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ABSTRACT Flexible solid-state supercapacitors are of considerable interest as mobile
power supply for future flexible electronics. Graphene or carbon nanotubes based thin films
have been used to fabricate flexible solid-state supercapacitors with high gravimetric
specific capacitances (80—200 F/g), but usually with a rather low overall or areal specific
capacitance (3—50 mF/cm?) due to the ultrasmall electrode thickness (typically a few
micrometers) and ultralow mass loading, which is not desirable for practical applications.
Here we report the exploration of a three-dimensional (3D) graphene hydrogel for the
fabrication of high-performance solid-state flexible supercapacitors. With a highly

interconnected 3D network structure, graphene hydrogel exhibits exceptional electrical
conductivity and mechanical robustness to make it an excellent material for flexible energy storage devices. Our studies demonstrate that flexible
supercapacitors with a 120 zm thick graphene hydrogel thin film can exhibit excellent capacitive characteristics, including a high gravimetric specific
capacitance of 186 F/g (up to 196 F/g for a 42 .m thick electrode), an unprecedented areal specific capacitance of 372 mF/cm’ (up to 402 mF/cm’ for a
185 «m thick electrode), low leakage current (10.6 1A), excellent cycling stability, and extraordinary mechanical flexibility. This study demonstrates the
exciting potential of 3D graphene macrostructures for high-performance flexible energy storage devices.
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ith portable and flexible electro-
nics becoming increasingly per-
vasive in our daily lives, there is a

growing demand for lightweight, flexible, and
highly efficient energy storage devices.' ™
Supercapacitors are widely recognized as
an important class of energy storage de-
vices, because they can provide a high
power density, long cycle life, along with
the potential to achieve a relatively high
energy density close to traditional bat-
teries.>~” Considerable efforts have been
dedicated to developing high-performance
flexible solid-state supercapacitors based
on various carbon nanomaterials and their
composites®~"7 As a unique carbon nano-
material, graphene has attracted intense
interest for its promising applications in
supercapacitor electrodes,’® 2% mainly due
to its excellent conductivity, mechanical
flexibility, exceptionally large specific sur-
face area, and chemical stability. Several
studies have recently demonstrated the
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fabrication of flexible solid-state supercapa-
citors through the assembly of Nafion or
ionic liquid functionalized graphene thin films
(or reduced graphene oxide films) obtained
by a vacuum filtration method.'*~'°
Although graphene can fundamentally
provide a specific capacitance value up to
550 F/g,'® the specific capacitances achieved
in most solid-state devices demonstrated to
date are typically in the range 80—118 F/g at
the current density of 1 A/g, which is largely
limited by the parallel restacking of graphene
sheets to greatly reduce its active surface area.
A unique laser reduction approach was re-
cently used to produce a porous reduced
graphene oxide thin film electrode for solid-
state supercapacitors with the highest specific
capacitance of ~204 F/g."® Despite this signifi-
cant progress, most of the studies on solid-
state supercapacitors to date use ultrathin film
electrodes (typically around 10 um thick or
less) with a rather low mass loading, and
therefore usually with a very low overall or
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Figure 1. (A) Schematic diagram and (B) photographs of the fabrication process of flexible solid-state supercapacitors based
on graphene hydrogel films. (C) Low- and (D) high-magnification SEM images of the interior microstructure of the graphene
hydrogel before pressing. (E) Low- and (F) high-magnification SEM images of the interior microstructure of the graphene

hydrogel film after pressing.

areal specific capacitance (3—50 mF/cm? or less),'>~'®

which is not desirable for practical applications. It has
also been recognized that supercapacitor electrodes
with ultrathin films usually have a smaller internal
resistance and better ion diffusion characteristics to
result in higher apparent specific capacitance and
higher rate capability, which is, however, not always
translatable into devices with thicker films and larger
mass loading.>"?

