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Flexible free-standing graphene-like film electrode for supercapacitors by
electrophoretic deposition and electrochemical reduction
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Abstract: Electrophoretic deposition in conjunction with electrochemical reduction was used to make flexible free-standing
graphene-like films. Firstly, graphene oxide (GO) film was deposited on graphite substrate by electrophoretic deposition method, and
then reduced by subsequent electrochemical reduction of GO to obtain reduced GO (ERGO) film with high electrochemical
performance. The morphology, structure and electrochemical performance of the prepared graphene-like film were confirmed by
SEM, XRD and FT-IR. These unique materials were found to provide high specific capacitance and good cycling stability. The high
specific capacitance of 254 F/g was obtained from cyclic voltammetry measurement at a scan rate of 10 mV/s. When the current
density increased to 83.3 A/g, the specific capacitance values still remained 132 F/g. Meanwhile, the high powder density of 39.1
kW/kg was measured at energy density of 11.8 W-h/kg in 1 mol/L H,SO, solution. Furthermore, at a constant scan rate of 50 mV/s,
97.02% of its capacitance was retained for 1000 cycles. These promising results were attributed to the unique assembly structure of

graphene film and low contact resistance, which indicated their potential application to electrochemical capacitors.
Key words: free-standing graphene-like film; supercapacitor; electrophoretic deposition; electrochemical reduction; flexibility

1 Introduction

Supercapacitor has attracted great attention for a
wide and growing range of applications due to its high
energy density, rapid charging and discharging rate, long
cycling life and low cost compared to conventional
dielectric capacitors [1,2]. So far, various materials, such
as carbonaceous material [3,4], metal oxide [5],
conducting polymers [6] and their composites [7,8], have
been used as supercapacitor electrode materials. Among
these materials, carbon is the widely used electrode
materials for supercapacitor, including activated carbon
(AC) [9,10], mesoporous carbon (MC) [11], carbide
derived carbon [12], carbon xerogel [13] and carbon
nanotube [14]. Although these porous carbon materials
have high specific surface area, but the low conductivity
and high contact resistance between electrode and
current collector limit the application in high powder
density supercapacitors [15].

Graphene, with a two-dimensional one-atom-thick
planar sheet of sp® bonded carbon atoms, is the carbon
material for potential application in electrochemical
energy storage with various superior properties such as
large specific surface area, high electrical conductivity
and charge—carrier mobility, high mechanical strength
and inherent flexibility [16—18].

Many methods, such as hydrothermal synthesis [19],
vacuum filtration deposition [20], electrophoretic
deposition [21], biotemplating method [22], have been
carried out to prepare the grapheme-based carbon
material with high effective surface areas, high electric
conductivity and low contact resistance, which should be
expected to exhibit better supercapacitor performance.
ZHU et al [23] produced high surface areas carbon-based
supercapacitors by activation of grapheme. MILLER et
al [24] prepared vertically oriented graphene nanosheets
directly on metal current collectors to minimize
electronic and ionic resistances. YOO et al [25]
fabricated the ultrathin supercapacitors by “in-plane”
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design to exploit the surface of each graphene layer for
energy storage. However, synthesizing the graphene
material with less agglomeration and manipulating the
graphene nanosheets into controllable architectures film
electrode were still challenges due to the hydrophobicity
and staking interaction among graphene sheets.

It has been reported that assembly of GO sheets on
a solid substrate was a good way to prevent the
aggregation of GO after reduction [26]. Given that the
difficulty of directly assembling the graphene electrode
materials, an alternative strategy was proposed to firstly
prepare the graphene oxide film electrode materials by
electrophoretic ~ deposition  (EPD), and  then
electrochemically reduce the GO films to graphene-like
films by removing the oxygen-contained groups (OCGs)
with the recovery of conjugated structure. In the process
of fabricating the electrode materials, EPD was seen as
one of the economical and versatile processing
techniques for depositing various types of functional
films due to unique microstructures, complex shape and
rapid production times [27], while electrochemical
reduction has been developed to achieve the reduction of
GO to graphene due to its fast and green nature [28].
Herein, a flexible self-standing graphene-like membrane
electrode material with large capacitance, low contact
resistance and good cycling stability was developed. The
graphene-like materials were obtained by a two-step
process. In the first step, negative charged GO
nanosheets suspended in an organic liquid migrated
toward a positive electrode to form a homogeneous film
with unique microstructure and complex shape by
electrophoretic deposition. In the second step, the GO
films were reduced by electrochemical reduction method,
after the removal of OCGs of GO by electrochemical
reduction, some micro-channels in the graphene-like film
were left, which can significantly permeate electrolyte to
facilitate ion transport. The influences of electrophoretic
deposition voltage and time on the electrochemical
properties were investigated.

