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1. INTRODUCTION

Owing to their unique high conductivity and large specific
surface area,1,2 graphene nanosheets are expected to be an ideal
material for energy storage and conversion.3�8 The theoretical
specific surface area for completely exfoliated and isolated
graphene sheets is ∼2600 m2/g and can provide a specific
capacitance of about 550 F/g, according to the intrinsic capaci-
tance of graphene (21 μF/cm2) reported recently.3�5 However,
the restacking of graphene sheets has hampered the performance
of supercapacitors using graphene materials.7,8 The success of
materializing graphene’s high surface area and conductivity, thus
for a high-performance supercapacitor with graphene, depends
on the fabrication process of active materials and electrodes to
avoid such restacking.7,8 In the past few years, many works using
graphene as the active electrode material for supercapacitors have
been reported, and these works can be roughly cataloged into
two types. The first one uses only the graphene-based materials
as the active materials without adding any other electroactive
materials. The graphene materials used in this catalog can be
“pristine” graphene,9 graphene oxide (GO), or activated GO.10�14

Most such graphenematerials start fromGO, including the reduced
GO materials prepared by hydrazine reduction,3,4 hydrothermal
treatment,15,16 microwaves,17 vacuum-promoted exfoliation,18 and
chemical activation of exfoliated graphite oxide.11,13,19 The re-
ported specific capacitance for aqueous systems is in the range of
90�264 F/g from these works. There are also some reports
on graphene-based supercapacitors using organic electrolyte
systems.5,20,21 Obviously, these approaches so far have had limited
success, corresponding to the theoretical capacitance of 550 F/g for
graphene.5 The key issue using this approach is preventing the
restacking and agglomeration of graphene sheets during the
electrode fabrication process,4,22 as the restacking of graphene

sheets will diminish the super high surface area of graphene to close
to that (∼10 m2/g) of graphite and probably reduce the bulky
conductivity of the materials too.23

In addition to carbon-based materials, metal oxides and
conducting polymers have been widely studied as the active
materials in supercapacitors. Therefore, the second approach
using graphene for supercapacitors is to combine it with other
metal oxides or conductin7g polymers to form graphene hybrid
materials,24�26 mainly to use their pseudocapacitance.22,27,28

This has been carried out by quite a few groups with a wide
range of materials and performances (e.g., specific capacitance
from hundreds to >1000 F/g). Polyaniline (PANI)29�35 is
mostly studied among conducting polymers.25,26,29 Different
metal oxides with graphene using MnO2,

36�38 Fe3O4,
39 NiO,40

and RuO2
22 have also been reported. Similarly, other carbon

materials, such as activated carbon or carbon nanotubes, could
also be used for the same purpose, though no extra pseudoca-
pacitance such as that from metal oxides or conducting polymers
could be offered.22,27,28,41 For example, nanosized and function-
alized carbon black particles have been attached onto the surface
of the graphene sheets and serve as spacers to separate and
support the neighboring sheets.27 Wei et al. reported a method28

to prepare a graphene/carbon nanotube (CNT) hybrid using
chemical vapor deposition (CVD) in situ growth, and its super-
capacitor performance has been studied. A film made from a
direct GO/multiwalled CNT mixture has been used for super-
capacitors and possesses a specific capacitance of 265 F/g at
100 mA/g.42
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With so many reports on graphene for supercapacitor applica-
tion, it should be noted that the measurements and calculation
methods are not all the same even for the same materials, or with
the same error ranges, so the results may not be compared
directly in some cases.

Obviously, one of the best strategies to materialize the great
potential of graphene for supercapacitors is to add some spacer
between the graphene sheets to avoid such restacking and
agglomerate formation, and in the meantime, the spacer could
best contribute to the activematerial’s overall surface area and/or
conductivity. In this work, taking advantage of the high con-
ductivity and nanoscale size of CNTs, we designed and fabricated
a three-dimensional (3-D) hierarchical structure of graphene
using CNTs as the spacer between the graphene sheets via a
simple yet green hydrothermal route. These 3-D hierarchical
structure materials were then used to fabricate supercapacitor
devices as the electrode active materials, and a high specific
capacitance of 318 F/g of graphene with an energy density of
11.1 (W h)/kg was achieved. These results demonstrate that the
spacing strategy would offer an easy and effective way to fabricate
supercapacitors using graphene, which could be applied as a
general approach for other materials.

