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ABSTRACT: Bicontinuous macroporous graphene foam composed of few-layered
graphene sheets provides a highly conductive platform on which to deposit mesoporous
polyaniline via incorporation of electrodeposition and inkjet techniques. The experimental
results exhibit that the coating polyaniline thin layer on the surface of three-dimensional
graphene foam via electrodeposition is of importance for changing the hydrophobic surface
to a hydrophilic one and for the subsequent filling of the mesoporous polyaniline network
into the macroporous graphene foam. The porous polyaniline network with high
pseudocapacitance is highly efficient for adjusting the pore structure and capacitive
properties of graphene foam. When used as electrode materials for supercapacitors, the
resulted graphene foam−polyaniline network with high porosity renders a large areal
capacitance of over 1700 mF cm−2, which is over two times the enhancement in
comparison with the pure graphene foam and polyaniline thin layer coated one. The
ultrahigh areal capacitance benefits from the synergistic effect of the good conductive
graphene backbone and high pseudocapacitive polyaniline.
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■ INTRODUCTION

The increasing demand for clean energy storage and
applications has motivated recent research efforts into the
development of supercapacitors with both high energy and
power density through exploitation of advanced electrode
materials.1,2 Graphene-based materials are considered to be
potential electrode materials for next-generation supercapaci-
tors because of their large specific surface area, good electrical
conductivity, and chemical and thermal stability.3−5 The high
mechanical strength and flexibility of this atomically thin two-
dimensional carbon material makes graphene particularly
attractive to fabricate light and flexible supercapacitors.6−11

The chemically reduced graphene oxide (RGO) opens new
ways to prepare graphene-based electrodes for supercapacitor
applications.12−16 However, RGO sheets prefer to restack
together due to strong π−π interactions, leading to well
restacked and conductive graphene films.17,18 In supercapacitor
electrodes, this material leads to inferior capacitance due to the
poor penetration of electrolytes into the compact structure of
the RGO film. The shortage would be eliminated by fabricating
RGO-based materials with high surface area via rationally
designed methods,7,13,19−23 such as template methods.24

Alternatively, ultrathin graphene foam consisting of a few
layers of graphene can be prepared by chemical vapor
deposition templating nickel foam.22,25 The lack of intrinsic
electrochemical activity of graphene materials limits their
capacitive performance. The macro-sized pores (around several
hundreds of micrometres) are efficient to facilitate electrolyte
transfer but do not contribute to the areal capacitance.
Nevertheless, graphene foam provides an excellent platform

with high electric conductivity and porosity on which to deposit
various metal oxides and conducting polymers for various
electrochemical applications.26−28 It is still challenging to
prepare graphene-based supercapacitor electrodes with large
areal capacitance.29,30 Anodic electropolymerization of polyani-
line (PANi) on macroporous graphene foam gave an enhanced
specific capacitance benefiting from the large pseudocapacitive
contribution of PANi. The shortcoming is that only a thin layer
of metal oxide or conducting polymers has been coated on the
surface of graphene foam,31,32 resulting in small areal
capacitance. Thus, it is highly desirable to fill the macro-sized
pores with pseudocapacitive material with smaller pores in
order to boost its areal capacitance.33

Herein, we demonstrate a simple approach to filling
macroporous graphene foam with mesoporous PANi via the
combination of electrodeposition and subsequent oxidative
polymerization of aniline monomers. The approach is robust
not only to adjust the pore size of graphene foam but also to
introduce pseudocapacitive materials. When used as electrode
materials for supercapacitors, the bicontinuous graphene foam
is an efficient backbone for facile electron transfer, while the
mesoporous PANi can provide large pseudocapacitance. Thus,
high areal capacitance has been achieved.
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■ EXPERIMENTAL SECTION
Preparation of Polyaniline-Filled Graphene Foam. Three-