2 Experimental

2.1 Preparation of ERGO film electrode
2.1.1 Synthesis of GO

Graphene oxide was synthesized from graphite
flakes (Sinopharm Chemical Reagent Co. Ltd., China) by
a modified hummer’s method. Briefly, graphite (2 g) and
NaNO; (1 g) were mixed with H,SO,4 (50 mL, 98%) in a
500 mL beaker. The mixture was stirred for 30 min
within an ice bath. While maintaining stirring, KMnOy, (5
g) was dissolved to the suspension and the mixture was
continuous stirred for 30 min. The ice bath was then
removed, and the mixture was stirred at 35 °C for 2 h. As
the reaction progressed, the mixture gradually became

pasty, and the color turned into brownish. Then 50 mL
H,O was slowly added to the pasty. The reaction
temperature was rapidly increased by adding the boiling
water (100 mL), and the color of solution changed to
yellow. At the end, 15 mL of 30% H,0, was added to the
mixture. The precipitate was washed with excess water
for several times. Further purified solution could be
achieved by repeating centrifugation for several times
until neutral pH, the graphene oxide (GO) powder was
collected after freeze drying for 2 d.
2.1.2 Electrophoretic deposition of graphene oxide film
The as-obtained graphene oxide powers were
transferred into alcohol and acetone mixed liquor to form
stable graphene oxide colloids after ultrasonication with
a concentration of 0.5 mg/mL. Electrophoretic deposition
of graphene oxide was performed using a cell consisting
of nickel plate as cathode and a graphite plate as anode.
The two electrodes were placed parallel to each other and
separated by 10 mm. The area of contact of each
electrode with the GO slurry was 2 cm”. The samples
used were listed in Table 1 together with electrophoretic
deposition parameters (deposition voltage and deposition
time), in which GO-30-5 signified that the deposition
voltage was 30 V and the deposition time was 5 min, and
the corresponding electrochemically reduced sample was
designed as ERGO-30-5.

Table 1 Electrophoretic deposition parameters of electrode

films
Electrode film Deposition D-epositi.on
voltage/V time/min

GO-20-10 20 10

GO-30-2 30

GO-30-5 30

GO-30-8 30 8
GO-30-10 30 10
GO-30-15 30 15
GO-30-20 30 20
GO-40-10 40 10
GO-50-10 50 10

2.1.3 Electrochemical reduction of graphene-like film
electrode

After deposition, the GO film on the graphite
substrate was electrochemically reduced by cyclic
voltammetry method from —1.2 to 0 V in 0.1 mol/L
phosphate buffer solution (PBS, pH=6) at a scan rate of
10 mV/s. As-prepared ERGO film electrode was then
rinsed with water and dried at room temperature for
electrochemical characterization.

2.2 Characterization of materials
X-ray diffraction (XRD, D/MAX 2200P, Rigaku,
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Japan) analysis of the GO and ERGO films was carried
out using the Cu K, radiation (4=1.54184 nm). Scanning
electron microscope (SEM, JSM-7500, JEOL, Japan)
was employed for characterizing surface and cross
section morphology. The FT-IR spectra (IRAffinity-1,
SHIMADZU, Japan) were obtained with pure KBr as a
background. The electrochemical performance was
evaluated on a CHI660D workstation (CH Instruments,
TX, USA) at ambient temperature. 1 mol/L H,SO, was
used as electrolytes, and CV, galvanostatic charge/
discharge and electrochemical impedance spectroscopy
(EIS) were performed in a three-electrode configuration,
with Pt foil as the counter electrode (CE), Ag/AgCl
electrode as the reference electrode (RE) and ERGO film
on graphite plate as the working electrode (WE).

