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Freestanding three-dimensional hierarchical porous reduced graphene oxide foam (RGO-F) was first

fabricated by “dipping and dry” method using nickel foam as the template. Three-dimensional (3D) RGO-

F with high conductivity provides a large porosity than that of conventional graphene films. Polyaniline

(PANI) nanowire arrays aligned on the foam (RGO-F/PANI) were synthesized by in situ polymerization.

A symmetric supercapacitor with high energy and power densities was fabricated using RGO-F/PANI

electrode. The highly flexible and mechanically foam can directly serve as an electrode with no binders

and conductive additives. Owing to its well-ordered porous structure and high electrochemical

performance of RGO-F/PANI composite, the symmetric device exhibits high specific capacitance (790 F

g ") and volumetric capacitance (205.4 F cm ), showing maximum energy density and power density of

17.6 Wh kg ' and 98 kW kg . Moreover, the device possesses excellent cycle life with 80% capacitance

retention after 5000 cycles.

Introduction

Flexible, lightweight and wearable supercapacitors have attracted
great interests in energy storage because of their potential
applications in portable electronic devices, flexible displays,
electronic paper and mobile phone.'”
higher energy density than that of conventional capacitor, faster
rates of charge/discharge and longer cycle life than that of
batteries.*® The freestanding and binder-free electrode with
robust mechanical strength and large capacitance is a vital factor
for flexible supercapacitors.’

Graphene, a two-dimensional monolayer of sp>-hybridized
carbon atoms, has been used as supercapacitor electrode, due to

Supercapacitors show

its excellent electrical and mechanical properties, chemical
stability, high specific surface area up to 2675 m? g ', and
feasibility for large-scale production.'®'? In current developments,
graphene films or papers show the great potential as flexible
supercapacitor with mechanical
electronic properties. However, the aggregation and stacking
between individual graphene sheets driven by the strong n-m
interaction greatly compromise the intrinsic high specific surface
area of graphene. Furthermore, the inefficient ionic and electronic
transport in general graphene films has led to capacitance fading
over cycling or at high rates, causing a low electrochemical
performance of electroactive materials. Therefore, macroscopic

electrodes excellent and

graphene framework with three-dimensional interpenetrating
structures can solve the issue of poor ionic and electronic
transport. Shi et al. prepared a self-assembled graphene hydrogel
via a one-step hydrothermal process and deposited reduced
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graphene oxdied (RGO) hydrogel on the micropores of nickel
foam to form a graphene hydrogel/nickel foam composite
electrode.”*'* Choi et al. demonstrated a 3D macroporous
structure prepared using polystyrene colloidal particles as

s sacrificial template.'> Cheng et al. fabricated a continuous three-

dimensional interconnected graphene foam grown by chemical
vapour deposition (CVD) on nickel foam.'® These graphene
nanostructures showed well-defined, high conductive and cross
linked 3D porous networks with high specific surface area. The
3D porous structure is an ideal scaffold for fabrication of flexible
composite electrodes, such as transition metal oxides (Ni(OH),,"”
C050,'® and MnO,’) and conducting polymers'’.

Polyaniline (PANI) is one of the most promising conducting
polymers due to its low cost, facile synthesis, and high
pseudocapacitance.’>** However, the poor stability limits its
actual application, owing to the swelling and shrinkage and
irreversible degradation of PANI during the charge/discharge
process.”2* Many studies have incorporated PANI with graphene
nanosheets to form hybrid electrode structures, which can provide

es the synergistic effect of individual constituents on both power

and energy densities.”” However, most of these electrodes are
papers or films-like based on inter-stacked RGO nanosheets,
leading to an inferior ionic accessibility and a modest
improvement of the supercapacitor performance. Therefore,
design and fabrication a well-defined and highly-ordered
continuous porous composites will be a scientific and technical
challenge.

