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Here we reported a simple strategy to prepare three-dimensional graphene gel coated on nickel foam for

supercapacitor by simple ‘dipping and drying’ process. The supercapacitors based three-dimensional
graphene gel (G-Gel@NF-1) exhibited high rate capability of 152 F g at 0.36 A g and 107 F g™* at 90.9
A g, good cycle stability with capacitance retention of 89% after 2000 cycles and low internal resistance
(0.58 Q). Furthermore, a flexible electrode (G-gel@NF-2) was obtained by etching most nickel foam but
maintains the conductive backbone of nickel foam, which greatly reduces the total mass of the electrode

(can be reduced from 30 mg cm™ to less than 5 mg cm™), and can be compressed from a thickness of 1

mm to ~30 pm. With the aid of conductive network composed of a few nickels, G-gel@NF-2 still have

good performance in high rate capability and displays excellent flexible properties. The specific

capacitance which mass density of electrode is only 5.4 mg cm™ still reached ~115 F g'. The strategy can

improve the capability performance, greatly reduce the mass of the electrode, and lower the fabrication

cost of supercapacitor.

1 Introduction

Supercapacitors (also known as electrochemical capacitors or
ultracapacitors),  exhibiting  outstanding  electrochemical
performance such as high power density, fast charging-
discharging rate and excellent cycle stability, so have been
attracted more attention.'” In a supercapacitor device, electrode
material is most important component for determining
performance of supercapacitor.® © In order to achieve the superior
performance for supercapacitor, it requires electrode material to
have high specific surface area and good electrical conductivity.
Currently, carbon-based materials such as activated carbon™®
carbon fibers,'" ! carbon nanotubes'*'* and grapheme* " have
become one of the most intense research focuses as active
materials for supercapacitors mainly due to their high specific
surface area, good electrical conductivity, chemical stability in
the electrolyte and moderate cost. Among those carbon materials,
graphene, a one-atom-thick two-dimensional carbon material, has
been extensively investigated as the electrodes because of their
superior electrical conductivity, exceptionally high surface area,
and excellent mechanical flexibility. * '> 1620

Although graphene possess many advantages, the graphene-based
supercapacitors still have not achieved theoretical capacity as
high as ~550 F g' due to self-aggregation and restacking of
graphene sheets.* 2" > Therefore, a three-dimensional (3D)
architecture graphene has attracted more interests due to its
advantage that would prevent self-aggregation and restacking of
graphene sheets, possess high specific surface area, and allows
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electrolytes to freely diffuse inside and through the network, thus
resulting in good capacitive performance. *** In the past years, a
good strategy has been developed to obtain 3D structure graphene
by using nickel foam (NF) as a 3D substrate template which
nickel foam not only has high electronic conductivity, desirable
3D open-pore structure, high specific surface area, but can be
easily fabricated as a cheap commercial material and lower cost
for supercapacitor applications. For example, 3D structure
graphene was often fabricated by chemical vapor deposition
(CVD) growth on nickel foam, showed a very high conductivity,
outstanding electrical and mechanical properties.”® ** But high
quality CVD equipment, complex procedures and high
maintenance costs greatly limited its practical application on a
large scale. Therefore, it would be a low-cost way using chemical
reduction of GO sheets depositing into nickel foam to prepare 3D
graphene architectures. Recently, a G-Gel/NF composite
electrode by Shi et al. reported,®* was prepared by immersing a
piece of nickel foam in to GO solution and then chemical
reduction that 3D graphene hydrogel depositing into the
micropores of nickel foam, displays a high rate capability and a
low internal resistance. Such a strategy that 3D graphene directly
coated on the metal foam without any binder not only obtains a
3D architecture with high specific surface area, better ion freely
diffusion characteristics and the low contact resistance, but also
is a facile and cost-effective way. However, there are some
disadvantages for this G-Gel/NF composite electrode. For
example, the electrode is too weight and too thick (the typical
density and thickness of nickel foam are about ~35mg cm™ and
~Imm, respectively), and cannot be applied to the flexible energy
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storage device without flexible mechanical properties. But if
nickel foam was completely etched, the 3D graphene gel without
the support of nickel foam would exhibit a poor performance,
mainly due to the presence of defects using chemical reduction of
GO sheets and the higher contact resistance. Therefore, it is still
challenging to develop a simple, inexpensive and scalable method
to fabricate three-dimensional architecture graphene for
supercapacitor.