The specific capacitance C, of ERGO electrode
film from CV could be calculated by

1

Cp=— | " 1av (1
T mes AV I

where m is the mass of ERGO, AV is the potential
window; s is the scan rate, here s=10 mV/s; [ is the
instaneous charge current in given potential.

From the slope of galvanostatic charge/discharge
curves, the specific capacitance (Cy), energy (F) and
power densities (P) of ERGO were calculated according
to the equations as follows:

C,=IxAtxm ' xAE™ )
E=05xC, xAE* (3)
P=ExAt"! 4)

where [/ is the applied current; m is the mass of electrode;
At is the charge time; AFE is the voltage range.

3 Results and discussion

3.1 Electrophoretic deposition of GO films on
graphite substrate
The graphene oxide platelets were driven by
electrical field during EPD and deposited on the graphite
substrate. The effect of deposition voltage and deposition
time on the mass per unit area is shown in Fig. 1. The

deposition voltage has significant effect on the mass gain.

When the voltage is below 30 V, the current density is
low, leading to low deposition rate. The mass gain per
unit area has a significant increase as the deposition
voltage increases from 20 to 50 V (Fig. 1(a)). This fact is
in agreement with the result reported by the previous
study [29], which illustrated that the mass was increased
with the increase of applied voltage, because the increase
in applied voltage increased the rate of GO sheets
migration, consequently, the mass of GO deposit. The
mass gain of the GO films per unit area increases linearly

with increasing deposition time from 5 to 10 min.
However, the deposition time and thus the mass increase
is limited by the form of a continuous GO film on the
graphite substrate after 10 min deposition (Fig. 1(b)).
This may be attributed to a gradual increase in the
resistance of the graphite/GO film electrode due to the
presence of oxygenated groups on the GO sheets surface
which arouse insulating characteristics. It was reported
that the current density during the EPD processing
decreased rapidly with time [27]. The rapid decrease in
the current density results in the decrease of the effective
field between the electrodes, which is a cause of the
decrease in deposition rate.
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Fig. 1 Mass gain per unit area of GO film deposits as function
of deposition voltage at deposition time of 10 min (a), and as
function of deposition time at deposition voltage of 30 V (b)

Figure 2 shows the effect of deposition time on the
film morphology. The bare graphite substrate has intense
surface roughness with grooved surface morphology
(Fig. 2(a)). During the deposition, a discontinuous GO
film is formed on the surface of graphite substrate after 2
min (Fig. 2(b)). A relatively continual film is obtained
when the deposition time is above 10 min (Fig. 2(c)).
These results show an efficient electrophoretic deposited
GO film on the anodic graphite electrode owing to a
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m
Fig. 2 SEM images of bare graphite substrate (a) and GO films
deposited at time of 2 min (b) and 10 min (c) at 30 V deposition
voltage

great amount of negatively charged OCGs on the GO
nanosheets.

3.2 Electrochemical reduction of GO film electrode
Figure 3 shows the cyclic voltammograms of
GO-30-10 film electrode in a PBS solution. The
reduction voltage was changed from 0 to —1.2 V with
respect to Ag/AgCl electrode at a scan rate of 10 mV/s.
In order to define the location of the reduction peak, a
control experiment with bare graphite substrate as the
working electrode was carried out under the same
conditions. The result is shown in Fig. 3, in which no
reduction peak is found. The peaks from about —0.6 to
—1.2 V can be attributed to the reduction of OCGs on the
GO nanosheets. In the subsequent cycles, the reduction
potential at about —0.6 V disappears, revealing that the
reduced GO do not get oxidized in the potential range
studied [30]. It is well known that there are various types
of OCGs with different amount and location on the
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Fig. 3 Cyclic voltammogram of GO-30-10 film on graphite
substrate and blank graphite substrate (red line) in PBS at scan
rate of 10 mV/s