In this paper, we report a facile and cheap method to prepare a
freestanding and lightweight flexible RGO-F, and then vertically

75 deposit PANI nanowire arrays on the 3D macroporous RGO-F
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networks to fabricate RGO-F/PANI composites. Nickel foams
(NF) were immersed in the GO suspension, and then RGO-F was
obtained by removal of NF and reduction of hydroiodic acid (HI),
as shown in Scheme 1. The 3D flexible lightweight RGO-F as
skeletons to construct RGO-F/PANI nanostructured hybrid
electrodes is the key to our fabrication process. The as-prepared
RGO-F with good electrical conductivity owns hierarchical
macroporous network structure and high internal surface area.
PANI nanowires arrays grown on the RGO-F networks can
enhance the specific capacitance and ensure to utilize the porous
frameworks of the flexible substrate. The resultant 3D RGO-

F/PANI composite architecture retains most of the structural
properties of the RGO-F, which facilitates an easy access of the
electrolyte ions into the electrodes. The RGO-F/PANI composite

15 electrodes are binder-free, which will reduce the interfacial

resistance and enhance the electrochemical reaction rate. The
symmetric SC device based on RGO-F/PANIG6 electrodes in 1 M
H,SO, electrolyte exhibit a specific capacitance of 790 F g™, a
maximum power density and energy density of 98 kW kg ' and

20 17.6 Wh kg ™!, respectively, and a cycling performance of 80 % of

initial capacitance over 5000 cycles.
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Scheme 1. Schematic illustration of the dip coating process of RGO-F and RGO-F/PANI composites.

2. EXPERIMENTAL SECTION
s 2.1. Synthesis of 3D RGO-F

3D RGO-F was synthesized by a facile dipping method using NF

as the template. GO was prepared by the oxidation of natural
graphite powder (180 mesh, Qingdao Tianhe Graphite Co.)
according to the modified Hummers’ method (see the supporting
s information for details).>*3! NF sheets (2 cm X 2cm X 0.lcm,
mass per unit area 50.8-53.4 mg cm™, from Shenzhen Luchuang
Environmental Audio Supplies limited Company) were immersed
into the GO suspension (5 mg mL ') for 1h to ensure the GO
suspension into the micropores of NFs. The as-prepared NFs with
GO suspensions were immersed into hydrochloric acid (3M) at
60 ] for 5 h to remove the NF. After they had cooled to room
temperature, the GO foam was washed with deionized water to
remove residual acid and metal ions. The GO foam were reduced
by the HI heated up to 80 [J for 1h, then washed with a large
amount of deionized water, ethanol and isopropanol, finally,
dried in an oven at 60 [J for 24 h. The RGO-F was obtained.

2.2. Preparation of RGO-F/PANI

Aniline (AR) was added to 40 mL of 1 M H,SO4 aqueous
solution, and RGO-F fixed on glass slide (2 X 2 cm?) were
carefully immersed into the above solution without stirring for 3
h to ensure complete adsorption of the aniline. Another 40 mL of
1 M H,SO, aqueous solution containing ammonium
peroxydisulfate (APS, AR) was rapidly added and stirred for 1

min. The polymerization was carried out at a temperature of -5 °C.

The molar ratio of aniline to APS was 4:1. After reacting
overnight, the RGO-F/PANI composites were removed and
washed with deionized water several times. A dark green layer
formed on the surface of RGO-F. The composites were dried

a

S

under vacuum at 40 °C for 10 h. A series of RGO-F/PANI

ss electrodes were fabricated from solution with different aniline

concentration of 0.03, 0.04, 0.05 and 0.06 M, and the as-prepared
RGO-F/PANI composites were termed as RGO-F/PANI3, RGO-
F/PANI4, RGO-F/PANI5 and RGO-F/PANIG6, respectively. The
weight of PANI adsorbed on the RGO-F networks was calculated
by the weight difference before and after the polymerization
process.

2.3. Structural and morphological characterization.

Field emission scanning electron microscopy (FESEM, Hitachi S-
8000) with an X-ray energy dispersive spectroscopy (EDS) was
employed to characterize the morphology of the samples. Raman
spectra were recorded using a LabRam -1B Ramen spectroscope
with He-Ne laser excitation at 632.8 nm and scanning for 50 s. X-
ray photoelectron spectroscopic (XPS) measurements were
performed on a PHI 5000C ESCA System using a monochromic
Al X-ray source (97.9 W, 1486.6 eV), the data analysis was
carried out by using the RBD AugerScan 3.21 software provided
by RBD Enterprises. The element spectra was chosen (C 1s or N
1s), moved front and back. Each move is less than 7 ev. The
curve was subtracted background, and used the “curve fit” to find
the corresponding peaks.