dimensional (3D) graphene foam was synthesized by a modified
chemical vapor deposition (CVD) method with nickel foam as the
growth substrate and ethanol as the precursor under atmospheric
pressure according to previous reports.22,25 Typically, the nickel foam
placed into a quartz tube was heated to 1000 °C at a 50 °C/min
heating rate and maintained for 10 min under atmospheric pressure
with a gas flow of H2/Ar (H2/Ar = 25:50 sccm) to clean the surface of
the nickel foam. After 20 min of growth, the sample is rapidly cooled
to room temperature under H2/Ar flow. Finally, the Ni substrate was
removed using 3 M HCl at 50 °C for 2 days, leaving free-standing 3D
graphene foam. The obtained graphene foam was cut into the designed
size and used as an electrode by connecting to a Cu wire with Ag
paste. Polyaniline thin films were electrodeposited on the graphene
foam (1 cm × 2 cm, thickness ∼1.0 mm) in a three-electrode cell with
the as-prepared graphene foam as the working electrode, a Pt plate as
the counter electrode, and a Ag/AgCl (sat. KCl) electrode as the
reference electrode. The electrolyte contained 50 mL of 0.05 M aniline
monomers and 0.1 M phytic acid. The electrochemical deposition was
performed at a current density of 2 mA cm−2 for 300, 1800, and 3600 s
at room temperature, respectively. After the coating of graphene foam
with a thin layer of polyaniline via electrodeposition for 300 s, 100 uL
of aniline monomer and phytic acid with an oxidizing agent
(NH4S2O8) was filled into the pores of the polyaniline-coated
graphene foam via an inkjet method, and the polymerization was
carried out at 4 °C overnight. Finally, the samples were washed with a
large amount of DI water, and the obtained sample is named PANi-
filled graphene foam.
Characterization. The morphology and microstructure of the

samples were investigated by field emission scanning electron
microscopy (FESEM, JSM-6700F, JEOL, Japan). Fourier transform
infrared spectra (FITR) were recorded on a PerkinElmer spectrum GX
FTIR system. The Raman spectra were collected by Raman
spectroscopy (Renishaw), using a 514 nm laser. The contact angle is
measured with a FTA200 dynamic contact angle analyzer. A CHI
760D electrochemical workstation (CH Instruments) was used to
measure the electrochemical properties of the samples at ambient
temperature (about 22 ◦C). The electrochemical cell had a three-
electrode configuration with a bright Pt plate as the counter electrode
and an Ag/AgCl electrode as the reference electrode. The as-prepared
samples were used as working electrodes. Two M H2SO4 aqueous
solutions were employed as the electrolyte. Cyclic voltammetry (CV,
−0.1 to 0.9 V, 10 mV s−1) was carried out on an electrochemical
workstation (CHI760D). Galvanostatic charging/discharging tests
were performed in the potential range of 0 to 0.8 V at different
current densities.

■ RESULTS AND DISCUSSION
The preparation procedure is illustrated in Figure 1. Graphene
foam is synthesized via chemical vapor deposition according to
the previous reports.22,25 PANi thin film is first coated on
graphene foam by a galvanostatic electropolymerization
method at a current density of 2 mA/cm2. Then, aniline

monomers are inkjet printed into the pores of the PANi-coated
graphene foam and subsequently oxidative polymerized to
porous PANi hydrogel with the help of phytic acid. Phytic acid
characterized by a high density of phosphate groups are able to
interact with PANi chains, guiding the formation of porous
PANi hydrogel.34 The inkjet method is effective to fill the
aniline monomer with a defined volume into the pores of
graphene foam in order to regulate the loading of porous PANi.
Figure 2a shows the morphology of 3D graphene foam,
exhibiting a well-defined macroporous structure with a pore
diameter of ∼100−400 μm, and the pore−ligament structure is
similar to that of the Ni foam due to the conformal chemical
vapor deposition growth. The enlarged SEM image reveals that
the graphene scaffold has a smooth surface (Figure 2b). After
electrochemical deposition of PANi for 300 and 1800 s (Figure
2c−f), the open pore structure is preserved, but the graphene
surface is covered with an increasingly dense PANi layer with
few nanorods (Figure 2f), indicating the increased loading of
PANi. When the deposition time is increased to 3600 s (Figure
2g,h), the graphene scaffold is covered with dendritic PANi
microstructures. When the phytic acid in the electrolyte is
replaced with sulfinic acid, PANi nanofibers with a diameter of
about 80 nm are deposited on the surface of the graphene foam
(Figure S1, Supporting Information), suggesting that acid plays
an important role in the growth of the PANi nanostructure.
Figure 3a shows the typical Raman spectra of graphene foam