In this work, we report a facile and industrially scalable approach
to prepare 3D graphene gel by using nickel foam as a substrate.
By simple ‘dipping and drying’ process, GO was easy deposited
on a nickel foam framework and coated on nickel foam. After
reduction by ascorbic acid, supercapacitors based 3D graphene
gel coated nickel foam exhibited high rate capability and
excellent cycling stability. Moreover, the areal specific
capacitance can be easily modulated by controlling number of
soaking or the concentration of GO, meeting a variety of
requirements in practical applications. A flexible G-Gel electrode
was obtained by etching most weight of the nickel foam. The
removal of most of nickel foam does not damage the conductive
backbone of nickel foam, but greatly reduces the total mass of the
electrode (including the residual nickel network less than 6 mg
cm?). Furthermore, supercapacitor device fabricated using
flexible G-Gel electrodes displays remarkable electrochemical
performance and excellent flexible properties. In addition, the
approach reported here is simple and readily scalable to industrial
levels.

2 Experimental

Graphite oxide (GO) was prepared by a modified Hummers'
method. Ni foam (110 PPI, mass density of ~30 mg cm™, Shanxi
Lizhiyuan battery material co., LTD., China) was carefully
cleaned treated with acetone to remove contaminants and
hydrochloric acid to etch the surface, and then washed in
sequence with deionized water and absolute ethanol.

2.1 Preparation of G-Gel@NF-1 and flexible G-Gel@NF-2
electrodes

Before experiment, cleaned nickel foam was fully wetted by
deionized water. The preparation of graphene gels deposited onto
nickel foam (G-gel@NF-1) mainly consists of three steps.
Briefly, firstly the nickel foam sheets (with a size of 2.5 cm X
lem x 0.1cm) were immersed into a GO dispersions (2mg ml™),
followed by ultrasonication for 15 minutes and drying for several
hours in air to remove the water at room temperature. Secondly,
nickel foam sheet coated with GO film was dipped into GO
dispersions (2 mg ml™) and soaked for 15 minutes and then
drying for several hours to remove the water at room temperature.
The second step was repeated for a number of times to increase
the GO loading. Thirdly, the nickel foam sheet coated with GO
was transferred to 20 ml of ascorbic acid aqueous solution (10
mg ml") and maintained at 60 °C in a water bath for 5 h. They
were repeatedly rinsed with deionized water and dried for use.

A flexible G-Gel coated at nickel foam electrode (G-gel@NF-2)
was obtained by putting G-Gel@NF-1 into 3M HCI acid at 80° C
for 1 h to remove most of the nickel foam and then press into a
sheet. In this process the conductive backbone of nickel foam was
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not damaged and the mass density of the electrode (including the
residual nickel network) is 8.4 mg cm™.

For comparison, the removal of nickel foam from the G-
Gel@NF-1 composite film was performed by putting G-Gel@NF
into 6 M HCI (6 mol L™ ) at 80° C for 6 h completely dissolve the
nickel foam to obtain G-Gel. Then take G-Gel press into Ti foil
without binder (labeled as G-gel@Ti, Ti foils were used current
collectors).

The mass of rGO-gel was measured by putting G-Gel@NF-1 or
G-Gel@NF-2 into 6 M HCI acid at 80° for 6 h completely
dissolve the nickel foam to obtain dried G-Gel.