Recently, graphene-based macroscopic materials
with a three-dimensional (3D) porous network have
received increasing attention for electrochemical en-
ergy storage.”’?? Typical 3D graphene macrostruc-
tures such as graphene hydrogels or aerogels could
be easily prepared by one-step chemical reduction of a
graphene oxide dispersion, in which flexible graphene
sheets partially overlap in 3D space to form interconnected
porous microstructure.22~2° This unique hierarchical
architecture not only prevents serious restacking of
graphene sheets but also allows electrolytes to freely
diffuse inside and through the network. With an ex-
ceptionally high surface area (up to 1000 m*/g based
on methylene blue molecular adsorption), these me-
chanically strong and electrically conductive 3D gra-
phene materials have been directly used as binder-free
supercapacitor electrodes with excellent specific capa-
citances (160—240 F/g), rate capability, and cycling
stability.>~2° However, the superior capacitive perfor-
mances of these 3D graphene macrostructures were
obtained in conventional supercapacitor systems with
liquid electrolytes, which requires a relatively compli-
cated encapsulation process to prevent the leakage of
liquid electrolytes and is usually not compatible with
flexible electronic applications.

Here we report the fabrication of a novel flexible
solid-state supercapacitor based on graphene hydro-
gel films using H,SO4-polyvinyl alcohol (PVA) gel as the
electrolyte. The integrated device exhibited a high
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gravimetric specific capacitance (186 F/g at 1 A/g),
excellent rate capability (70% retention at 20 A/g), a
small leakage current of as little as 10.6 uA, and more
importantly an unprecedented area-specific capaci-
tance of 372 mF/cm?. Furthermore, the device showed
little capacitance change while tested under its normal
and highly bent conditions and excellent cycling sta-
bility with only 8.4% capacitance decay over 10000
charge/discharge cycles at a current density of 10 A/g,
which can be attributed to the exceptional mechanical
and electrical robustness of the highly interconnected
network structure of graphene hydrogel films. We have
further demonstrated the practical use of the solid-
state device to light up LEDs, highlighting the signifi-
cant potential of 3D graphene macrostructures for
high-performance flexible energy storage devices.

RESULTS AND DISCCUSION

Figure 1A,B show the processing steps to fabricate
graphene hydrogel based solid-state flexible super-
capacitors. First, a free-standing graphene hydrogel
with a thickness of ~3 mm was synthesized by a modi-
fied hydrothermal reduction method®**** and im-
mersed in 1 M H,SO, aqueous solution overnight.
The graphene hydrogel was then cut into rectangular
strips with a dried weight of ~3.5 mg and pressed on
the gold-coated polyimide substrate under a pressure
of ~1 MPa to form a thin film with an areal mass of
~2 mg/cm?. To assemble the solid-state supercapacitor
device, a H,5SO,—PVA aqueous solution (~10 wt % for
both H,SO, and PVA) was slowly poured onto two
separate graphene hydrogel films and air-dried at
room temperature for 12 h to evaporate excess water.
The two graphene hydrogel electrodes were then
pressed together under a pressure of ~1 MPa for 30 min,
allowing the polymer gel electrolyte on each electrode
to combine into one thin separating layer. The result-
ing device was highly flexible and robust.
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Figure 2. (A) CV and (B) galvanostatic charge/discharge curves of the flexible solid-state device. (C) Comparison of specific
capacitances and (D) Nyquist plots of a graphene hydrogel film electrode in H,SO,—PVA gel electrolyte and 1 M H,SO,
aqueous electrolyte. The inset in (D) shows the magnified high-frequency regions of the Nyquist curves. Thickness
dependence of (E) areal capacitance and (F) mass-specific capacitance of a graphene hydrogel film comparing a liquid
(1 M H,S0,4) and a gel (H,SO,—PVA) electrolyte at a current density of 1 A/g.