and PANi-coated graphene foam. The graphene foam exhibits
G and 2D peaks at ∼1580 and ∼2712 cm−1, which is consistent
with the literature.22,25,35 The absence of the D band suggests
the formation of high quality and uniform graphene sheets
almost without the disordered structural defects. The area ratio
of the 2D and G bands suggests that the as-prepared graphene
foams are mainly composed of few-layered graphene.22,25 For
the PANi-coated graphene foam sample, in addition to the 2D
and G bands, other bands at about 1160 and 1335 cm−1

ascribed to the C−H vibrations in quinoid/phenyl groups and
the semiquinone radical cation structure in PANi suggests the
formation of PANi coating.36 Figure 3b shows FTIR spectra of
graphene foam and PANi-coated graphene foam. The nearly
featureless FTIR spectrum of graphene foam, with only a band
at about 1630 cm−1 corresponding to the skeletal vibration of
graphene sheet, suggests that the surfaces of the graphene
sheets have few functional groups. In contrast, many sharp
peaks are observed for the sample of PANi-coated graphene
foam. Specifically, the typical bands at 1565 and 1475 cm−1 are
assigned to CC stretching vibration modes in quinoid and
benzene rings, respectively, whereas the bands at 1299 and
1240 cm−1 are related to the C−N and CN stretching
modes, respectively.37 The presence of these bands suggests the
successful deposition of PANi on the graphene foam.
Additionally, the bands at around 1100 and 800 cm−1 are
attributed to the C−H in-plane bending and the C−H out-of-
plane bending modes, respectively. As shown in Figure S2a of
the Supporting Information, the large contact angle of 139°
clearly indicates the hydrophobicity of graphene foam. In
contrast, the continuous optical images exhibit that the water
droplet is soaked immediately into the PANi-coated graphene
foam, suggesting a superhydrophilic nature. The results exhibit
that the coating of PANi on the graphene foam is crucial to
imparting a hydrophilic character, which will not only facilitate
further deposition of PANi into the pores of the graphene foam
but also will allow the electrolyte to be accessed easily.

Figure 1. Illustration for the preparation procedure of polyaniline-
filled graphene foam via a two-step method.
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As shown in Figure 4a, the pores of graphene foam with a
PANi thin layer can be further filled with porous PANi via
oxidative polymerization of an aniline monomer among the
macro-sized pores. In the presence of phytic acid, aniline
monomers are polymerized to form a porous PANi hydrogel.34

In the enlarged SEM image (Figure 4b), the PANi aerogel
exhibits the interconnected network-like scaffold with a
bicontinuous porous structure. The cross-section SEM image
reveals that the porous structure of PANi is cross-linked among
the pores of graphene foam, which will facilitate electrolyte
penetration into the interior for high capacitance. Figure S3 of
the Supporting Information reveals the flexible nature of PANi-
filled graphene foam, suggesting its potential application in
flexible supercapacitors. As a control experiment, the deposition
of PANi into the pure graphene foam without PANi coating via
electrochemical deposition was also performed. Due to the
hydrophobic nature, the pure graphene foam cannot be filled
very well (Figure S4, Supporting Information).
The capacitive performance of the samples was characterized

using cycle voltammetry (CV) and charge−discharge techni-
ques. The CV curves (Figure 5a) exhibit broad redox peaks,
resulting from the pseudocapacitive behavior of PANi, and the
current density increases gradually with increasing deposition
time. The large area under the CV curve indicates high
capacitance because the current is proportional to the
capacitance. The electrode exhibits the largest capacitance
after filling the graphene foam with the porous PANi network.
The charge−discharge curves of the corresponding samples are
shown in Figure 5b. All curves exhibit a nearly equilateral
triangle shape, suggesting a good reversibility during the
charge−discharge processes. The slight voltage plateau is
ascribed to the redox behavior of PANi. The good capacitive
behaviors of electrode materials can be attributed to the
following features: (1) The good hydrophilicity of the samples
facilitates the penetration of electrolytes into the inner surface.
(2) The good electrical conductivity of the graphene foam
facilitates the electron transfer among the electrode material,
leading to low internal resistance. (3) The porous PANi filling
into the pores of the graphene foam provides large
pseudocapacitance on the basis of the redox reactions.
On the basis of the charge−discharge curves at different

current densities, the corresponding areal capacitance (Fs in mF
cm2 in Figure 5c) is calculated according to the following
equation: Fs=Fg/S, where Fg (in F g−1) is the gravimetric
capacitance obtained from the charge−discharge curves and S
(in cm2 g−1) is the surface area of electrode materials. As
shown, the areal capacitance increases with increasing
deposition time because more PANi was deposited onto the
surface of the graphene foam. The largest areal capacitance for