2.2 Electrochemical Measurement

A two-electrode cell configuration was used to measure the
performance of G-Gel@NF-1 and G-gel@Ti as a supercapacitor
electrode. Two identical G-Gel@NF-1 or G-gel@Ti electrodes
(1.0 cmx1.0 cm each) were separated by a thick separator (NKK
TF45, 40 um). The flexible G-Gel@NF-2 supercapacitor device
was assembled to measure the performances. A flexible G-
Gel@NF-2 (1.0 cmx1.0 cm each) was attached on the PET
membrane (thickness of ~30 um) as both electrodes and current
collectors. Two pieces of these sheets were assembled with a
separator (NKK TF45, 40 pm) sandwiched in between (see Fig.
7a). All electrodes are without any binder or conduct additive.
The electrochemical performances were characterized by cyclic
voltammetry, galvanostatic  charge—discharge tests and
electrochemical impedance spectroscopy (EIS) measurements in
a 5 mol L' KOH aqueous solution. The gravimetric specific
capacitance was obtained from the discharge process according to
the following equation: C=4 I/(m dV/df), where I is the applied
current (A), m is the total graphene mass of the two electrodes
(g), and dV/dt is the slope of the discharge curve(V/s).

2.3 Material Characterization

The morphology of rGO-gel was examinged using scanning
electron microscope (SEM, Hi-tachi S3400, Japan). XRD patterns
were performed on X-ray diffraction (Bruker DS, Bruker,
Germany) with Cu—Ka radiation in the range of 5°-40°. XPS was
carried out using Phi 5000 VersaProbe Scanning ESCA
Microprobe  (Ulvac-Phi, Inc., Japan). Electrochemical
performance measurements were carried out at room temperature
using an electrochemical workstation (CHI 660D, Chenhua
Instruments, China).

3 Results and discussion
3.1. Morphological and Structural Characterization

With the aid of simple ultrasonication, wetted nickel foam induce
GO hydrogel to filled rapidity into the micropores and coated
network of nickel foam, and the lateral dimensions of the GO
nanosheets were also reduced and produce smaller fragments.*’
Therefore it is easily generated for GO hydrogel to bond the
skeleton of nickel foam sheet result from the decrease in the
lateral dimensions of the nanosheets and van der Waals
attractions. Especially, it forms a strong adhesion of GO onto the
surface of nickel metal after remove the water. But if nickel foam
is not full wetted and without ultrasonication, GO film covered
nickel foam is not easy to generated and uneven. Therefore
ultrasonication and wetted nickel foam is the key factor for GO
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film growth the surface of nickel foam. Furthermore, it is easier
to induce more GO hydrogel attached to the surface of network
by immersing nickel foam sheet coated with GO film into GO
dispersions for increase the GO loading owe to favourable
interactions between GO sheets. The colours of Ni foam became
dark yellow when GO gel cover foam nickel, then became dark
after reduction of ascorbic acid as shown in the Fig. 1j. Compared
with the bare nickel foam with a 3D cross-linked grid structure
(shown in Fig. 1a), the SEM image shown in Fig. 1b clearly
shows that rGO-gel has been successfully deposited in the
micropores and tightly coated on the frameworks of nickel foam.
The bonding of metals to graphene surfaces were divided into
three types: weak physisorption, ionic chemisorption and
covalent chemisorption. *! Given nickel foam is a bulk metal not
a nano-sized metal particle, the bonding between nickel foam and
graphene surfaces mainly owe to van der Waals attractions, a
weak physisorption. In spite of this, rGO gels still adhere to the
skeleton of nickel foam tightly, unlike GO film is easy to fall
down from the metal substrate and break up during the reduction
process by ascorbic acid. There is no obvious difference in the
morphology of the rGO-gel coated on the frameworks of nickel
foam before (Fig. 1b) and after etching by 3M HCI at 80 °C (Fig.
lc). Fig. 1d shows the morphology of the rGO-gel that nickel
foam had been completely etched is similar to Fig. 1b and Fig.
lc, but without nickel foam supporter its electrochemical
performance is very bad (see Fig. 6).