2. EXPERIMENTAL SECTION

2.1. Materials. GO was prepared by oxidation of natural
graphite powder (average particle size of 20 μm, Qingdao
Huarun Graphite Co., Ltd.) with the modified Hummers meth-
od, as we described elsewhere.43 The as-prepared GO solution
(2 mg/mL) was prepared as a stable aqueous dispersion using
ultrasonication.43 For CNTs, we used multiwalled carbon nano-
tubes (TNMC3, �COOH content 2 wt %, Chengdu Organic
Chemicals Co. Ltd.). Thus, 200 mg of CNTs was added to a pre-
prepared sodium dodecylbenzenesulfonate (SDBS) water solu-
tion (100 mL, 10 mg/mL) and then treated with ultrasonication
for 2 h to obtain the CNT solution. Poly(tetrafluoroethylene)
(PTFE) binder was purchased from China Chenguang Co., Ltd..
The polypropylene film was purchased from China Siteng Co.,
Ltd. as the separator.
2.2. Preparation of GO/CNT Solutions.A series of GO/CNT

solutions with different weight ratios of GO to CNTs have been
made according to Table 1. The GO/CNT solutions were
prepared from the two solutions of GO (2 mg/mL) and CNTs
(2 mg/mL) above with the desired amounts and then sonicated
for 2 h.

2.3. Hydrothermal Treatment of GO/CNT Solutions.All the
solutions listed in Table 1 were transferred to a sealed 100 mL
Teflon-lined autoclave, heated to 180 �C, and then maintained at
for 18 h. The autoclave was then cooled to room temperature. A
hydrogel material of graphene (G)/CNTs was obtained from this
process, which was then taken out and blotted with a filter paper to
remove surface-adsorbedwater for the following experiments. The
as-prepared hydrogels were thoroughly washed with water to
remove the surfactant SDBS. The products of G/CNTs were
finally dried for 24 h at 120 �C in vacuum to completely remove
water solvent.
2.4. Fabrication of Supercapacitors with the G/CNT Hy-

brid. The industry-level supercapacitor cells (coin style) were
fabricated with the two-electrode configuration. The two elec-
trodes were made of the G/CNT hybrid materials listed in
Table 1, mixed with 10 wt % PTFE binder, and then fabricated
with a thin polypropylene film as the separator. A 30 wt % KOH
aqueous solution was used as the electrolyte. The mixture of 3-D
hybrid and PTFE was homogenized in water by being sonicated
for 30 min and then dried for 24 h in a vacuum oven at 120 �C to
completely remove water. The electrodes, which were pressed on
a Ni foam current collecting electrode (L = 13 mm) with a
pressure of 20 MPa, were separated by the polypropylene film
and were sandwiched in a stainless steel cell with a pressure of
160 MPa.4

2.5. Electrochemical Measurements. The electrochemical
properties and capacitance measurements of supercapacitor
electrodes were studied in a two-electrode system by galvano-
static charge�discharge with a supercapaicitor tester (Arbin
Instruments). Testing was carried out at potentials between 0
and 1.0 V using 30 wt % KOH aqueous electrolyte.
2.6. Characterization. Scanning electron microscopy (SEM)

was performed on a LEO 1530VP field emission scanning electron
microscope with an acceleration voltage of 10 kV. N2 adsorption�
desorption analysis was done at 77 K on a Micromeritics ASAP
2020 apparatus.

3. RESULTS AND DISCUSSION

As mentioned above, to realize the full potential of graphene
for supercapacitors, one key is to materialize its entire theoretical
surface area and conductivity, so a solution process of GO and
CNTs in homogeneously distributed water solutions of these
two materials was used to achieve the best dispersion of both the
graphene sheet and CNTs.15,16,44 During the following hydro-
thermal process, several things could happen to functional
groups such as COOH and OH on both graphene sheets and

Table 1. Composition of GO/CNT Solutionsa

sample

amt of GO

solution (mL)

amt of CNT

solution (mL)

GO:CNT

ratio

1 0 70 0:1

2 35 35 1:1

3 46.7 23.3 2:1

4 56 14 4:1

5 60 10 6:1

6 62.2 7.8 8:1

7 63.6 6.4 10:1

8 70 0 1:0
aAll samples were made from GO and CNT solutions with a concen-
tration of 2 mg/mL to yield a total of 70 mL of solution.

Figure 1. (a) Optical image of the G/CNT hydrogel hybrid. (b) A
typical SEM image for a G:CNT ratio of 1:1. The inset shows the
enlarged scale.
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CNTs. First, these functional groups could be lost, and thus, the
intrinsic π structure and conductivity of graphene and CNTs
could be recovered.15,16,45 Simultaneously, these oxygenated
functional groups on the graphene sheets and CNTs could react
and bond together. These actions, together with the reduced
hydrophilicity of graphene and CNTs due to the removal of the
oxygenated functional groups under hydrothermal conditions,
could cause the graphene sheets and CNTs to form a 3-D
hierarchical structure that appears visibly, as the hydrogel mate-
rials shown in Figure 1a.15,16 It has been reported that GO could
form such a 3-D structure quite easily with different materials
containing various groups such as OH as just in water.16,45 Also,
as a control experiment, treatment of CNT solution could not
produce such a hydrogel material. As can be seen from a typical
SEM image (Figure 1b) for a G/CNT (ratio 1:1) gel material,
graphene and CNTs have formed a homogeneous and 3-D
structure. Stable hydrogel materials and similar SEM images
could be obtained for different graphene and CNT ratios from
1:1 to 2:1, 4:1, 6:1, 8:1, and 10:1, but when the amount of GO is
too low, such as when the G:CNT ratio is 1:2, no such hydrogel
material could be obtained. This is similar as that observed in
other literature.16,45