The morphologies of the graphene hydrogel be-
fore and after pressing were characterized by scanning
electron microscopy (SEM). The as-prepared graphene
hydrogels are formed by partial overlapping of gra-
phene sheets via hydrophobic and 77— interactions in
3D space and possess an interconnected porous net-
work with most of its pores having a size of several
micrometers (Figure 1C,D). Although the hydrophobic
and m— interactions are weak interactions, the ex-
tended z-conjugation in graphene sheets can allow
extended s-stacking interactions between graphene
sheets to form strong bindings, resulting in highly
robust cross-links in the graphene hydrogels.”* Upon
physical pressing, the 3D graphene framework is sub-
stantially compressed from a thickness of ~3 mm to
~120 um. Moreover, the 3D continuous porous net-
work was well maintained (Figure 1EF). The porous
structure of the graphene hydrogel film was confirmed
by nitrogen adsorption and desorption measurements
(Figure S1 in the Supporting Information). A typical
type-IV isotherm characteristic with a distinct adsorp-
tion hysteresis loop indicates there are a lot of relatively
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large macropores and mesopores in the 3D framework
of the graphene hydrogel film (Figure STA). Brunauer—
Emmett—Teller (BET) and Barrett—Joyner—Halenda
(BJH) analyses also reveal that the graphene hydrogel
film has a high specific surface area of ~414 m?/g and
much of its pore volume (~0.73 cm?/g) lies in the range
2—70 nm (Figure S1B). Compared with previous compact
graphene films obtained by vacuum filtration,"*'® our
graphene hydrogel film provides a favorable porous
structure for electrolyte infiltration to make full use of
the large electrical double-layer capacitance of graphene
hydrogels.

The conductivities of the graphene hydrogel before
and after physical pressing were measured to be 7.8
and 192 S/m, respectively, indicating a good electrical
connectivity between graphene sheets in graphene
hydrogels before and after compressing. We have also
tested the mechanical flexibility of graphene hydrogel
films (Figure S2 in the Supporting Information).
Although the as-prepared graphene hydrogel is easy
to beak under bending state (the maximum bending
angle is about 30°—40°), the flexibility of the graphene
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hydrogel film was greatly enhanced upon physical
pressing due to the extrusion of large amounts of
entrapped water from the graphene hydrogel and
increased contact between the graphene skeleton
(Figure S2A in the Supporting Information). The cur-
rent—voltage curves of the graphene hydrogel film
were nearly unchanged at different bending states and
remained almost constant after 50 and 100 cycles of
bending, revealing the conductance was hardly af-
fected by bending stress (Figure S2B,C in the Support-
ing Information). The cross-section SEM images of the
graphene hydrogel films before and after the bending
operation indicate that the interior microstructures of
the graphene hydrogel films are well maintained after
the bending test and the connectivity between the
graphene sheets in the graphene hydrogel films is
strong enough for flexible devices (Figure S3 in the
Supporting Information).

The capacitive performance of the flexible solid-
state supercapacitors was evaluated by cyclic voltam-
metry (CV) and galvanostatic charge/discharge tests.
Figure 2A shows CV curves of the device in the range 0
to 1.0 V at various scan rates. In general, the shape of
the CV loop of an ideal electrical double-layer super-
capacitor should be rectangular. A large contact resis-
tance could distort the loop to result in an oblique
angle3® The CV curves of our device are close to
rectangular even at a high scan rate of 200 mV/s,
indicating an excellent capacitive behavior and low
contact resistance. The specific capacitances of the
graphene hydrogel film electrode estimated from the
CV curves were ~187 and ~137 F/g at scan rates of 10
and 200 mV/s, respectively. Consistently, the linear
profile of galvanostatic charge and discharge curves
and their symmetric triangular shape indicate nearly
ideal capacitive characteristics (Figure 2B).