Nifoam GO@Ni foam rGO@Ni foam

Fig.1 SEM images (a) Nickel foam, (b) As-prepared G-gel@NF-1, (c)
As-prepared G-gel@NF-2, (d) rGO-gel that nickel foam had been
completely etched. Cross-sectional SEM images: (e) Nickel foam, (f) As-
prepared G-gel@NF-1, (g) As-prepared G-gel @NF-2 that Part of the
nickel foam had been etched away in 3M HCI for 40 min, (g) As-prepared
G-gel @NF-2 that Part of the nickel foam had been etched away in 3M
HC1 for 50 min. (i) Schematic diagram of nickel foam by etching.
(j)Digital photographs of nickel foam, GO gel coated on nickel foam, and
G-Gel@NF

In practical applications, the total mass of the electrode must be
taken into consideration.*> The current collector such as nickel
foam often makes up most of the total mass of supercapacitors.
Thus, it is very necessary to reduce the total mass of the electrode
via lowering the mass of the current collector but need to keep the
conductive network of current collector. It is possible to achieve
this goal. Nickel metal surface exposed to the hydrochloric acid
solution is very easy to be corroded, but nickel metal surface
covered with rGO-gel is hard to be corroded or is corroded
slowly because hydrochloric acid is not easy to penetrate to the
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metal surface under the protection of the graphene. From the
cross-sectional SEM images of Fig. le, the section of nickel foam
is a tubular which hydrochloric acid solution can go inside its
body (demonstration diagram as shown in Fig. 1i). The inner wall
of the tube is easily corroded by hydrochloric acid solution
without protection, but the outer surface of the tube is corroded
more slowly because of blocking effect caused by rGO-gel, thus
resulting in tube wall from the inside to the outside becomes
thinner, which it is confirmed by comparing cross-sectional SEM
images of samples at different time of etching for 0 min, 40 min
and 75 min as shown in Fig. 1f, Fig. 1g and Fig. 1h, respectively.
Our results show that the conductive backbone of nickel foam can
be still maintained as long as the mass density of the electrode is
larger than 5 mg cm? (Videol, ESIf), therefore, it is very
meaningful in practical applications. Upon physical pressing, G-
gel@NF-2 can be compressed from a thickness of 1 mm to ~30
um and be free-standing without the addition of a binder.

Further, the structure and elemental characterization of rGO-gel
were confirmed by XRD patterns and XPS spectra as given in Fig.
2. XRD patterns of GO and rGO-gel are shown in Fig. 2a. The
featured diffraction peak of GO appeared at 10.4°, corresponding
to an interlayer spacing (d-spacing) of 0.849 nm. After the
chemical reduction, this peak at 26=10.4° is entirely disappeared
but a broad diffraction peak centered at around 24°(dgy, of
~0.371nm) of the graphite (002) plane was observed for rGO-gel,
indicating the few-layer stacked graphene nanosheets of their
frameworks and the recovery of a graphitic crystal structure. Fig.
2b and 2c¢ shows the Cls XPS spectra of GO and rGO-gel. From
the Cls XPS spectrum of GO (Fig. 2b), there are four different
peaks with different chemical valences at about 284.6, 286.4,
287.8, and 289.0 eV, corresponding to the C=C/C-C, C-O, C=0,
and O=C-O species, respectively. After reduction by ascorbic
acid, the oxygen species of C-O, C=0, and O=C-O reduced
significantly, but the major species of C=C (284.6 eV) and C-C
(285.5 eV) were remaining, as shown in Fig. 2¢, which indicate
that GO has been effectively reduced by ascorbic acid.

—Go
——1GO-gel

Intensity(a.u.)