2.4. Electrical and electrochemical measurements.

Cyclic  voltammetry (CV), electrochemical impedance
spectroscopy  (EIS), and galvanostatic charge/discharge
measurements were conducted on a CHI 660D electrochemical
workstation (CH Instruments, Inc., China). An aqueous solution
of 1 M H,SO, was used as the electrolyte. The RGO-F, RGO-
F/PANI3, RGO-F/PANI4, RGO-F/PANI5 and RGO-F/PANI6
electrodes and separator were wetted with the aqueous electrolyte
overnight. The two identical RGO-F or RGO-F/PANI composite

ss electrodes were assembled in a test cell as shown in our previous
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report,32 which consisted of two Pt wires, two electrodes, and

separator. The assembly was then encapsulated by a flexible poly
(ethylene terephthalate) film.

The specific capacitance of a supercapacitor cell (C,) is
calculated from the equation of C, = I4t/mAV (1). In symmetric
supercapacitors, the specific capacitance (C,.) of the electrodes
(RGO-F, RGO-F/PANI composites) is calculated according to Cy,.
= 4C, The volumetric capacitance (C,,) of electrodes is
calculated from the equation of C,,=C,. p (2), where p is the
packing density of electrode. The maximum energy density (E)
and power density (P) of the symmetric supercapacitors are
achieved by the following equations:

E=CV: (3)

sc¢ ' max

/8

P=

max

_Vdmp)z/(4RESRm) (4)
where I (A) is the discharge current, 4z (s) is the discharge time,
m (g) is the total mass of two active electrodes, and 4V (V) is the
potential window during the discharge process. Equivalent series
resistance (Rggg) is estimated with the formula Rggp=V0/(21),
and here V,,, (V) is the voltage drop at the beginning of the
discharge and 7 (A) is the constant current.

3. Results and discussion
3.1. Microstructure and morphology

The free standing and lightweight flexible RGO-F was prepared
by immersing a piece of NF with a weight of 50.8-53.4 mg cm
(Figure 1A-a) into GO suspension. By dipping and drying method,
NF being coated with GO sheets turns to light yellow. After
removed of NF, 3D GO foam is reduced by HI and RGO-F is
obtained with a weight of 0.90 - 0.96 mg cm™ and a thickness
less than 500 pm (Figure 1A-c). The freestanding 3D RGO-F
obtained by this “dipping and dry” way show a superior
flexibility as shown in Figure 1B, and a good conductivity (1600
S m™). Obviously, the resulting graphene network is continuous
with topographic features defined by the nickel substrate
underneath. Figure 1C shows that the RGO-F replicates the
interconnected 3D scaffold structure of the NF template,
providing a higher porosity and surface area than that of
conventional graphene films.**** The graphene sheets in the
RGO-F are in direct contact with each other without obvious
breaks. The pore size of RGO-F is about 100 - 300 um, providing
a sufficient space to deposit active materials with uniform
penetration into the 3D structure. Furthermore, the ripples and
wrinkles in graphene sheets may lead to a better adhesion
between RGO-F and conducting polymers or metal oxides to
form composite materials. Figure 1D shows the TEM image of a
graphene sheet, and the number of layers is 6-8 in our experiment
(Figure S1). The selected area electron diffraction (SAED)
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pattern (inset of Figure 1D) gives reflection spots arranged in a
typical hexagonal pattern, indicating the formation of graphene.