The graphene hydrogel film in the solid-state device
exhibited a high specific capacitance of ~186 F/g at a
current density of 1 A/g (Figure 2C), which is very close
to the device measured in 1 M H,SO, aqueous electro-
lyte (~190 F/g, Figure S4 in the Supporting
Information), indicating an efficient infiltration of poly-
mer gel electrolyte into the 3D graphene network.
When the current density is increased from 1 to 20 A/g,
the solid-state device showed a lower specific
capacitance and rate capability (~130 F/g, 70%
retention) than the one in 1 M H,SO, solution (~152
F/g, 80% retention) (Figure 2C). This could be attribu-
ted to higher internal resistance and slower electrolyte
diffusion in solid-state devices. This is also confirmed
by the Nyquist plots obtained from electrochemical
impedance spectroscopy measurements (Figure 2D).
Nevertheless, the specific capacitances of the gra-
phene hydrogel film based solid-state supercapacitor
are substantially higher than those of most of the
previously reported solid-state devices made of carbon
nanotubes (50—115 F/g at 1 A/g)°~'? and graphene
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films (80—118 F/gat 1 A/g)"*'® and are comparable to
the recently reported laser-reduced graphene oxide
thin film supercapacitor (~204 F/g)."

Furthermore, it is important to note that with the 3D
graphene hydrogel we can prepare a thin film elec-
trode (~120 um) much thicker than that of the pre-
vious solid-state devices (~10 um or less) and,
therefore, achieve an area-specific capacitance (372
mF/cm?) that is more than 1 order of magnitude larger
than previous studies (3—46 mF/cm?) (Table S1 in the
Supporting Information). It has been recognized that
supercapacitor electrodes with ultrathin films usually
have a smaller internal resistance and better ion diffu-
sion characteristics to result in a higher apparent
specific capacitance when normalized by weight,
which, however, cannot always be translated into
devices with thicker films and larger mass loading.”'®
The ability to achieve a high specific capacitance of 186 F/g
in our thick thin film electrodes further confirms the
excellent conducting network of the graphene hydro-
gel film with a large specific surface area and the
excellent infiltration of the electrolyte into the network.
Achieving a high areal capacitance while maintaining
the flexible quality of the supercapacitors is essential to
power portable electronic devices and smart garments
(such as mobile phones, notebook computers, and
digital cameras),®' because there is usually a limited
amount of surface area to integrate electronics and
capacitive materials in these electronic products.®'

Although it is not surprising that the area-specific
capacitance normally scales linearly with the electrode
thickness, it is also well known that the area-specific
capacitance of solid-state supercapacitors can even-
tually saturate with the thicker electrode due to the
limited infiltration of polymer gel electrolyte into the
electrode materials.® To this end, we have also inves-
tigated the capacitive performances of graphene hy-
drogel films as a function of electrode thicknesses
(~42—185 um) in the liquid (1 M H,SO,) and gel
(H,SO4—PVA) electrolytes. Our studies show that the
area-specific capacitance exhibits a nearly linear beha-
vior vs electrode thickness in liquid electrolyte (1 M
H,SO,4), but starts to saturate in gel electrolytes
(H,SO,—PVA) when the electrode thickness exceeds
120 um, with a maximum areal capacitance of 402 mF/cm?
achieved in a ~185 um thick film (Figure 2E). On
the other hand, the mass-specific capacitance de-
creases moderately with the film thickness in liquid
electrolyte, and similar behavior is shown in gel elec-
trolyte before the saturation thickness (~120 um),
beyond which the mass-specific capacitance in the
gel electrolyte device degrades rather quickly due to
the limited infiltration of the gel electrolyte (Figure 2F).
The saturation thickness (120—180 #m) and maximum
areal capacitance (402 mF/cm?) of our devices are
much larger than those of previous carbon nanotube
thin film supercapacitors (5—10 #m and 30 mF/cm?,
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Figure 3. (A) CV curves of the flexible solid-state device at 10 mV/s for different bending angles. (B) Cycling stability of the

device at a current density of 10 A/g.

respectively),” which has directly enabled us to achieve
much larger overall or area-specific capacitance in our
devices. These studies further highlight that the use
of the 3D graphene hydrogel macrostructures not only
provides a highly conductive network for electrical
transport but also provides an open network for effi-
cient electrolyte diffusion to enable superior capacitive
performance.