XPS Intensity (a.u.)
XPS Intensity (a.u.)

s 10 ] » )
20 (degree) 0

)
Binding Energy (eV)

)
Binding Energy (eV)

Fig.2 (a) XRD patterns of GO and rGO-gel. (b) The C 1s XPS spectra for
GO and (c) The C 1s XPS spectra for rGO-gel

3.2. Electrical Measurement and Electrochemical Properties

The G-Gel@NF-1 was assembled in a symmetric two-electrode
to simulate actual device behaviour. The capacitive performance
was evaluated by cyclic voltammograms (CV) curves and the
galvanostatic charge—discharge (GCD) tests as shown in Fig. 3.
The CV curves under scan rates of 50, 100, 300 and 500 mV s’
exhibit typical quasi-rectangular shape, characteristic of the
double-layer capacitor, indicating good charge propagations at
the electrode interfaces following the mechanism of electric
double-layer capacitors.®> With scan rates increasing, the current
response increases accordingly and the CV curves shown in Fig.

This journal is © The Royal Society of Chemistry [year]
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3b still keep their quasi-rectangular shape with small distortions.
The CV curve of G-gel@NF-1 is still close to rectangular even at
a high scan rate of 2000 mV s, indicating a high rate capability
and a low internal resistance.

Current density (A g")
Current density (Ag")

00 02 04 08 o8 10 00 02 04 08 o8 10

Voltage(V)

——9090Ag"
IR drop: 024V

o W

Voltage (V)
Voltage (V)

Time (s)

Fig.3 CV curves and GCD curves of G-gel@NF-1. (a) and (b) : CV
curves at different scan rates, (c) and (d): Galvanostatic charging-
discharging curves at different current densities

The galvanostatic charge—discharge (GCD) curves of the G-
10 gel@NF-1 measured in a range of 0-1 V at different current
densities are shown in Fig. 3c. The galvanostatic charge—
discharge curves look nearly symmetric, which also indicating
our sample have good double-layer capacitive characteristics.” In
addition, a small voltage drop (0.24 V) was observed at the
15 beginning of dis-charge (IR drop) at a high current density of
90.90 A g (shown in Fig. 3d), also indicating a low internal
resistance of the G-Gel@NF-1. The specific capacitances of the
G-gel@NF-1 estimated from the discharging curves were ~152,
~140, ~133 and ~129 F g'1 at current densities of 0.36, 1.09, 2.72
wand 545 A g, respectively. Surprisingly, the value of specific
capacitances was still up to 107 F g' at 90.9 A g'. These
capacitance values are comparable to or higher than those of

carbon nanotubes'® ***¢ and graphene film.'* 373
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25 Fig.4 (a) Gravimetric specific capacitance of G-gel@NF-1 at different
current densities, (b) Areal specific capacitance of G-gel@NF-1 as a
function of the number of soaking with different concentrations of GO,
(c) Nyquist plots of G-Gel@NF-1 and Inset: The high-frequency region

of the plots, (d) Cycle stability tests for G-gel@NF-1 at a current density
30 of 462 Ag'.

The gravimetric specific capacitance values derived from the
discharging curves at different current densities are shown in Fig.
4a. We also clearly see that the G-gel@NF-1 maintains its ~70%
specific capacitances with a value of 117 F g as the current
3 density is increased from 0.36 to 90.9 A g”', indicating high-rate
performance due to the high conductivity and electrochemical
stability of rGO-gel, 3D network structure of rGO-gel that
facilitate the efficient access of electrolyte ions to the graphene
surface and shorten the ion diffusion path**"*% and low contact
40 resistance between rGO-gel and metal current collector, which
could be favourable to speed up the charge transfer at high
current densities during the discharge processes.
Furthermore, the areal specific capacitance of G-Gel@NF-1 can
be easily modulated by controlling number of soaking or the
45 concentration of GO to meet a variety of requirements in practical
applications. For example, when concentration of GO is 2 or 4
mg ml' and the soak time from 0 to 6, the areal specific
capacitance of G-Gel@NF-1 increases from 15 to 115 mF cm™ or
26 to 156 mF ¢cm™ as shown in Fig. 4b (CV curves and GCD
so curves see Fig. S1 and Fig. S2, ESI}), suggesting such regulation
strategy is superior to previous methods reported by Shi et al.**
These areal specific capacitance values are higher than those of
the previously reported graphene films such as laser-scribed
grapheme thin film supercapacitor (7.34 mF cm?).*
ss To better understand the performance of the electrodes, the
kinetic feature of the ion diffusion in this electrode is investigated
using electrochemical impedance spectroscopy (EIS). Fig. 4c
shows the Nyquist plot based on a frequency response analysis of
frequencies ranging from 0.01 Hz to 100 kHz. The impedance
6 curve intersects the real axis at a 45° angle in the beginning,
which is the typical feature of a porous electrode when saturated
with electrolyte.'>*' At low frequencies, the straightline tends to
be perpendicular to the real axis, indicating the pure capacitive

