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Abstract Graphene foam (GF) was fabricated by chemical
vapor deposition using nickel foam as the template and the
GF was activated by concentrated nitric acid. Polyaniline
nanowire arrays (PANI NWAs) were grown on the surface
of GF by in-situ polymerization to obtain the PANI NWAs/
GF composite. The morphologies and structures of GF and
PANI NWAs/GF composite were characterized by scan-
ning electron microscopy, transmission electron microscopy
and Raman analysis, respectively. The integration between
GF and PANI NWAs shows a synergistic effect. GF pro-
vides electrically conductive channels for the PANI NWAs
anchored on it, and PANI NWAs with small diameters pro-
vide high pseudocapacitance and enhanced electrode spe-
cific surface area. The electrode exhibits a high specific
capacitance 870 F g~ at 1 A g~!. Moreover, the electrodes
possess an excellent cycle life with 80% capacitance reten-
tion after 1000 cycles at 6 A g~ .

1 Introduction

Supercapacitor has attracted great attention owing to
their high power density, long cycling stability and fast
charge—discharge rate [1-3]. Graphene is a single layer
of sp? hybridized carbon atoms packed densely in a hon-
eycomb lattice, which has been used as a supercapacitor
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electrode material due to its excellent electrical properties,
ultrahigh chemical stability and specific surface area up to
2630 m? g~! [4-6]. Although graphene is very stable as a
supercapacitor electrode material, the capacitance is rela-
tively low due to the mechanism of electrical double layer
capacitor (EDLC). In contrast, pseudocapacitor materi-
als (transition metal oxides and conducting polymers) can
deliver much higher capacitance than graphene due to the
fast Faradic redox reactions on the surface or near-surface of
the electrode materials but poor stability [7]. Therefore, it is
an effective way to improve the capacitor performance by the
combination of graphene and pseudocapacitor materials in
supercapacitor [8]. Among various pseudocapacitor materi-
als, polyaniline (PANI) is considered as one of the best elec-
trode materials for supercapacitor due to its low cost, easy
synthesis, high conductivity and high specific capacitance
(with a theoretical value of 2000 F g_l) [9].

However, because of the aggregation of graphene with
strong 7-m interactions, the performance advantages of
PANI/graphene composites cannot fully be displayed,
which limits its further applications [10, 11]. Recently, three
dimensional (3D) graphene foam (GF) has been attracted
much attention. Various synthetic methods of 3D GF includ-
ing the template and self-assembly methods have been devel-
oped in the past few years [12—17]. The porous structure of
3D GF not only possesses the excellent properties of gra-
phene (high electrical conductivity, excellent mechanical
properties and large specific surface areas) but also prevents
the aggregation of graphene.

Some researches of PANI/GF composites have been
reported in recent years. Meng et al. [18] prepared a PANI
nanowire arrays (NWAs)/GF composite. CaCO; particles
formed in graphene oxide (GO) aqueous dispersion were used
as the template to fabricate GF and PANI NWAs were grown
on the surface of GF by in-situ polymerization. Yu et al. [19]

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-017-7736-2&domain=pdf

17940

J Mater Sci: Mater Electron (2017) 28:17939-17947

fabricated a GF by a dipping method and reduction process.
PANI NWAs were grown on the GF by in-situ polymeriza-
tion. The symmetric device based on PANI/GF composite
electrodes in the 1 M H,SO, electrolyte exhibits an ultrahigh
specific capacitance (790 F g~!) owing to the well-ordered
porous structure of the composite. Luo et al. [20] prepared
PANI nanofibers/nitrogen-doped graphene hydrogels by a
polymerization and hydrothermal process. It shows a high spe-
cific capacitance (610 F g™' at 1 A g~") due to their 3D porous
structures, formed conducting networks, high specific surface
areas and fast electron/ion transfer. As described above, it is
the most common way to obtain GF by preparation of GO
followed by a reduction process, which is used to combine
with PANI NWAs as supercapacitor electrode. However, the
distorted structure and the incomplete reduction of graphene
degrade the electrical conductivity, which decreases the elec-
trochemical properties of the composite.

