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We report the design and preparation of graphene and
polyaniline (PANI) woven-fabric composite films by in-situ
electropolymerization. The introduction of PANI greatly
improves the electrochemical properties of solid-state
supercapacitors which possess capacitances as high as 23
mF/cm?, and exhibit excellent cycling stability with ~100% of
capacitance retention after 2000 cycles. The devices have
displayed superior flexibility with improved areal specific
capacitances to 118% during deformation.

Introduction

With the development of portable electronic equipment, for instance,
flexible electronics, rollable displays and flexible solar cells, the energy
storage devices are required to fulfil the flexibility®. Flexible
supercapacitors, as one of flexible energy storage devices, could
storing energy™>.

satisfy the requirement of flexibility and

also called as electrochemical has
life,
supercapacitor could change the device’s shape to meet demand
While taking

deformation resistance into account, the second moment of area

Supercapacitor, capacitor,

characteristics of long-cycle high power density. Flexible

while electrochemical properties hold constant.
increases with the increase of thickness. The thinner the device, the
smaller the deformation resistance, and it is easier to be deformed.
Thin film electrode materials is two dimensional (2D), which reduces
the deformation resistance from the vertical direction. On the one
hand, it makes the entire device thin, flexible and easy to be folded,
twisted and reshaped. On the other hand, the structure shorten the
travel distance of electrolyte ions.

Graphene is a 2D monolayer of sp” carbon materials*®. Owing to
the unique electrical, mechanical and chemical properties and high
specific surface, graphene has been applied to energy storage
the
supercapacitors are classified into three types: electrical double-layer

. 8 . .
devices””. According to energy storage mechanism,

capacitors, pseudocapacitors and hybrid capacitors with electrical

9,10

double-layer capacitors and pseudocapacitors®*. Carbon materials
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1.

activated carbon®"*?,
15,16

such as mesoporous carbon™*, carbon

nanotubes and graphene have been applied to electrical double-
layer capacitors”™. They store energy by ion adsorption, without any
The fast

charge/discharge process, high power density and excellent cycling

faradic charge transfer. process can result in
stability. However, the limited surface area and pore size distribution

cause relatively low energy density*. As a supplement,
pseudocapacitors could increase the energy density sacrificing cycle
life, flexibility and poor mechanical strength. Recent research efforts
have focused on combining electrical double-layer capacitor with

21,22

pseudocapacitor*”**. Polyaniline (PANI) is one kind of conducting
polymers which can store charges not only in the electrical double
layer but by faradic charge transfer. As a result, the introduction of
polyaniline can increase the specific capacitance of carbon electrodes.
Meanwhile polyaniline is an environmental-friendly conducting
polymer, and it is easy to synthesize and simple acid-doping/base-
dedoping chemistry™.

Composites of graphene and polyaniline have been investigated
in many previous studies. Most of them used binder in the fabrication
The binder

complicated the process®. The common method was in-situ chemical

process. impaired the electrical conductivity and
oxidative polymerization, the aniline monomer was mixed in
graphene oxide (GO) solution to obtain reduced graphene oxide
(rGO)/PANI complexes*°. Solution mixing was a simple method, and
in the fabrication process, the pre-prepared graphene materials and

28
*72° However, there

PANI were mixed under stirring or ultrasonication
are still some problems in those methods, such as complex procedure,
time consuming and unstability. /n-situ electropolymerization does
not need an oxidant, and has the advantages of short reaction time,
operational simplicity *.

Here, we report a simple process to obtain the hybrid films
consisting of graphene woven fabric (GWF) and PANI, and assemble
them into supercapacitors. We use an in-situ electropolymerization
method, coating PANI on GWF film. The structure of GWF retains the
network configuration of the copper mesh substrate, which makes the
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GWF display both good dimensional stability and electrical
conductivity. The unique structural characteristics of GWF films afford
additional internal surface between the electrode material and the
electrolyte, which provide abundant active surface for the absorption
and desorption of electrolyte ions,

eventually improving the

electrochemical performance of devices. Due to the superior
mechanical properties, GWFs are easily to be transferred to flexible
substrates, fabricating flexible supercapacitors. The introduction of
PANI greatly improves the capacitance of GWF-based supercapacitors
(from 2 to 23 mF/cm? nearly 12 times) without weakening the
flexibility. The composite films were characterized by scanning
(SEM),
photoelectron spectroscopy (XPS) and electrochemical station. The
deformation test indicates the potential of the GWF+PANI film to be

electrode materials for flexible supercapacitors.