Our flexible solid-state supercapacitors also exhibit
excellent mechanical robustness in the bending test.
The CV curves obtained at various bending angles
show nearly the same capacitive behavior (Figure 3A),
demonstrating that the change of electrochemical
property is negligible under different bending angles.
To further characterize the cyclability and performance
durability of the solid-state device, galvanostatic charge/
discharge tests were carried out up to 10000 cycles at a
high current density of 10 A/g under a 150° bending
angle. Remarkably, only 8.4% decay in specific capaci-
tance was observed after 10 000 charge/discharge cycles,
and the calculated Coulombic efficiency was always
kept in the range 98.8—100% throughout the testing
cycles (Figure 3B). Such excellent flexibility and capa-
citive performance of our device can be attributed to
the exceptional mechanical and electrical robustness
of the highly interconnected 3D network structure of
graphene hydrogel films and the favorable interfacial
electrochemical behaviors of the graphene hydrogel
film in the H,SO,—PVA gel electrolyte.

For practical application, it is important to evaluate
the leakage current and self-discharge characteristics
of the solid-state devices, which is often not discussed
enough in recent studies. In general, our device was
first charged to 1.0 V at 2 mA, and then the potential
was kept at 1.0 V for 2 h and the current flowing through
the supercapacitor was recorded. In this constant-
voltage mode, the current through the stabilized de-
vice compensates the current loss by the capacitor
itself, which can be viewed as the leakage current. For
our graphene hydrogel film based solid-state super-
capacitor, the current quickly stabilizes at 10.6 uA,
which is essentially the leakage current through the
device (Figure 4A). This value (1.5 uA per mg electrode)
is lower than that of a carbon nanotube/polyaniline
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composite supercapacitor (17.2 uA, 5.5 uA per mg
electrode),? indicating a relatively small leakage cur-
rent and high stability of our supercapacitor devices.>
The stability of the device and its capability for retain-
ing charges were further demonstrated by a self-dis-
charge test represented by the time course of the
open-circuit voltage. As shown in Figure 4B, the device
after being charged at 1.0 V for 15 min underwent a
rapid self-discharge process in the first half hour, which
gradually slowed after several hours. Finally the output
voltage of the device reached about 0.4 V after 24 h,
which is comparable to previous results of solid-state
supercapacitors (0.2—0.5 V).2'” These studies demon-
strate that our devices exhibit excellent low self-dis-
charge characteristics, which is highly desirable for
practical applications in mobile electronics.

We have further tested the lifetime stability of the
devices. The electrochemical performances of the
device were evaluated 1 week and 1 month after the
device was fabricated. The CV and galvanostatic charge/
discharge curves show that the capacitive behavior was
well retained after 1 week and even 1 month (Figure 4C
and D). The specific capacitance of the device showed a
rather small decay of 2.5% after the initial week, and
the value decayed only 6.2% after 1 month. Further
water evaporation could cause a less effective ion dif-
fusion to result in a slow decay in the specific capaci-
tance. It is important to note that this decay saturates
over time and eventually stabilizes at a nearly constant
value.

To further evaluate the performance of the solid-
state devices, we have plotted the Ragone plot to
compare our devices with a few typical examples
reported in the literature to date (Figure 5). The plot
clearly shows that our solid-state supercapacitors ex-
hibit significantly higher energy and power densities
compared to most of the previously reported solid-
state devices made of carbon nanotube and graphene
thin films. Such high energy or power density is
achieved in our devices with much thicker film electro-
des (~120 um) and larger mass loading (~2 mg/cm?)
than previous devices. This is particularly significant for
practical application of thin film energy storage de-
vices because it can offer orders of magnitude higher
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overall or area-specific capacitance. It should be noted
that the power density and energy density shown in
Figure 5 are based on the mass of active electrode
materials, similar to previous studies for comparison
purposes.”’ "> Normalized by the total mass of the
entire device (~52 mg), our device exhibits a power
density (0.67 kW/kg) and energy density (0.61 Wh/kg)
that compare favorably with a solid-state supercapa-
citor based on papers coated with carbon nanotubes
(0.46 kW/kg and 0.12 Wh/kg),"" but are inferior to the
solid-state supercapacitor based on free-standing gra-
phene thin films with no substrates (1.81 kW/kg and
2.9 Wh/kg)."® We believe the performance based on
the total mass of cells can be greatly improved by
reducing the thickness of the electrolyte and the
substrate as recently demonstrated.®*2