graphene oxide sheets, such as epoxy, carbonyl, carboxyl,
hydroxyl, peroxy, aldehyde and lactone. It was reported
that only the reduction of epoxides, aldehydes, and
peroxides took place in the potential range of —0.9 to
—1.5 V (vs Ag/AgCl) in neutral buffers. The rest of the
groups were either nonreducible or would require more
extreme conditions [31]. Therefore, a large anodic
current peaks from —0.8 to —1.2V should be attributed
to the reduction of these electrochemically reducible
OCGs on the surface of GO film [32]. Moreover, from
the first to the tenth cycle, the anodic current peak at
—1.2 V becomes smaller and smaller, and the current
peak has no significant difference from further cycle. In
all cases, whatever at deposition voltage of 40 or 50 V,
upon first scanning in a reduction from 0 to —1.2 V, a
reducing wave is observed from —0.6 to —1.2 V and the
electrochemical reduction finishes after 20 and 30 cycles,
respectively. These demonstrate that the electrochemical
reduction of surface-oxygenated species at GO film
occurs quickly with an irreversible process.

Figure 4 shows XRD patterns of GO(GO-30-10)
and ERGO(ERGO-30-10) films. GO film exhibits a
reflection with peak at 26 of 10.9°, which corresponds to
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an interlayer distance of 0.81 nm. The XRD pattern of
the electrochemical reduction ERGO film shows a broad
reflection peak with the centre at 26 of 22.7° and a broad
shoulder peak at about 26 of 15° with a lower intensity,
which indicates that there are both sp® domain from
graphene and sp® domain from graphene oxide.

(001)

GO

w__._,_./" ERGO
10 20 30 40 50
201(°)
Fig. 4 XRD patterns of GO and ERGO film

The ERGO sample has more graphitic domains than
oxidized domains. The peak broadening effect is due to
the disordered stacking structure of graphene nanosheets.

In the IR spectra of GO and ERGO (Fig. 5), the
bands at ~1730, ~1224, ~1053 c¢m ' for GO correspond
to the stretching band of C=O0 in carbonyl moieties,
epoxy C—O and alkoxy C—O groups situates at the
edges of GO, respectively, and the peaks at ~3440,
~1625, ~1352 cm™' for ERGO correspond to the O—H
stretch vibration, C=C stretch vibration and C—O
stretch vibration, respectively [33]. FT-IR spectrum of
the ERGO differs from that of the GO as evidences by
the weakening of the peaks at ~1730, ~1224, ~1053 cm !,
respectively. The disappeared peaks of ERGO show that
after the electrochemical reduction of GO, some unstable
OCGs are removed, demonstrating that graphene can
be achieved by electrochemical reduction approach.

ya
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4000 3500 3000 2500 2000 1500 1000 500
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Fig. 5 FTIR spectra of GO and ERGO

BONANNI et al [31] reported that the amount of
carboxylic groups in ERGO was increased compared
with GO after electrochemical reduction. Carboxylic
groups are overlapped with newly formed C=C stretch
vibration corresponding to the recovery of conjugated
structure after electrochemical reduction, which also
enhances absorption intensity at ~1625 cm™' in the FT-IR
spectrum of ERGO [34].

The SEM image of the ERGO film surface
(ERGO-30-10) reveals a typical wrinkled texture that is
associated with the presence of flexible and ultrathin
graphene sheets (Fig. 6(a)). These geometric wrinkling
and rippling structures are caused by nanoscale
interlocking of GO sheets, provided reduced surface
energy and increased surface roughness and area [35]. If
the deposition voltage is too low (20 V) or deposition
time is too short (5 min), it is hard to take as-prepared
ERGO film off the graphite substrate and the film is
fragile. When the deposition voltage and time are higher
than 30 V and 10 min, respectively, a high-quality
flexible freestanding film is obtained (inset of Fig. 6(a)),
which is possibly due to the formation of the continuous
graphene film.