In order to further improve the electrochemical properties
of the composite, Yu et al. [21] fabricated the GF by chemical
vapor deposition (CVD) and PANI nanocones were vertically
grown on the surface of GF by electrodeposition. This struc-
ture increases the specific surface area and provides the fast
diffusion path for electrolyte ions. The material possesses a
specific capacitance of 751.3 Fg~'in 1 M HCIO, and has a
high rate capability as well as good cycling stability. Pedros
et al. [22] developed a PANI nanofiber sponge (PANI-NFS)/
GF composite by CVD and the controlled electrodeposition
process. The PANI-NFS/GF composite combines the efficient
electronic transport in the GF with the rapid diffusion of the
electrolyte ions into the PANI-NFS with a large specific sur-
face area. A high specific capacitance 1474 F g~ is obtained
at a current density of 0.47 A g~! and the capacitance retention
is 83% after 15,000 cycles.

In this paper, a 3D GF was prepared by CVD using nickel
foam (NF) as the template. Then, the activation treatment
of GF was carried out by concentrated nitric acid. Finally,
PANI NWAs were grown on the surface of GF by in-situ
polymerization to obtain PANI NWAs/GF composite. The
integration between GF and PANI NWAs shows a synergis-
tic effect, which leads to the enhanced performance of both
electric double-layer capacitors and pesudocapacitors. The
specific capacitance of PANI NWAs/GF can reach as high
as 870 F g~! at a current density of 1 A g~!. Moreover, the
electrode possesses an excellent cycle life with 80% capaci-
tance retention after 1000 cycles at 6 A g~'.

2 Experimental
2.1 Synthesis of GF

GF was prepared by CVD using NF as the template. The
areal density and thickness of NF are ~0.042 g cm~2 and
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~1.6 mm, respectively. NF was placed into the middle of
tube furnace and heated to 1000 °C at a rate of 10 °C min~"
under Ar (500 sccm) and H, (200 sccm) atmosphere, the
temperature was hold 20 min to clean the surface of NF.
A CH, gas (20 sccm) was then introduced into the tube
furnace at ambient pressure with the same amounts of Ar
and H,. After 10 min, CH, gas was turned off and the
sample was rapidly cooled to room temperature at a rate
of ~100 °C min~". The final sample (NF covered with gra-
phene) was cut into 1 x 1 cm? pieces, a 4 wt% poly(methyl
methacrylate) (PMMA, weight-averaged molecular mass
Mw D996,000) ethanol solution was dropped on the sur-
face of sample and then solidified at 200 °C for 1 h. A
thin layer PMMA was used to prevent structural failure
of the GF when the NF was etched away. The sample was
then placed in an HCI (3 M) at 90 °C for overnight to
completely remove the nickel. Finally, GF was obtained
by dissolving the PMMA with hot acetone at 60 °C and
heat-treated at 450 °C in Ar for 1 h.

2.2 Preparation of PANI NWAs/GF

Firstly, the GF was immersed in the concentrated nitric
acid (16 M) for 18 h at room temperature and washed by
deionized water for several times. The activated GF was
transferred onto a glass slide and dried by freeze-drying.
Then, the activated GF was carefully immersed into the
solution of 1 M H,SO, aqueous solution containing ani-
line (AR) for 3 h under ice bath to ensure the complete
adsorption of aniline. The ammonium per oxydisulfate
(APS, AR) was resolved in the same volume solution of
1 M H,SO, aqueous solution. Finally, the APS solution
was rapidly added to the aniline solution and stirred for
60 s, the molar ratio of aniline to APS was 4:1. Polymeri-
zation was carried out at —5 °C. After reacting for 24 h,
the PANI NWAs/GF composite was taken out and washed
with deionized water for several times. For comparison,
the PANI/GF composite was also prepared using the same
method without the activation process of GF.

