNF30 is much higher than that of

the CCG film. Second, the pseudocapacitance of

PANI-NF in the composite film was enhanced by its

highly conductive CCG component, which favors the

redox reaction of PANI component. PANI in its leu-

coemeraldine or pernigraniline form is an insulator;

thus, the supercapacitor based on PANI-NF films has

a large internal resistance as it is fully charged or dis-

charged. In G-PNF film, however, the CCG compo-

nent has a conductance of as high as 4.0 � 103 S

m�1. Therefore, it forms a conducting network for

improving the redox activity of PANI. Moreover,

G-PNF30 film possesses a much higher volumetric ca-

pacitance than that of PANI-NF film owing to its

more compact structure, showing obvious merits in

potential applications for low-volume high-

capacitance devices.

The rate performance of G-PNF30 film was evalu-

ated by charging/discharging at different current densi-

ties (id) and compared with that of a PANI-NF film (Fig-

ure 5a). The G-PNF30 film maintained its 94%

capacitance (197 F g�1) as id was increased from 0.3 to

3 A g�1, while the PANI-NF film lost about 14% of its ca-

pacity in the same id range. This is possibly because

the high conductivity of G-PNF30 film accelerated its

charge-transfer during the discharging process. How-

ever, when id was increased to be as high as 6 A g�1, the

specific capacitance of the G-PNF30 film was measured

to be slightly lower than that of the PANI-NF film. In this

TABLE 1. BET-SSA, Weight Density (�), and Gravimetric
(Cm) and Volumetric (Cv) Capacitances of G-PNF30, PANI-
NF, and CCG Films (Measured at id � 0.3 A g�1)

film BET-SSA/(m2 g�1) �/(g · cm�3) Cm/(F · g�1) Cv/(F · cm�3)

G-PNF30 12.7 0.76 210 160
PANI-NF 34.4 0.54 214 116
CCG very low 1.53 57 87

Figure 4. Cyclic voltammograms (a, scan rate � 5 mV s�1) and galvanostatic charge/discharge curves (b, charging/discharg-
ing current density � 0.3 A g�1) of the supercapacitors based on G-PNF30, as-formed PANI-NF, and CCG films.
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case, the capacitances of both films were mainly lim-

ited by the diffusion of the supporting electrolyte. As a

result, the smaller specific area of G-PNF30 film made its

capacitance dropped more dramatically at this dis-

charge rate. It is also clear from Figure 5b that the

G-PNF30 film also has larger specific energy and spe-

cific power than those of the PANI-NF film as id was in

the range of 0.6�6 A g�1.

The Nyquist plots of G-PNF30 and PANI-NF films are

demonstrated in Figure 6. These plots do not show

semicircle regions, probably due to the low faradaic re-

sistances of the films. The 45° region in the plot of the

PANI-NF film is short (50�10 Hz, Figure 7 inset), indicat-

ing a typical Warburg impedance. However, the 45° re-

gion in the plot of the G-PNF30 film is quite long (from 1

kHz to 0.3 Hz). This result is accorded with the “transmis-

sion line” behavior, reflecting that the G-PNF30 film has

a porous structure as confirmed by its SEM images (Fig-

ure 3b).61�63

The instability of the capacitors based on CP films

(especially PANI) during long-term charge/discharge

cycling is one of their most lethal deficiencies. As

shown in Figure 7, the capacitance of pure PANI-NF

lost 29% (from 187 to 133 F g�1) after 800 charging/

discharging cycles at a current density of 3 A g�1.

However, under the same conditions, the capaci-

tance of the G-PNF30 film decreased only 21% (from

198 to 155 F g�1). The improved electrochemical sta-

bility of the G-PNF30 film can be explained as fol-

lows. In the composite, CCG sheets act as the frame-

works for sustaining PANI-NFs, preventing the fibers

from severely swelling and shrinking during cycling.

Thus, the morphological and electrochemical prop-

erty changes of PANI-NFs induced by charge/dis-

charge cycling were greatly reduced.64

CONCLUSIONS
Stable aqueous dispersions of CCG/PANI-NF com-

posite have been successfully prepared by mixing

two purified components with the assistance of ul-

trasonication. This method provided a new route to

graphene-based nanocomposites. Free-standing,

flexible G-PNF30 composite film with layered struc-

ture was obtained via filtration of the aqueous dis-

persion of the composite. The conductivity of

G-PNF30 film was measured to be as high as 5.5 �

102 S m�1, which is one order higher than that of

pure PANI-NF film. The symmetric supercapacitor de-

vice using G-PNF30 films was successful as both elec-

trodes exhibited a high capacitance of 210 F g�1 (or

160 F cm�3) at 0.3 A g�1, and this capacitance can be

maintained for about 94% (197 F g�1) as the dis-

charging current density was increased from 0.3 to

Figure 5. (a) Plots of specific capacitance versus discharging current density and (b) Ragone plots for G-PNF30 and PANI-NF
films.

Figure 6. Nyquist plots of G-PNF30 and PANI-NF films. Inset
shows the magnified high-frequency regions.

Figure 7. Cycling stability of G-PNF30 and PANI-NF films upon
charging/discharging at a current density of 3 A g�1.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 4 ▪ 1963–1970 ▪ 2010 1967



3 A g�1. Furthermore, the G-PNF30-based capacitor
has good stability so that after 800 charging/dis-
charging cycles at current density of 3 A g�1 a high
capacitance of 155 F g�1 was maintained. These per-

formances are much higher than those of the super-
capacitors based on pure CCG or PANI-NF films,
mainly due to the synergic effect of both
components.