1.8um

3.
Fig. 6 SEM images of ERGO-30-10 film: (a) Surface image
(inset shows digital photograph of flexible free-standing ERGO
film);  (b)
magnification of selected area)

Cross-sectional image (inset shows high

Figure 6(b) shows the cross-sectional image of the
ERGO film (ERGO-30-10). It shows that the thickness
of ERGO film is 1.7-1.8 um, ERGO sheets are arranged
intermittently with flat sheets, and form an
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interconnected film parallel to graphite substrate.
Furthermore, from the insert image of Fig. 6(b), it shows
that the ERGO film is composed by multilayer of ERGO
sheets. This extraordinary structure with multilayer of
ERGO sheets parallel to graphite substrate is contributed
by the electrophoretic deposition combined with
electrochemical reduction approach, and it is beneficial
for the properties of supercapacitor devices.
3.3 Electrochemical characterizations of ERGO

electrode

The electrochemical behavior of ERGO film
electrode is evaluated with 3-electrode configuration in
aqueous system in the potential range from —0.2 to 0.8 V
(Figs. 7-10). Cyclic voltammograms (CVs) of the
ERGO-30-10 and ERGO-40-10 film electrodes at 10
mV/s show nearly rectangular CV curves, indicating an
idea capacitive behavior (Fig. 7). The ERGO-20-10 and
ERGO-50-10 film electrodes present smaller current
responses and narrower loop, which is typical of a higher
resistive electrode. Apart from this, there is a pair of
redox peak in the CV curves, which should be attributed
to the reaction of quinine/hydroquinone groups and extra
pseudocapacitive effects as follows [36,37]:

o O HO OH
(5
+H2H+2e"—
3
ol

ERGO-20-10
-2 — ERGO-30-10
- -- ERGO-40-10
""" F.RGIO-SU-I [}l

Current density/(A-g™")
=
T

-0.2 0 0.2 0.4 0.6 0.8
@(vs Ag/AgClY/V

Fig. 7 Cyclic voltammograms of ERGO film electrodes made

from different applied voltage at scan rate of 10 mV/s

In the CV curves of ERGO-50-10 film electrode,
the anodic and cathodic peaks of HQ are observed at 440
and 190 mV, respectively. The peak potential separation
(AEp) s 250 mV, which
hydroquinone (HQ) exhibits an irreversible electro-
chemical behavior. ERGO-30-10 and ERGO-40-10 have
similar redox peak location with anode peak at 0.41 V
and cathode peak at 0.38V, leading to dramatically

about indicates that

decreased AEp of 30 mV for HQ. These results
demonstrate that the over-potential of HQ at
ERGO-30-10 and ERGO-40-10 film electrode is
remarkably lowered and the electron transfer rate is
much improved.

Figure 8 shows the specific capacitance as a
function of scan rate for these four kinds of film
electrodes. The specific capacitance of these three kinds
of film electrodes decreases with increasing scan rate.
Specific capacitances for ERGO-20-10, ERGO-30-10,
ERGO-40-10 and ERGO-50-10 film electrodes are 146,
254, 186 and 153 F/g at scan rate of 10 mVi/s,
respectively. When the scan rate is 100 mV/s, the
retention ratio of the four film electrodes is 75%, 74%,
76% and 55%, respectively. The higher specific
capacitance and retention ratio for ERGO-30-10 are
obviously assigned to the high effective surface areas and
reduction of oxygen groups. As the deposition voltage
increases, the deposited mass per unit area on the
graphite substrate is increased, thus leading to the thicker
film or more compact film electrode. The OCGs are
more difficulty to be reduced completely from the thicker
film or more compact ERGO film electrode by
subsequent electrochemical reduction. Therefore, after
electrochemical reduction, the remaining OCGs in the
as-prepared ERGO film increase. The OCGs on the
graphene surface are able to participate in faradic redox
reaction. This is indicative of more preset capacitor and
lower electron transfer rate in the ERGO-50-10 sample,
leading to a dramatically
capacitances at 100 mV/s. The highest retention ratio of
ERGO-40-10 film electrode shows that the excellent
affinity with water promotes the penetration of aqueous
electrolyte. Figure 9 shows cyclic voltammograms (CVs)
of the ERGO-30-10 film with various scan rates in the
range from —0.2 to 0.8 V.

reduction of specific

280
*— ERGO-20-10
— =— ERGO-30-10
s 2401 a— ERGO-40-10
= *— ERGO-50-10
w
é 200+
3
(=9
S 160
(=]
=
8
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80 L l | |
0 20 40 60 80 100

Scan rate/(mV-s™)

Fig. 8 Specific capacitance as function of scan rate
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15 100 mV7s
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Fig. 9 Cyclic voltammograms of ERGO-30-10 film electrode at
different scan rate

The increase of the peak currents with successive
potential scans demonstrates that the deposition of
conducting graphene on the graphite has been indeed
achieved [38].