Figure 2. SEM images of graphene foam (a) and (b), polyaniline-coated graphene foam via electrochemical polymerization for deposition times of
300 s (c) and (d), 1800 s (e) and (f), and 3600 s (g) and (h).

Figure 3. Raman spectra (a) and FTIR spectra (b) of graphene foam
and PANi-coated graphene foam.

Figure 4. SEM image (a), cross-section SEM image (b), and enlarged
SEM image (c) of graphene foam filled with polyaniline via oxidative
polymerization.
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PANi-coated graphene foam is over 900 mF cm−2. As shown in
Figure 2f, there is much space that can be used for PANi
deposition after 3600 s of electrodeposition. It can be expected
that the areal capacitance would be further increased by filling
the pores with porous PANi. Indeed, the areal capacitance of
PANi-filled graphene foam is as high as 1700 mF cm−2, nearly
two times the enhancement in comparison with the PANi-
coated graphene foam, and the sample exhibits a good rate
performance of ∼55% capacitive retention when the current
density is increased by 24-fold. The obtained areal capacitance
is much higher than those of recently reported graphene-based
electrodes, including a PPy-coated RGO electrode (151 mF
cm−2)38 and a flexible RGO film-based supercapacitor (4.04 mF
cm−2).23 It also outperforms other recently reported super-
capacitors based on various pseudocapacitive nanomaterials,
such as oriented NiO−TiO2 nanotube arrays (∼2.7 mF
cm−2),39 highly ordered titania nanotube arrays (∼0.9 mF
cm−2),40 and NiCo2O4 nanowire arrays supported on Ni foam
(∼161 mF cm−2).41 The large areal capacitance of the
composite material would contribute to the synergistic effect
of the good conductive graphene backbone for rapid electron
transfer and the high pseudocapacitive polyaniline with high
porosity for easy electrolyte transfer. Cycling stability is tested
by repetitive charge−discharge cycles (Figure 5d). The
capacitive retention of PANi-filled graphene foam is ∼73%
after 1500 cycles. However, only a slight decrease is observed
during the subsequent cycling test. The capacitive retention is
around 69% after 5000 cycles. The capacitive retention is
comparable and even higher than those of recently reported
results, such as GO/PANi nanocomposite film (53% after 1000
cycles),42 chemically grafted graphene−PANi composite
(68.7% after 1000 cycles),43 and PANi nanosheets arrayed on
GO sheets (62% after 1000 cycles).44 The porous structure of
the PANi-filled graphene foam may be more tolerant to
structural changes (e.g., volume expansion) during the charge−
discharge process, thus leading to good cycling stability.

■ CONCLUSION

In summary, three-dimensional graphene foam composed of
ultrathin graphene sheets is used as a highly conductive and
porous platform for the deposition of porous polyaniline via
electrochemical deposition and oxidative polymerization. The
electrodeposition is efficient to coat a thin layer of polyaniline
on the surface of the graphene foam and impart a hydrophilic
nature, but is not able to fill the large submillimeter-scale pores.
The macroporous graphene foam can be totally filled with
porous polyaniline via oxidative polymerization in the presence
of phytic acid. The porous polyaniline-filled graphene foam
exhibits a large areal capacitance of over 1700 mF cm−2; over
two-fold enhancement of the areal capacitance is achieved in
comparison to the graphene foam coated with electrodeposited
polyaniline. The good capacitive performance is contributed to
the synergic integration between graphene foam and polyani-
line. Specifically, the porous graphene foam with good
electronic conductivity facilitates the electron transfer among
the electrode with low resistance, while the porous polyaniline
filled into the graphene foam provides large pseudocapacitance
via redox reactions. These unique features endow their
promising applications in high-performance supercapacitors.
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