The 3D RGO-F with a high conductivity can be used as
freestanding flexible electrodes, which is an ideal scaffold for
active materials. PANI nanowire arrays were grown on the
networks of 3D RGO-F by in situ polymerization. Figure 2A
shows a piece of RGO-F/PANI. The uniform dark green color
indicates that the PANI is in the proton doped emeraldine salt
state which is confirmed by FTIR spectroscopy (Figure S2).
Figure 2B and 2E show that the as-prepared RGO-F/PANIS and
RGO-F/PANI6 composites retain the 3D structures and porous
morphologies of RGO-F, indicating that the PANI nanowires
layer does not change the porous structure of 3D graphene
networks. Furthermore, the increasing content of PANI in the
composites results a disordered morphology of the composites.
At low content of PANI, vertical PANI nanowire arrays are
uniformly grown on the skeleton of graphene sheets and maintain
their structures to profit from the fast access of ions to
electrolytes (Figure 2C and 2D). However, upon increasing the
loadings, the PANI nanowires became disordered on the RGO-F
(Figure 2F), due to the heterogeneous nucleation process in the
heterogeneous deposition process. The TEM images of RGO-
F/PANI5 show that an average length of uniformly aligned
nanowires is up to approximately 150 nm, as shown in Figure 3A
and 3B. In addition, the surface distribution of C, O, and N
elements in RGO-F/PANIS was investigated by energy-dispersive
spectroscopy (EDS) mapping. As shown in Figure 3C, a uniform
distribution of PANI has been achieved for all of the major
constituent elements in the graphene foam.

a b c

50.8-53.4 mg/cm?

0.90-0.96 mg/cm?

Figure 1. (A) Digital phototgraphs of (a) Ni foam , (b) GO foam with Ni
foam and (c) RGO-F; (B) Digital phototgraph of free standing and
flexible 3D RGO-F; (C) SEM images of 3D RGO-F, inset showing a high
magnification SEM image; (D) TEM image of a graphene nanosheet with

its SAED pattern.

500 pm
o
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Figure 2. (A) Digital photograph of RGO-F/PANL. (B), (C) and (D) SEM images of RGO-F/PANIS with different magnification. (E) and (F) SEM images
of RGO-F/PANIG6 at low and high magnification.

100 Um| .5 glement 100 M|\ element 100 ym

s Figure 3. TEM images of RGO-F/PANIS at low (A) and high (B) magnification. (C) SEM image combined with EDS mapping in the same area and
relative intensities of C (red), O (green) and N (blue) elements (D, E and F).

Raman spectra of RGO-F, RGO-F/PANI5 and RGO-F/PANI6 15 resonance process in the presence of defects.**>’ The RGO-
in Figure 4 further confirm the structures of PANI on the RGO-F. F/PANI5 and RGO-F/PANI6 spectra exhibit the bands in
There are two prominent peaks at 1340 and 1586 cm 1 combination with the RGO-F. The bands at 1164, 1253, 1337,

10 corresponding to the D band (C-C, disordered graphite structure) 1482 and 1583 cm ™' are assigned to C-H bending of the quinoid
and G band (sp® hybridized carbon), respectively.”> The Ip/Ig ring, C-H bending of the benzenoid ring, C-N* stretching
ratios are 0.92 for RGO-F and 1.12 for GO (Figure S3), 2 vibration, C=C vibration of the quinoid rings and C-C srretching
suggesting an increasing order degree after chemical reduction. of the benzenoid ring, respectively,”®** indicating the presence of
The peak at ~1620 cm™ (D') occurs via an intravalley double- a conductive PANI structure.

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 0000 | 4
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Figure 4. Raman spectra of RGO-F, RGO-F/PANI5 and RGO-F/PANI6

composites.

1000 1200 2000

XPS studies were employed to monitor the progress of the
characteristic binding energy of the C 1s and N 1s peaks
corresponding to each functional group on the RGO-F and RGO-
F/PANI composites. As shown in Figure 5A, the peak at 284.8,
400.6 and 532.9 eV can be assigned to C 1s, N 1s and O 1s,
respectively.”’ Nitrogen elements are introduced to RGO-F
networks as indicated by the N 1s signal. From these XPS survey
spectra, it is found that the N content in RGO-F/PANI5 and
RGO-F/PANI6 are 1.58 atom% and 3.64 atom%, respectively
(Table S1). The high resolution XPS C 1s spectrum of RGO-F is
given in Figure 5B. The C 1s XPS spectrum is deconvoluted into
three peaks, which are related to C=C (284.3 eV), C-C (285.3 eV),
C-O (286.4 eV), C=0 (287.4 eV), O-C=0 (289.0 eV).***' The
peak at 286.4 eV of RGO-F/PANIS is attributed to C-N
configurations because of the doping of nitrogen atoms, as shown
in Figure 5C. In agreement with the above results, high-resolution
N 1s spectra of RGO-F/PANIS5 further supply detailed structural
information of PANI grown on the 3D porous RGO-F. Three
peaks in Figure 5D indicate that most of the nitrogen atoms in
PANI are in the form of benzenoid amine (-NH-) centered at
399.5 eV with additional small peaks, including quinoid imine (-
N=) (398.2 €V) and positively charged nitrogen atoms (-NH'=)
(401.0 V). 4» 4%