The relationship between the specific capacitance
C., and the deposition time at the deposition voltage of
30 V is shown in Fig. 10. The maximum value of specific
capacitance is obtained for ERGO-30-10 electrode film.
This can be explained by the fact that in shorter time the
amount of evolved GO film accumulating on the anode is
less, which can not form the continuous film. When
deposition time is less than 10 min, the conversation
from disconnection film to the integral film makes the
increase of specific capacitance. However, prolonging
the deposition time increases the thickness of the deposit
film, which delays the efficient reduction, leading to low
electric conductivity and high contact resistance. Thus, it
is concluded that high performance of electrocapacitive
ERGO electrode film can be formed at deposition
voltage of 30 V and deposition time of 10 min.
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Fig. 10 Specific capacitance C, of ERGO film electrode as
function of deposition time at deposition voltage of 30 V in 1
mol/L H,SOy4

Figure 11 shows the galvanostatic charge—discharge
curves of ERGO-30-10 film electrode. The symmetric
charge—discharge curves are linear in the total range of
potential with constant slopes, showing nearly perfect
capacitive behavior. No IR drop is detected even at
higher discharge current density of 8 A/g, indicating a
very low contact resistance.

8A/g 1.6 A/g 08 A/g

0.8

@ (vs Ag/AgCl/V

0 50 100 150 200 250 300
Time/s

Fig. 11 Charge—discharge curves at different current densities:
0.8, 1.6 and 8 A/g for ERGO-30-10 film electrode

The specific capacitances as a function of current
density are shown in Fig. 12. The C, of ERGO is
calculated to be 254 F/g at a current density of 0.8 A/g.
This value gradually decreases with the increase of
current density, and stabilizes at 132 F/g when the current
density increases to 83.3 A/g without a significant
decrease of the charge—discharge cycling. The higher
energy (11.8 W-h/kg) and powder density (39.1 kW/kg)
is ascribed to the unique microstructure of EPD film
with randomly stacking graphene nanosheets enhancing
the microspores in the graphene film electrode surface.

280
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Fig. 12 Specific capacitance as function of current density

The specific capacitance of ERGO film is larger
than those of GO reduced by electrochemical reduction
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approach [39], due to the high conductivity (without any
binder) and extraordinary stacking structure with
multilayer of ERGO sheets parallel to graphite substrate.
PENG et al [40] reported that the specific capacitance of
ERGO was only 128 F/g. This may be due to the low
adhesion between GO film and substrate by casting
method.

The cycle life of the supercapacitor electrode is an
important factor for practical application. Figure 13
shows the wvariation of specific capacitance of
ERGO-30-10 supercapacitor electrode at a constant scan
rate of 50 mV/s in 1 mol/L H,SO, solution for 1000
continuous cycles. It shows only 2.98% drop in the initial
specific capacitance and remains at 213.8 F/g after 1000
cycles. This illustrates that the ERGO-based
supercapacitor electrode has good stability and high
specific capacitance.

140
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T T T
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T
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Fig. 13 Cycle life of ERGO-30-10 film electrode at constant
scan rate of 50 mV/s

4 Conclusions

1) An easy and efficient electrophoretic deposition
coupled with electrochemical reduction approach for
synthesizing flexible free-standing ERGO film electrode
material was developed.

2) The wrinkling and rippling structures with
multilayer of graphene sheets parallel to graphite
substrate existed in the ERGO film.

3) After electrochemical reduction, some unstable
OCGs in GO film disappeared, hence the conductivity
and capacitive properties of ERGO film were improved.
High specific capacitance of 254 F/g was achieved from
CV at a scan rate of 10 mV/s; even at high scan rate of
100 mV/s, the specific capacitance values still reached
205 F/g.

4) Application of this technique allows the
preservation of GO microstructure in the graphene-like
membrane electrode materials, making it possible to be
applied in biosensor and energy storage field.
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