electron  microscopy Raman  spectroscopy, X-ray

Results and Discussion

The GWEF films were synthesized by direct chemical vapor deposition
(CVD) on copper meshes, which could be effectively removed with
aqueous FeCly/HCI solution, eventually affording GWF deposited on

polymer substrates®*3*

. The preparation of GWF+PANI supercapacitor
is illustrated in Figure 1a. First, GWF deposited on PET with silver
wires as working electrodes was immersed in 0.5 M aniline solution
containing 1 M HCl. The electropolymerization process was conducted
under 0.8 V. The electropolymerization time was range from 2 to 30
min. After washing thoroughly in deionized water, the single
electrode was obtained. Two symmetrical electrodes with the poly
(vinyl alcohol) (PVA)-H,PO, polymer gel electrolyte®* were assembled
into a solid-state supercapacitor. According to the analysis of SEM
observations (Figure 1b,c), the morphology was different before and
after the electropolymerization.

Nanoscale

The woven fabric structure was clearly evident, and the mesh after
electropolymerization was more bright and neat because charges
concentrated in the cross section of GWF. The size of mesh was not
modified evidently during this process. The electropolymerization
time is a determining factor for electrochemical properties of the
GWF+PANI based devices. As shown in Figure 2a-c, the coverage of
PANI expanded with the time increasing from 2 to 15 min. At the
same magnification, the PANI's configuration was strip-like but when
the time reached 30 min, it changed to needle-like. The optimal
electropolymerization time was 15 min. As seen in the high
magnification images of GWF+PANI (15 min), the PANI owned
granular aggregated structure (Figure Si). The Raman spectra of
GWF and GWF+PANI are shown in Figure 2e, revealing the multilayer
feature of graphene. The Raman spectrum of PANI showed
characteristic peaks at 1162, 1338, 1507 and 1597cm™ indicating C-H
bending of the quinoid ring, C-N+ stretching of the bipolaron form, N-
H bending of the bipolaronic structure and C-C stretching of the
benzenoid ring, respectively®. Other disturbances caused by PET are
shown in Figure S2.

(@
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Fig. 1 (a) lllustration of preparation and fabrication process for GWF+PANI
supercapacitor. SEM images of (b) GWF and (c) GWF+PANI films.
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Fig. 2 Schematic illustrations and SEM images of GWFs coated with PANI at

different electropolymerization times. (a) 2 min, (b) 5 min, (c) 15 min, and (d) 30

min. (e) Raman spectra of GWF and GWF+PANI (15 min). (f) XPS core-level

spectrum of GWF+PANI (15 min).
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To further understand the structural change of PANI in the de-
doping/re-doping process, XPS analysis was conducted. As shown in
Figure 2f, most of the nitrogen atoms was in three different forms:
the benzenoid amine (-N-) centered at 399.7 eV, the quinoid amine (-
N=) at 398.3 eV, and positively charged nitrogen atoms (N*) at 401.3
eV3*3¥ indicating the successful redoping of PANI by HCI*®.

The

analyzed using the cyclic voltammogram (CV), galvanostatic charge-

electrochemical performance of supercapacitors was
discharge test in a two-electrode system. Figure 3a compares the CV
curves before and after electropolymerization on GWFs at a scan rate
of 60 mV/s. Obviously, in the CV curve of GWF+PANI, the current
density was higher than that of GWF, and the area of CV curve was
also larger (the CV curve of GWF-based device is shown in Figure S3a).
The results showed clearly the introduction of PANI could improve the
electrochemical properties of GWF. The CV curves at lower scan rates
(120 and 20 mV/s) show better rectangular shape, as shown in Figure