2.3 Characterizations

The morphologies of the GF, PANI NWAs/GF were exam-
ined by field emission scanning electron microscopy (FE-
SEM, FEI, Sirion-200) with an accelerating voltage of
20 kV. A high-resolution transmission electron microscope
(HR-TEM; JEM2100F, JEOL) was used to investigate the
morphologies of the GF. Raman spectroscopy was per-
formed with a micro-Raman system (Renishaw, RM1000-
In Via) in the range of 500-3000 cm™! using an excitation
energy of 1.96 eV (633 nm, HeNe laser).
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2.4 Electrochemical measurements

The electrochemical studies were performed in a conven-
tional three-electrode system with 1 M H,SO, electrolyte
solution. The PANI NWAs/GF was used as the working
electrode, Ag/AgCl as the reference electrode and platinum
wire as the counter electrode. The cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and galvano-
static charge/discharge (GCD) cycle tests were carried out
on a Biologic VMP3 electrochemical workstation.

3 Results and discussion

Figure 1 shows the schematic of fabrication process of PANI
NWASs/GF composite. Firstly, NF was used as the template

to deposit graphene on its surface by CVD. After etching
of nickel, GF was obtained. Then, GF was activated by the
concentrated nitric acid to obtain active groups on its sur-
face. Finally, PANI NWAs were grown on the surface of the
activated GF by in-situ polymerization.

SEM image of the free-standing GF is shown in Fig. 2a.
An interconnected 3D network structure can be clearly
observed. The graphene sheet has a smooth and complete
surface, and the intrinsic grains and wrinkles of the gra-
phene sheets well remained (Fig. 2b). The pore size of the
GF is ~200 um, which is similar to that of nickel foam.
The pores are interconnected together, which ensures good
electrical properties and high specific surface areas. The
thickness of graphene sheets is ca. 3 nm (Fig. 2¢), which
is the typical thickness of few-layered graphene (<10 lay-
ers). A large-scale of dense and aligned PANI NWAs

Fig. 1 Schematic of fabrication a b c d
process of the PANI NWAs/GF. 3
a NF, b graphene/NF, ¢ acti- S VD Etching Nickel Polymerization
vated GF, d PANI NWAS/GF dhg‘ggggjdi‘\ c
FIPRERS
TN Activation
N
active groups
— s
active groups
NF Graphene/NF  Activation of GF PANI NWAs/GF

Fig. 2 Images and structure of the PANI NWAs/GF. a SEM image of
GF after removal of nickel, b the surface morphology of GF without
nickel, ¢ HRTEM image of GF, d SEM image of PANI NWAs/GF, e

-
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magnified image of Fig. 2d (inset magnified image of PANI NWAs/
GF), f Raman spectra of GF, activated GF and PANI NWAs/GF
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are vertically and uniformly grown on the surface of GF
(Fig. 2d, e). The Raman spectra of GF, activated GF and
PANI NWASs/GF composite are shown in Fig. 2f. There are
two prominent peaks at 1580 and 2712 cm™! corresponding
to the G band and 2D band of graphene. No appreciable
D band is observed, which proves the high quality of gra-
phene prepared by CVD [23]. The Raman spectrum of the
activated GF does not change significantly, indicating that
the excellent properties of graphene are not destroyed after
activation treatment. Besides of the peaks of GF, the Raman
spectrum of PANI NWAs/GF composite presents several
representative peaks attributed to PANI: the C-N" stretch-
ing at 1340 cm™!, the C—H bending of the benzenoid ring at
1251 cm™!, the C—H bending of quinoid ring at 1171 cm™,
the N-H bending of the benzenoid ring at 1070 cm™!, C-H
bending in the quinonoid ring at 810 cm™! [20]. This also
indicates that PANI NWAs are grown on the surface of GF.
In addition, the morphologies of PANI NWAs/GF compos-
ite are highly affected by the polymerization time (Fig. 3).
After polymerization for 8 h, short PANI NWAs with low
density are grown on the surface of GF (Fig. 3a and b). After
polymerization for 24 h, long PANI NWAs with high density
forms on the surface of GF (Fig. 3 ¢ and d). Meanwhile, it is
also important to grow PANI NWAs on the surface of GF by
activation treatment of GF. The morphologies of PANI/GF
composite without the activation process of GF are shown in
Fig. 4. As displayed in Fig. 4a, the surface of GF looks like
smooth after polymerization process. Only some small pro-
tuberances can be observed on the surface of GF in enlarged