3.2. Electrochemical performance

The conductivity of well-defined and interconnected 3D RGO-
F is measured to be 1600 S m ' based on a four-probe method.
This remarkable conductivity and its mechanical stability enable
RGO-F to be directly as electrodes to fabricate supercapacitors
without adding polymer binders and conducting additives. A
supercapacitor was
dimensional RGO-F/PANI5 composite electrodes, with each a
mass loading of 0.65 mg cm? The assembled devices was
lightweight (10£0.5 mg), thin (1 0.2 mm), and highly flexible.
Figure 6 show the as-fabricated SCs based on RGO-F/PANIS
electrodes has an excellent flexibility and good mechanical
properties.

assembled from two pieces of three
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Figure 5. (A) XPS survey spectra of RGO-F, RGO-F/PANIS and RGO-
F/PANI6 composites. (B) C 1s high resolution XPS spectra of RGO-F,
(C) C 1s and (D) N 1s XPS spectra of the RGO-F/PANIS.

Figure 7A shows the cyclic voltammograms (CVs) for bare 3D
RGO-F at a scan rate ranging from 10 to 500 mV s ' in a two-
electrode system. The nearly symmetrical rectangular CV curves
manifest the ideal double-layer capacitive behavior. The shape of
CV curve remains even at a high scan rate of 500 mV s ",
implying a low contact resistance. Therefore, we can deduce that
the 3D RGO-F formed from NF can be used as freestanding
flexible electrodes, which is an attractive scaffold for PANI

nanowire arrays.

Figure 6. Digital photograph of flexible superacpacitors based on RGO-
F/PANIS.

The electrochemical properties of RGO-F/PANI composites
were evaluated using a symmetric two-electrode system in 1 M
H,SO, aqueous solution. Figure 7B shows that the CV curves
area of flexible RGO-F/PANI supercapacitor is dramatically
enhanced by the introduction of PANI nanowires onto 3D RGO-F.
Two pairs of redox peaks in the CV curves of RGO-F/PANI
supercapacitor correspond to the leucoemeraldine/emeraldine and
emeraldine/pernigraniline transitions of PANL>" * The current
density increases with the rising PANI concentration, suggesting
that the capacitance is improved by incorporating
pseudocapacitive materials with the 3D porous structure. It also
can be confirmed from the triangle shape of the charge/discharge
curves with a small potential drop and an increase discharge time
in Figure 7C. The gravimetric capacitance of the devices at
various current densities was calculated from the discharge
curves, as shown in Figure 7D. The specific capacitance of 3D
RGO-F, RGO-F/PANIS and RGO-F/PANI6 supercapacitors is 90,
725 and 790 F g ' at a current density of 1 A g, respectively.

75 The value of RGO-F/PANI5 supercapacitor exceeds those in

previous reported systems based on graphene/PANI (233-763 F g

This journal is © The Royal Society of Chemistry [year]
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1,26, 42-43,45-46 owing to the small diameters (~ 50 nm) and short

length (~150 nm) of PANI nanowires. The formation of small
size nanowires increases the exposed surface area of PANI to the
electrolyte ions and results in the enhancement of the specific
s capacitance. Moreover, the 3D porous RGO-F can be served as
current collectors and form a conductive network under the PANI
layer. Besides, the RGO-F/PANIS supercapacitor possesses a
superior rate capability. When the current density increased to 10
A g™, the specific capacitance is 598 F g”', maintaining 82% of
w0 that at 1 A g™'. A press was used in a control experiment and 15
MPa force applied, the RGO/PANI electrode then had a thickness
of about 60 + 2 um. Thus, the volumetric capacitance (C,,)) of
RGO/PANIS and RGO/PANI6 composite was calculated to be
174 + 8 Fem™ and 205.4 + 8 F em™, which is higher than carbide