S3b. The detailed CV curves of GWF+PANI at scan rates from 6o mV/s

This journal is © The Royal Society of Chemistry 2014
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to 1 V/s are shown in Figure Sga. CV curves deviated from the
rectangular shape thanks to the pseudocapacitor behavior of the
PANI. Figure 3b shows the galvanostatic charge-discharge curves of
GWF and GWF+PANI. At a constant current (0.1 mA/cmz), the
charge/discharge time of GWF+PANI was longer than that of GWF.
The areal specific capacitance could be obtained from the charge-
discharge curve. It was originally 2 mF/cm®, while increased to 23
mF/cm® for the GWF+PANI composite electrode. As the current
density increased to 2 mAjcm® (Figure 3c), the areal specific
capacitance of GWF and GWF+PANI decreased to 0.7 and 6 mF/cm®
respectively.
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Fig. 3 Electrochemical performance of GWF+PANI (15 min) film supercapacitor.
(a) CV curves (60 mV/s), (b) galvanostatic charge/discharge curves (0.1 mA/cm?),
(c) areal capacitances (0.1 to 2 mA/cm?) of GWF and GWF+PANI. (d) Areal
capacitance versus electropolymerization time. (e) Cycling stability and
schematic illustration of the flexible GWF+PANI supercapacitor. (f) Schematic
diagram of the GWF electrodes.

To investigate the effect of the electropolymerization time on the
electrochemical performance of GWF+PANI electrode materials, we
tested varied electropolymerization times of 2, 5, 8, 10, 15, 20 and 30
min. In the time range from 2 to 10 min, the areal capacitance
increased from 7 to 18 mF/cm? (Figure 3d). For the time of 15 min, the
areal capacitance raised up to 23 mF/cm®. However, as the time
increased further to 20 min even 30 min, the areal capacitance
dropped to 10 and 4 mF/cm® conversely, as a consequence of
aggravating granular aggregation. It was confirmed by the CV curves
and galvanostatic charge-discharge curves in Figure Sgb,c. The
optimal electropolymerization time was ~15 min.

From electrochemical impedance analysis from 0.01 Hz to 100 kHz,
the electrochemical series resistance (ESR) could be obtained from
the intercept of low frequency impedance spectrum with real axis. As
shown in Figure S4d, the ESR of GWF+PANI (15 min) was 11Q, lower
than that of GWF (18 Q). In the low frequency range, GWF+PANI (15
min) presented the highest slope. Additionally, supercapacitors based

This journal is © The Royal Society of Chemistry 2014
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on GWF+PANI (15 min) possessed excellent stability, after 2000 cycles,
it retained 100% areal specific capacitance of original capacity, as
shown in Figure 3e. The role of GWF consists of three parts (Figure 3f):
i) electrode materials to store charge; ii) current collector to transfer
charge; iii) backbone for PANI electropolymerization. The mass
loading of GWF film was 0.03 mg/cm? and the mass specific
capacitance of GWF device was 67 F/g at current density of o.1
mA/cm®. specific capacitance of GWF+PANI
increased nearly 12 times than that of GWF. In consequence, the mass

The areal device
specific capacitance of GWF+PANI device was ~771 F/g, which was
much higher than the values of other graphene/PANI supercapacitors
(210 F/g of chemically converted graphene and polyaniline nanofibers
composite films®®, 375.2 F/g of graphene nanosheets with polyaniline,
and 763 F/g of graphene and polyaniline composite paper®). In order
to compare the overall performance of GWF and GWF+PANI, a
Ragone plot is shown in Figure Ss. The highest energy density of
GWF+PANI device was 15 mWh/m?® at power density of 0.33 mW/cm”.
The highest power density was 1 mW/cm? at the energy density of 2.6
mWh/m?. While the highest energy density of GWF device was only
1.4 mWh/m? at power density of 0.03 mW/cm?®. The highest power
density was 0.3 mW/cm? at the energy density of 0.8 mWh/m*. A
much higher energy density could be achieved by GWF+PANI than
GWF and the values were higher than those reported in previous
studies®®™,
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Fig. 4 (a) Photographs of deformation tests. (b) CV curves of the supercapacitors
at different deformation states (60 mV/s). (c) Stability and galvanostatic
charge/discharge curves of supercapacitors after 500-time bending (0.1 mA/cmZ).