behaviour. The high frequency region is shown in the inset of Fig.

es 4c. The semicircle shows good electrode contact,”” and an
equivalent series resistance (ESR) of G-gel@NF-1 obtained from
the first intersection of the semicircle with the real axis is
extremely small at 0.58 Q, mainly due to the existence of 3D
network structure that can facilitate the efficient access of

70 electrolyte ions to the graphene surface and shorten the ion
diffusion path. The cycle stability is an important requirement for
supercapacitor applications. Therefore, the cycle stability of G-
gel@NF-1 was evaluated by repeating the GCD test between 0
and 1.0 V at a current density of 4.62 A g'. As shown in Fig. 4d,

75 the capacitance retention of the G-gel@NF-1 reaches ~89% after
2000 cycles, showed an excellent cycling stability.

(a): (b) =
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Fig.5 (a) CV curves for different mass density of electrodes. (b)
Gravimetric specific capacitance of G-gel@NF-2 for different mass
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density of electrodes: calculated using the mass of rGO-gel (blue) and the
mass of the whole electrode (red), respectively.

G-gel@NF-1 exhibits the high rate capability and high specific
capacitances, but the weight of the current collector must be
taken into consideration in practical application,®> and mass
density of nickel foam is too large and reaches about 30 mg cm™
in our experiment. Therefore, it is very necessary to reduce the
total weight of electrodes. Fig. 5a shows that there are no obvious
differences for CV curves before etching and after etching except
10 the area of CV curves decrease with reduction of the mass density
of the electrode. Even the mass density of the electrode can be
reduced to about 16% with a value of 5.4 mg cm, its CV curve
is still close to typical quasi-rectangular shape due to the
existence of conductive backbone, suggesting that electrode can
15 be removed most of the nickel foam and just keep the conductive
backbone. The gravimetric specific capacitances calculated using
mass of rGO-gel decrease with reduction of the mass density of
the electrode as shown in Fig. 5b. Before etching, G-gel@NF-1
has a high specific capacitance of ~152 F g, but after etching by
20 3M HCI for more than an hour, the value of gravimetric specific
capacitance still reaches ~115 F ™' with 25% degradation, but the
corresponding mass density of electrode including the mass of Ni
is very low and only 5.4 mg cm™, comparing with the weight of
the nickel foam (mass density of about 30 mg cm™, thickness of 1
»s mm). In order to better illustrate the advantage of our approach,
the gravimetric capacitance calculated using the total mass of the
electrode with 5.4 mg cm? is ~13.5 F g and more than four
times as many as that for electrode of 30.6 mg cm™ with a value
of ~3 F g as shown in Fig. 5b, suggesting an good idea to
30 improve the performance of supercapacitors.
In general, graphene material using chemical reduction of GO
sheets often shows bad electrochemical performance in high rate
capability, mainly due to the presence of defects using chemical
reduction and the higher contact resistance between graphene
3s material and current collector. For comparison, the rGO-gel
attached on a Ti foil exhibits a poor performance when nickel
foam was completely etched in our experiment as shown in Fig.6.
Fig.6a shows the cyclic voltammograms (CV) of G-gel@Ti in the
range from 0 to 1.0 V at different scan rates. The CV curves of G-
o gel@Ti under scan rates of 50 and 100 mV s exhibit typical
quasi-rectangular shapes. However, the CV curve deviated from
the quasi-rectangular shape when the scan rate was up to 300 mV
5!, indicating it has bad electrochemical performance in high rate
capability. It also confirmed by the galvanostatic charge—
discharge (GCD) curves measured in a range of 0-1V at different
current densities. As shown in Fig. 6b, 6¢, 6d and 6e, respectively,
GCD curves look nearly symmetric, indicating our sample has
good double-layer capacitive characteristics, but IR drop (about