. . 47-48
15 derived carbons and commercial carbons.
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Figure 7. Electrochemical characteristics of flexible supercapacitors
based on (a) RGO-F, (b) RGO-F/PANI3, (c) RGO-F/PANI4, (d) RGO-

F/PANIS and (e) RGO-F/PANIG6 electrodes in 1 M H,SO4 aqueous

20 solution. (A) CV curves of RGO-F at the scan rate range of 10 - 500 mV s
I (B) CV curves at a scan rate of 10 mV s'. (C) Galvanostatic

charge/discharge measurements at 1 A g™'. (D) Specific capacitance plots
at different current densities from 1 A g to 10 A g™'. (E) Nyquist plots at

a frequency range from 0.01 Hz to 10° Hz. The inset shows the high

25 frequency part of the Nyquist plots. (F) Cycling stability at a current

density of 1 Ag™'.

The Nyquist plots of 3D RGO-F and RGO-F/PANI
supercapacitors obtained using electrochemical impedance
% spectroscopy (EIS) in the frequency range from 0.01 Hz to 10°
Hz at open circuit potential are shown in Figure 7E with an
expanded view of the high-frequency region in the inset. RGO-
F/PANI supercapacitors show very low equivalent series
resistance values (0.84 - 1.16 Q), suggesting that the RGO-
3s F/PANI devices have a very small resistance with a rapid ion
response at high-frequency ranges even with a high loading of
PANI nanowires. 3D flexible RGO-F/PANI supercapacitors show

a nearly ideally capacitive behavior due to the fast and reversible

redox reaction of PANI nanowire arrays. The small resistances
40 are also confirmed by observing the small voltage drops at the
beginning of discharge curves in Figure 6C.

The stability of the 3D RGO-F and RGO-F/PANI
supercapacitors was evaluated using a long-term galvanostatic
charge/discharge process (Figure 7F). The 3D RGO-F exhibits an
excellent stability over the entire cycle range and remains 95% of
initial capacitance. The RGO-F/PANI5 composite with highly
ordered PANI nanowires arrays exhibits a superior stability by
decreasing 17% of its specific capacitance after 5000 cycles at a
current density of 1 A g, while the RGO/PANI6 remains 80%
of the initial specific capacitance after 5000 cycles. In the first
1000 cycles, a small decrease in the specific capacitance can be
seen, while the value remains almost constant afterwards. The
strong m—m interaction between the RGO-F and PANI nanowires
effectively improves the long-term stability. The 3D RGO-F as a
support skeleton allow the uniform deposition of PANI nanowires
on their surfaces, which enhance the mechanical strength of
hybrid materials. In addition, the decrease of the specific
capacitance can be attributed to the swelling, shrinkage and
overoxidation of the PANI nanowires leading to deterioration of
the polymeric conductivity and charge storage capability during
the charge/discharge process.” Then, the interaction force
between RGO-F and PANI nanowires remained unchanged,
indicating that the transfer ability of charges would keep fairly
constant.”® The ESR values of RGO-F/PANIS5 electrode (from 10
to 8.5 ohms) has a small drop in the first 1000 cycles with only
subtle changes for the remaining cycles (Figure S4). Furthermore,
during the long cycling process, the coulombic efficiency exhibits
retention of as high as 99% due to the small size PANI nanowires
structure which ensures an efficient mass transportation (Figure
S4). Thus, RGO-F/PANI composites with high order structure
show superior electrochemical performances than pure PANI and
RGO-F.
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Figure 8. Ragone plot of RGO-F and RGO-F/PANI composites
75 electrodes and and others using similar systems reported in the literature.

Figure 8 shows the Ragone plots of RGO-F supercapacitor and
RGO-F/PANI supercapacitor. Obviously, the as-fabricated
symmetric RGO-F/PANI supercapacitors shows much higher
energy and power densities than that of RGO-F supercapacitor.

so The RGO-F supercapacitor exhibits a maximal energy density of
2.2 Wh kg ' and power density of 90.3 kW kg '. RGO-F/PANI6
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supercapacitor exhibits a maximum energy density and power F/PANI6 composites. The Raman spectrum of GO foam. The plots of
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