Fig. 3 SEM images of the
PANI NWAs/GF obtained at
different reaction time. a 8 h,
b magnified image of Fig. 3a,
¢ 24 h, d magnified image of
Fig. 3¢
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views (Fig. 4b, c), which indicates that only a few PANI
nuclei are produced. This is different from the activated GF,
which has various oxygen functional groups on their surface,
and these functional groups act as anchor sites and enable
the subsequent in-situ polymerization of PANI attaching on
the surface of GF. Moreover, the n-x stacking force between
the phenyl and basal planes of GF is also beneficial to the
in-situ polymerization on the surface of GF. Therefore, the
PANI can gradually grow along the initial nuclei of PANI
to form long PANI NWAs in a dilute solution and at a low
temperature [10, 24].

The electrochemical properties of as-prepared PANI
NWASs/GF composite are evaluated, as shown in Fig. 5.
Figure 5a compares the CV curves of pristine GF and PANI
NWAS/GF electrode collected at the scanning rate of 20
mV s~!. The pristine GF exhibits a very low current density
response. The CV loop area of PANI NWAs/GF composite
is much larger than that of GF, which indicates that the elec-
trochemical performance is significantly improved owing to
anchoring the PANI NWAs on the surface of GF. Moreover,
two pairs of redox peaks of A,/C, and A,/C, are found on the
CV curves of PANI NWAs/GF composite. A,/C, Peaks are
attributed to the redox transitions of PANI between a semi-
conducting state (leucoemeraldine form) and a conducting
state (polaronic emeraldine form). A,/C, Peaks are attrib-
uted to the Faradaic transformation of emeraldine to perni-
graniline (Fig. 6) [25-27]. CV curves of PANI NWAs/GF
electrode at various scan rates of 10-100 mV s~! are shown

in Fig. 5b. With increasing the scan rate, the oxidation and
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Fig. 4 SEM images of the PANI/GF without the activation of GF at different magnifications
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Fig. 5 Electrochemical performances of the PANI NWASs/GF. a
CV curves of GF and PANI NWAs/GF within the potential window
—0.2 to 0.8 V versus SCE at a scan rate of 20 mV s~', b CV curves

reduction peaks shift to the positive and negative positions,
respectively. This is mainly owing to the resistance of PANI
NWAGS/GF electrode [3]. However, even at the high scan rate
of 100 mV s~, the redox peaks of PANI are still well main-
tained, which indicates that PANI NWASs/GF electrode has
a rapid charge—discharge response and a good rate perfor-
mance. This can be explained by the shorter diffusion path
of PANI NWAss for ion and the faster conductive channel of
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of PANI NWASs/GF at various scan rates, ¢ GCD curves of GF and
PANI NWAS/GF at a current density of 1.0 A g=!, d GCD curves of
PANI NWAS/GF at various current densities

GF. Figure 5c shows the GCD curves of the pristine GF and
PANI NWAS/GF electrodes at the current density of 1 A g7,
The longer charge—discharge time indicates that the PANI
NWASs/GF electrode has a good capacitive behavior and the
pseudocapacitive contribution comes from the PANI NWAs
compared with the negligible charge/discharge time of pris-
tine GF. Additionally, GCD measurements of PANI NWAs/
GF are carried out at various current densities ranging from
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Fig. 6 Redox reactions of PANI