The volumetric capacitance of our graphene hydro-
gel films was calculated to be 31 F/cm?, which is higher
than the values reported for solid-state graphene
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(9.6 F/cm*)'® and polypyrrole (28 F/cm?)*? supercapa-
citors, indicating that graphene hydrogel films could
simultaneously achieve large areal capacitance and
reasonable volumetric capacitance. It should be noted
that nitrogen and boron co-doped graphene aerogels
have recently been explored for solid-state super-
capacitors,®® but with a lower specific capacitance
(118 F/g at 10 mV/s) and rate capability (45% retention
at 100 mV/s) than our graphene hydrogel films, which
can be largely attributed to the fact that the aerogels
prepared by freeze-drying of the corresponding hydro-
gels usually have a lower specific surface area and
worse electrolyte wettability and diffusion than hydro-
gels due to the hydrophobic nature of graphene sheets
and fusing of many mesopores within the aerogels
impelled by gradual growth of ice crystals during the
freeze-drying process.2%3*

To demonstrate the potential usefulness of the
graphene hydrogel films based flexible solid-state
supercapacitors, we have connected three supercapa-
citor units in series to make a tandem device. Each
supercapacitor unit used here has the same mass
loading of graphene hydrogel film (~3.5 mg for one
electrode). The tandem device was evaluated by CV
and galvanostatic charge/discharge measurements
(Figure S5 in the Supporting Information). As shown
in Figure 6A and B, the potential window is extended
from 1.0 V for a single device to 3.0 V for a tandem
device. Meanwhile, the product current (represented
by the area under the CV curves) and the charge/
discharge time at the same current density are essen-
tially unchanged for the tandem device vs individual
devices, indicating the capacitive performance of each
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supercapacitor unit is well retained in the tandem
device. Lastly, we have used the tandem device to
light up a green light-emitting-diode (LED, the lowest
working potential is about 2.0 V) (Figure 6C), demon-
strating the practical potential of the flexible super-
capacitors.

CONCLUSIONS

We have reported a novel flexible solid-state super-
capacitor with 120 um thick graphene hydrogel films
to achieve a high gravimetric specific capacitance
(186 F/g at 1 A/g), an unprecedented area-specific

METHODS

1. Graphene Oxide (GO) Synthesis and Purification. GO was pre-
pared by oxidation of natural graphite powder according to the
modified Hummers' method.>**” Briefly, graphite (3.0 g) was
added to concentrated sulfuric acid (70 mL) under stirring at
room temperature; then sodium nitrate (1.5 g) was added, and
the mixture was cooled to 0 °C. Under vigorous agitation,
potassium permanganate (9.0 g) was added slowly to keep
the temperature of the suspension lower than 20 °C. Succes-
sively, the reaction system was transferred to a 35—40 °C water
bath for about 0.5 h, forming a thick paste. Then, 140 mL of
water was added, and the solution was stirred for another
15 min. An additional 500 mL of water was added followed by
a slow addition of 20 mL of H,0, (30%), turning the color of the
solution from brown to yellow. The mixture was filtered and
washed with 1:10 HCl aqueous solution (250 mL) to remove
metal ions followed by repeated washing with water and
centrifugation to remove the acid. The resulting solid was
dispersed in water by ultrasonication for 1 h to make a GO
aqueous dispersion (0.5 wt %).