METHODS
Preparation of Graphite Oxide (GO) and CCG Colloids. GO was pre-

pared by Hummer’s method65 and purified by dialysis, and the
details are described in the literature.14 Graphene colloid was
prepared by an electrostatic stabilization method developed by
Li and co-workers.8 The procedures are described briefly as fol-
lows. Purified GO (1 mg mL�1) was centrifuged under 3000 rpm
to remove aggregates and then diluted to 0.4 mg mL�1. Succes-
sively, 1.05 mL of ammonia solution (25%, Beijing Chem. Works)
and 132 �L of hydrazine monohydrate (99%, Alfa Aesar) were
added into 300 mL of diluted GO dispersion, mixed by vigorous
shaking for 1 min, and then kept at 95 °C for 1 h. The resulting so-
lution was filtered through cotton and dialyzed against ammo-
nia solution (pH � 10) for one week. Finally, the dispersion was
centrifuged under 3000 rpm for 20 min to remove aggregated
graphene sheets.

Preparation and Purification of PANI-NFs. PANI-NFs were prepared
by interfacial polymerization reported by Huang and co-
workers,33 and the procedures are briefly described as follows.
In a 30 mL glass vial, 0.585 mL of freshly distilled aniline (Beijing
Chemical Reagent Co.) was dissolved in 10 mL of chloroform
(Tianjin Third Chemical Reagent Co.). HClO4 (1.65 mL, 70%, Tian-
jin Xinyuan Chemical Co.) and ammonia persulfate (0.365 g, AR,
Sinopharm Chemical Reagent Co.) were dissolved in 20 mL of
deionized water and then carefully transported into the aniline
solution described above to form a stable interface. Polymeriza-
tion was performed in the dark at room temperature overnight.
After polymerization, the aqueous phase was collected and puri-
fied by dialysis. In this process, 20 mL of the suspension was dia-
lyzed against 1 L of deionized water under stirring for about
24 h until its pH value was higher than 6. The concentration of
PANI-NF dispersion was calibrated immediately and then used
for mixing with CCG colloid as soon as possible (within 12 h).
Otherwise, aggregated PANI-NFs will be formed in the neutral
medium, which will reduce the quality of the G-PNF composite.55

Preparation of G-PNF Composite Films. The structures and compo-
sitions of CCG and PANI-NF were confirmed by X-ray photoelec-
tron spectroscopy and elemental analysis (Figure S1 and Table
S1, Supporting Information). PANI-NF was diluted to 0.3 mg mL�1

with deionized water and redispersed by sonication (using a
180 W ultrasonication cleaner) for 0.5 h. Then, graphene colloid
(0.2 mg mL�1) was added, and the resulting mixture was soni-
cated for another 2 h. The composition of the composite was
controlled by the volume ratio of the two suspensions. After fil-
tration with cotton to remove the trace amount of precipitate,
the mixture was carefully poured into a vacuum filter equipped
with a 0.22 �m porous PTFE membrane and filtered under low
pressure (0.04 MPa) to produce a composite film. Then, the com-
posite film was immersed in an aqueous solution of 0.1 M HCl
overnight to redope its PANI-NF component. Finally, it was dried
under vacuum at room temperature. For control experiments,
PANI-NF colloid was also prepared by redispersing purified PANI-
NFs in aqueous HCl solution (pH � 2.6). PANI-NF colloid or CCG
sheets were filtrated under vacuum to produce corresponding
films. It should be noted here that the mechanical property of
PANI-NF film is poor, and it usually broke into several small
pieces after drying.

Characterizations. Scanning and transmission electron micro-
graphs were recorded on a Sirion 200s scanning electron micro-
scope (JEOL) and a 7650B transmission electron microscope (Hi-
tachi), respectively. Conductivities of the films were measured by
a conventional four-probe technique. The BET surface area was
measured by using a QuadraSorb SI surface area analyzer (Quan-
tachrome Instrument). The structure of the supercapacitor cells
is shown in Figure 8, and the procedures of fabricating the de-
vices are described as follows. Two pieces of G-PNF30, PANI-NF,

or CCG films were used as both electrodes, and they were sepa-
rated by a filtrate paper soaked with electrolyte (1 M H2SO4). Two
Pt foils were used as the current collectors. All of the compo-
nents were assembled into a layered structure and sandwiched
between two pieces of glass slides.7,66 A flexible supercapacitor
can also be fabricated by replacing glass slides with plastic
sheets and using flexible carbon-based current collectors.

Electrochemical performances of the supercapacitor cells
were tested by cyclic voltammetry (CV), galvanostatic charge/
discharge (on a CHI 440 potentiostat, CH Instruments, Inc.), and
electrochemical impedance spectroscopy (EIS, on a CHI 660 po-
tentiostat, CH Instruments, Inc.). All of the experiments were car-
ried out in a two-electrode system. The potential range for CV ex-
aminations was �0.2 to �0.8 V, and that for galvanostatic
charge/discharge tests was 0�0.8 V. EIS tests were carried out
in the frequency range of 105�0.05 Hz at a 10 mV amplitude re-
ferring to open circuit potential. The mass and volume specific
capacitances (Cm and CV, respectively) were calculated by using
the equations Cm � (I�t)/(m�V) and CV � Cm�, where I is the con-
stant discharge current, �t is the discharging time, m is the to-
tal mass of the electrode, �V is the voltage drop upon discharg-
ing (excluding the IR drop), and � is the density of the film.
Specific energy (E) and specific power (P) in the Ragone plot
were calculated by using the equations E � 1/2Cm�V2 and P �
E/�t, respectively.
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