~0.17 V) of G-gel@Ti was observed at a current density of 3.57
50 A g'. The gravimetric specific capacitance at different current
densities from 0.28 to 3.57 A g”' are shown in Fig. 6f. The current
density is increased only 3.57 A g, but the gravimetric specific
capacitance has been decreased by ~20% with a value of 85 F g™
In addition, the specific capacitance of G-gel@Ti is significantly
less than the value of G-gel@NF-1. These results indicate rGO-
gel has bad electrochemical performance in high rate capability
without nickel foam supporter, mainly due to the higher contact
resistance. This can be explained reasonably. Nickel foam palys
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an important role in the performance of supercapacitor. The
0 contact surface of rGO gel directly coated on nickel foam is much
larger than rGO-gel attached on a Ti foil, lead to different of
contact resistance between G-gel and nickel foam or Ti foil.
Integration of graphene into the nickel foam as a whole electrode
can effectively reduce the contact resistance. Therefore, the more
s content of Ni foam, the better the performance of G-gel coated on
Ni foam, which has been confirmed by Fig.5. And the conductive
network composed of a few nickels is necessary for
supercapacitor base on rGO gel electrode.
Although most of the nickel foam was removed, supercapacitor
70 base on G-gel@NF-2 electrode still have good performance in
high rate capability with the aid of conductive network composed
of a few residual nickels as shown in Fig. 7

(c)..

Time (5) Time () Cunent donsty A g

Fig. 6(a)CV curves of G-gel@Ti at different scan rates: 50, 100, 200 and

75 300 mV/s. Galvanostatic charging-discharging curves at different current
densities for G-gel@ Ti: (b) 0.57 A g”, (c) 1.14 A g, (d) 2.14 A g, (¢)
3.57 A g (f) Gravimetric specific capacitance of G-gel@Ti at different
current densities
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Fig.7 (a) Schematic of the structure of flexible supercapacitors consisting
of two symmetrical G-gel@NF-2 electrodes, a separator, and two PET
membranes, and the digital photographs of the flexible supercapacitor. (b)
CV curves of G-gel@NF-2 supercapacitor at different scan rates. (c)
Galvanostatic charging-discharging  curves of  G-gel@NF-2
supercapacitor at different current densities. (d) The CVs of the flexible
supercapacitor with bending angles of 0, 60, 90 and180° at a scan rate of
100 mV's™.

3
&

Fig. 7a shows a flexible supercapacitor device assembled by two
G-gel @NF-2 electrodes attached PET membranes and separator
s in order to better valuate the actual performance of G-gel @NF-2.
The CV curves and GCD curves of flexible supercapacitor device
at different scan rates and different current densities were shown
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in Fig. 7b and 7c, respectively. The CV curves are close to
rectangular shape and the GCD curves are nearly a symmetric
triangular shape, indicating an excellent capacitive behaviour.
Although the CV curve begin to deviate a little from the quasi-
rectangular shape when the scan rate was increased to 1000 mV s’
! because contact resistance between rGO-gel and nickel foam
increases compared with G-gel @NF-1 due to mass reduction of
nickel. The high specific capacitance of G-gel@NF-2 was
calculated to be ~126, ~124 and ~120 F g" at 0.8, 1 and 1.6 A g”'
according to the discharge curve (Fig. 7c), respectively.
Therefore, these results suggest that most weight reduction of the
nickel foam has little influence on the capacitive performance of
G-gel@NF-2. Furthermore the G-gel@NF-2 supercapacitor
device exhibit highly flexible and excellent mechanical
robustness in the bending test. The CV curves obtained at the 100
mV s of scan rate with various bending angle are shown in Fig.
7d. There is no significant difference between the CV curves with
and without bending, suggesting the high flexible property for the
G-gel@NF-2 electrode. It is very meaningful for supercapacitors
in the practical application.