1to 10 A g~!, as shown in Fig. 5d. The symmetrical and
linear charge—discharge curves at all current densities exhibit
a high reversibility and a fast electronic response. For com-
parison, the CV and GCD curves of PANI/GF electrode with
various scan rates and current densities are shown in Fig. 7.
The weak oxidation peaks and fast discharging time indicate
that the lack of PANI and poor electrochemical properties.
The specific capacitance values are calculated from
the GCD curves according to the following equation:
C = I xt/ AV x m, where C is specific capacitance (F g71),
I and t are charge—discharge current and time, respectively,
V is the change of charge—discharge voltage, which is 0.8 V
in our measurement, and m is the mass of one piece of PANI
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NWASs/GF electrode. The results of specific capacitance of
the PANI NWASs/GF electrode are plotted in Fig. 8a. The
specific capacitance of the electrode is 870 Fg~'at 1 A g7!,
which is much higher than that of PANI/GF electrode. When
the current density increases, the specific capacitance of
the electrode almost has a relative constant. The excellent
capacitive performance of the PANI NWAs/GF electrode
is attributed to the synergistic effect of GF with intercon-
nected 3D network structure and PANI NWAs decorated
on it. The highly conductive GF and the orderly structure of
PANI NWAs provides a rapidly migration and diffusion path
for electronic or ion during the charge/discharge process.
As shown in Fig. 8b, Nyquist plot of the PANI NWAs/GF
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Fig. 7 Electrochemical performances of the PANI/GF without the activation of GF. a CV curves of PANI/GF at various scan rates, b GCD

curves of PANI/GF at various current densities
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Fig. 8 Electrochemical performances of the PANI NWASs/GF. a
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to 100 kHz at open circuit potential with an ac perturbation
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high frequency region of Nyquist plots), ¢ modeled equivalent circuit
of electrochemical impedance spectroscopy, d cycle tests of the PANI
NWASs/GF with a GCD current density of 6 A g™

is shown in the inset of Fig. 8b. The Nyquist plot obtained
is modeled and interpreted with the help of an appropriate
electric equivalent circuit (Fig. 8c), where R stands for a
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equivalent series resistances (active material/current collec-
tor contact resistance, electrolyte resistance), which can be
suggested by the x intercept of the Nyquist plot, R, is the
charge transfer resistance at the electrode/solution interface,
which can be suggested by the semi-circle in the high fre-
quency, the Warburg type element related to electrolyte ions
diffusion, C, is the double layer capacitance and C, is the
Faradic capacitance [28]. As shown in Fig. 8b, the PANI
NWAS/GF electrode exhibits a high R, value (10 ), this is
mainly attributed to the high resistance of current collector.
The small semicircle diameter indicates that PANI NWAs/
GF has a small R, which results in a good electrochemi-
cal performance. Moreover, a small Warburg resistance
can be observed from Nyquist plot, which proves a good
charge transfer behavior of PANI NWASs/GF electrode. As
displayed in Fig. 8d, the cycle life of the PANI NWAs/GF
electrode is conducted at 6 A g~!. After 1000 cycles, the
specific capacitance of PANI NWAs/GF electrode retains
80%. The close bonding between the GF and PANI NWAs
effectively improves the long-term stability. Moreover, the
GF as a support skeleton allows the uniform deposition of
PANI NWAs on its surface, which provides an effective
strain relaxation for PANI NWAs. The decreased specific
capacitance of PANI NWAs/GF electrode can be attributed
to the failure and overoxidation of the PANI NWAs, leading
to the deterioration of polymeric conductivity and charge
storage capability during the charge/discharge process.

All the results prove that the PANI NWAs/GF composite
has a good capacitance properties and excellent cycling sta-
bility. It can be attributed to the following reasons: firstly,
the high conductivity and interconnected 3D network struc-
ture of GF fabricated by CVD could serve as a rapid trans-
fer path for electronic. Secondly, the well-organized PANI
NWASs uniformly anchored on the surface of GF exhibit a
large specific surface area and a short ion diffusion path,
which provides a high specific capacitance. Thirdly, the syn-
ergistic effect between GF and PANI NWAs makes the full
utilization of composite, causing both high specific capaci-
tance and cyclic stability. However, the strength of the PANI
NWASs/GF composite has not reached the expected, thus the
stability of the PANI NWAs/GF composite needs to be fur-
ther improved.

4 Conclusions

In summary, GF is prepared by CVD using nickel foam as
the template. After activation treatment of GF by concen-
trated nitric acid, PANI NWAs are grown on the surface of
GF by in-situ polymerization to obtain PANI NWAs/GF.
Owing to the synergistic effect of GF and PANI NWAs,
the PANT NWAs/GF exhibits a high specific capacitance
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(870 Fg~'at 1 A g7!) and 80% capacitance retention after
1000 cycles at 6 A g~ .
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