In order to evaluate the flexibility of the devices, we further
conducted bending and curling tests. Figure 4a shows the bending
and curl states, the flexible device could be bent and curled to a tube.
The changes of electrochemical properties during the deformation
process are shown in Figure 4b,c. Notably, as demonstrated in the CV
curves (Figure 4b), the area of the CV curve has been augmented by
bending and curling. As a result, the areal capacitance of the device
after bending was improved to 112%, and after curling was improved
to 118% thanks to the favorable van der Waals forces between films
and substrates and the stability of the composite electrodes produced
from in-situ electropolymerization. The areal capacitance could
maintain constant when the shape of the device was recovered to its
original flat state. As shown in Figure 4c, the GWF+PANI device could
be deformed for more than soo times, still maintaining the areal

Nanoscale, 2014, 00, 1-3 | 3
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capacitance. At a constant current (0.2 mA/cm?), the charge/discharge
behavior of after-5oo-time-bending was the same to that of after-1-
time-bending, and both of them was longer than before-deformation.
This could be explained by the enhanced contact between electrode
materials and polymer gel electrolyte during deformation process, like
external pressure applied to the devices. The verified experiment has
been conducted in our previous study?.

Practical applications often need many supercapacitors in series
in order to meet higher voltages. Therefore, we further assembled
three supercapacitors in series, as shown in Figure 5. At the same
constant current density, the voltage was extended from 1 V of single
device to 3 V in series, while the current remained unchanged. After
charging at 3V, an light-emitting diode (LED) could be lighted.

= Single cell (b)

= In series

HH

100 200 300
Time (s)

Fig. 5 (a) Galvanostatic charge/discharge curves for a single device and
assembled one in serials that can light (b) a LED.

Conclusion

In conclusion, a flexible, all-solid-state supercapacitor based on GWF
film and polyaniline composite electrode materials was designed and
fabricated at a whole thickness of is < 1 mm. The synthesis and
fabrication process was simple and environmental friendly. The
electropolymerization of PANI has improved the areal specific
capacitance from 2 to 23 mF/cm® with good stability after 2000 cycles.
Besides the excellent flexibility, the deformation process didn't
but the
capacitance to 118% of its original value. After soo times bending, the

decrease the electrochemical properties improving
specific capacitance and the charge/discharge behavior maintained
stable. Our results suggested that the use of this graphene-based thin
film electrode may lead to a new line of portable and wearable

nanodevices.

Materials and Methods

Preparation of GWF: A copper mesh (150 mesh) was cleaned in
hydrochloric acid and water (1:10). After nitrogen drying, the copper
mesh was placed in the middle of a quartz tube located in a CVD
thermal furnace. GWFs was synthesized at 1000°C with an Ar/ H,/CH,
(2000/50/20 mL/min) flow. After a 15 min reaction, the sample was
cooled to room temperature under argon flow. Then the cooper was
etched away using a FeCl;/HCl solution.

Electropolymerization of GWF+PANI: The mixture of polyaniline (0.5 M)
and hydrochloric acid (2 M) was stirred for 1h. GWF with silver wire
was used as the working electrode, Ag/AgCl as the reference
electrode and Pt as the counter electrode. The electropolymerization
process was controlled with potential window of 0-0.8 V in the
mixture solution for several minutes.

4 | Nanoscale, 2014, 00, 1-3

Supercapacitors fabrication: The gel electrolyte was prepared by
dissolving PVA powder (1 g) in deionized water (10 mL), heating to
90°C under stirring for 6h to form a transparent gel. After the
transparent gel cool down to room temperature, H;PO, (0.4 M) was
blended into the mixture and stirred for 2 h. The prepared gel
electrolyte was located in the hood for 72 h, to solidify. Finally, two
electrodes consisting of GWFs or GWF+PANI on PETs were assembled
with silver wires to fabricate supercapacitors.

Electrochemical test: The electropolymerization process was done in a
three electrode system and the electrochemical test was conducted in
a two-electrode system with CHI 660B electrochemical workstation
(Shanghai CH Instrument Company, China).
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