2. Preparation of Graphene Hydrogels. The graphene hydrogels
can be easily prepared using a modified hydrothermal reduc-
tion method.?*2* Briefly, 0.3 mL of 2 M ascorbic acid aqueous
solution was added into 6 mL of 4 mg/mL GO aqueous disper-
sion, and the mixture was sealed in a Teflon-lined autoclave and
maintained at 180 °C for 2 h. The autoclave was naturally cooled
to room temperature, and the as-prepared graphene hydrogel
was taken out with a tweezer and immersed in 1 M H,S0,4
aqueous solution overnight for the following experiments.

3. Fabrication of Flexible Solid-State Supercapacitors. First, the
H,SO,—PVA gel electrolyte was prepared as follows: 1 g of
H,SO4 was added into 10 mL of deionized water, and then 1 g of
PVA power was added. The whole mixture was heated to 85 °C
under stirring until the solution became clear. Second, the as-
prepared graphene hydrogel was cut into rectangular strips
with a dried weight of ~3.5 mg and pressed on the gold-coated
polyimide substrate (surface resistance about 2 Q) under a
pressure of ~1 MPa to form a thin film with a thickness of
~120 um and areal mass of ~2 mg/cm?. In order to assemble
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capacitance (372 mF/cm?), excellent rate capability
(70% retention at 20 A/g), cycling stability (8.4% capa-
citance decay over 10000 charge/discharge cycles),
and outstanding mechanical flexibility. The perfor-
mance of these devices could be further improved by
using an ionic-liquid-based gel electrolyte with a wider
operation potential and/or combining the pseudoca-
pacitive materials with a 3D graphene framework.>
With the exceptional mechanical and electrical robust-
ness, the highly interconnected 3D network structure
of a graphene hydrogel promises an exciting material
for high-performance flexible energy storage devices.

the solid-state device, the prepared H,50,—PVA aqueous solu-
tion was slowly poured on two graphene hydrogel films and air-
dried at room temperature for 12 h to evaporate excess water.
Then the two electrodes were pressed together under a pres-
sure of ~1 MPa for 30 min, which allowed the polymer gel
electrolyte on each electrode to combine into one thin separat-
ing layer to form an integrated device.

4. Characterizations. Graphene hydrogels before and after
pressing were freeze-dried, and their morphologies were char-
acterized by SEM (JEOL 6700). All the electrochemical experi-
ments were carried out using VersaSTAT 4 from Princeton
Applied Research. The electrochemical impedance spectrosco-
py measurements were performed over a frequency range from
10° to 10~ Hzat an amplitude of 10 mV. The cycle life tests were
conducted by galvanostatic charge/discharge measurements
with a constant current density of 10 A/g for 10 000 cycles. The
specific capacitance derived from CV curves was calculated
according to the following equation: C = 2([/dV)/vmAV, where
| is the voltammetric current, m is the graphene mass of one
electrode, v is the potential scan rate, and V is the potential in
one sweep segment. The specific capacitance derived from
galvanostatic discharge curves was calculated based on the
following equation: C = 2(IAt)/(mAV), where | is the dis-
charge current, At is the time for a full discharge, m is the graphene
mass of one electrode, and AV represents the potential change
after a full discharge. The energy density (E) and power density
(P) of one electrode depicted in the Ragone plots were calcu-
lated by using the equations E = (1/8)CAV? and P = E/At,
respectively, where C is the specific capacitance, AV is the
potential change after a full discharge, and At is the time for a
full discharge. For the leakage current test, the device was first
charged to 1.0 V at 2 mA, and then the potential was kept at 1.0
V for 2 h while acquiring the current data. For the self-discharge
test, the device was first charged to 1.0 V at 2 mA and kept at 1.0
V for 15 min, and then the open potential of the device was
measured by a digital multimeter as a function of time. For the
aqueous electrolyte test, two identical electrodes were sepa-
rated by a filter paper by clipping and dipped in a 1 M H,SO,4
solution.
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