Cumeet deosty (Ag') Cyce uamber () Ziom)

Fig.8 (a) Gravimetric specific capacitance of G-gel@NF-2 supercapacitor
at different current densities. (b) Cycle stability tests for G-gel@NF-2
supercapacitor device at a current density of 4 A g'. (c) Nyquist plots of
G-Gel@NF-2 supercapacitor and Inset: the high-frequency region of the
plots

The gravimetric specific capacitance values at different current
densities are shown in Fig. 8a. The G-gel@NF-2 maintains its
~80% specific capacitances with a value up to 105 F g as the
current density is increased from 0.40 to 10 A g'. The cycle
stability of d G-gel@NF-2 supercapacitor shown in Fig. 8b was
evaluated by repeating the GCD test at a current density of 4 A g
!. The capacitance retention of G-gel@NF-2 reaches ~77% after
2000 cycles. These results indicate G-gel@NF-2 have a good
capacitive performance. It is also confirmed by the Nyquist plots
based on a frequency response analysis of frequencies ranging
from 0.01 Hz to 100 kHz (Fig. 8c). At low frequencies, the
straight line is nearly perpendicular to the real axis, show
excellent capacitive behaviour. The equivalent series resistance
(ESR) obtained from the first intersection of the semicircle with
the real axis is 2.1 Q for G-gel@NF-2, higher than that of G-
gel@NF-1 because of reduction of nickel in the electrode. These
results revealed that it can improve performance of rGO with the
aid of conductive network composed by a few nickels. This
strategy can integrate graphene into the current collector as a
whole electrode, greatly reduce the total mass of the electrode,
and more important is to lower the fabrication cost of
supercapacitor.

Conclusions

In summary, we report a 3D graphene gel was made by a facile

o
b
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100

105

110

simple, very efficient and industrially scalable approach. The G-
gel@NF-1 supercapacitor based 3D graphene gel coated on a
porous nickel framework exhibited electrochemical performance
including high rate capability which the CV curves also keep
ideal quasi-rectangular shape even at a high scan rate of 2000 mV
s, a high specific capacitance of ~152 F g at current densities
of 0.36 A g, and good electrochemical cyclic stability which the
capacitance retention still reaches ~89% after 2000 cycles.
Furthermore the areal specific capacitance can be easily
modulated to meet a variety of requirements in practical
applications. A flexible G-Gel is obtained by etching most weight
of the Ni foam but the conductive backbone of nickel network
was still remained, and can be used as an electrode in a
supercapacitor without the addition of a binder, which greatly
reduces the total mass of the electrode. The gravimetric
capacitance calculated using the total mass of the electrode after
etching is much larger than the value before etching, which it
provides a good idea to improve the performance of
supercapacitors. Furthermore, flexible G-Gel supercapacitor
device displays remarkable characteristics including high rate
capability performance, low weight and excellent flexible
properties which are very meaningful for supercapacitors in the
practical application. The graphene gel coated on Ni foam can be
further to form a composite electrode with metal oxides, metal
hydroxide or conducting polymers to obtain higher specific
capacitance. Therefore, this approach is a simple, yet highly
versatile may provide a flexible, low weight, high-performance
but cost-effective materials used in energy-storage devices.
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A Ni network supported 3D graphene electrode was synthesized by nickel etching process, exhibited high
rate capability for supercapacitor.
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