The ability of GO to form 3-D structures through a hydro-
thermal process has been intensively investigated recently by
Shi15,16 and other groups.46 It should be noted that an initial
H-bonding interaction between the OH and COOH groups on
both graphene and CNTs should exist at the initial mixed state in
their water solutions. Then, during the hydrothermal process,
further chemical bonding in situ between these groups could
anchor the initial homogeneous distribution of graphene sheets
and CNTs and simultaneously remove most of the functional
groups and defects on the graphene sheets. This process thus
could form the expected 3-D hierarchical structure, with in-
creased conductivity of graphene and CNTs. An ideal state of
such a 3-D structure is shown in Figure 2, where graphene sheets
are separated completely by CNTs in the state of individual
layers. Thus, due to the existence of CNTs in this 3-D hierarch-
ical structure, graphene sheets could be kept completely from
restacking if the initial homogeneous distribution of CNTs and
graphene sheets is completely kept. It should be noted that, in
this ideal state, the entire surface of graphene could be exposed,
and the electrolyte ions would also use the channels generated by
the CNT spacer and thus facilitate the charging/recharging
process of the devices.47�50

Using these hybrid materials, the coin-cell styles of super-
capacitor devices were fabricated following the standard industry
procedure as shown in Figure 3. The performance of the super-
capacitor devices using these hybrid materials was studied in a
two-electrode system by galvanostatic charge�discharge at a
constant current density of 100 mA/g with a supercapacitor
tester (Arbin Instruments). The specific capacitance is calculated
from the slope of the charge�discharge curves according to the
equation C = IΔt/(mΔV), where I is the applied current andm is
the total mass of each electrode.8,51 The detailed fabrication is
described in the Experimental Section, and the supercapacitor
testing results of these industry-level devices are summarized in
Table 2, where CI is the integrated specific capacitance based on
the overall weight of the graphene and CNTs, E is the energy
density (EI) based on all the weight of both graphene and CNTs,
and CG and EG are the calculated effective and specific capaci-
tance and energy density of the graphene, respectively. The
energy densities EI and EG are calculated with CVi

2/2, where C is
the cell capacitance (one-quarter of the specific capacitances CI

andCG) andVi is the initial voltage (1.0 V).
47 The specific surface

area (SSA) of the 3-D hybrids was measured with the N2

adsorption Brunauer�Emmett�Teller (BET) method.
For comparison, we have first tested the supercapacitor

performance using just graphene and CNTs under the same

Figure 2. Model for an ideal state of the 3-D hybrid graphene/CNTs.

Figure 3. (a) Optical image of the coin-cell supercapacitor assembled
according to the industry procedure. (b) Schematic diagram of the
supercapacitor based on the 3-D G/CNT hybrid.

Table 2. Supercapacitor Performance Using the G/CNT
Hybrid as the Active ElectrodeMaterial with DifferentWeight
Ratiosa

G:CNT ratio CI, F/g

EI,

(W h)/kg CG, F/g

EG,

(W h)/kg

BET SSA,

m2/g

0:1 9 0.3 200

1:1 112 3.9 318 11.1 237

2:1 129 4.5 249 8.6 278

4:1 143 5.0 210 7.3 305

6:1 164 5.7 216 7.5 356

8:1 181 6.6 224 7.8 397

10:1 187 6.5 223 7.7 407

1:0 190 6.6 190 6.6 374
a CI is the integrated specific capacitance based on the overall weight of
the graphene and CNTs, EI is the energy density based on all the weight
of both graphene and CNTs, CG and EG are the calculated effective
specific capacitance and energy density of the graphene, respectively,
and SSA is the specific surface area of the 3-D hybrids.
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conditions and procedures, which gives specific capacitances of 9
and 190 F/g for CNTs and GO, respectively. Note that the
specific capacitance for the control supercapacitor using CNTs
gave no significant capacitance (9 F/g). It should be noted that
the overall specific capacitance (CI) of the G/CNT hybrid
materials should be considered as the total contribution of
graphene and CNT together. To get the effective specific
capacitance of graphene for the hybrid materials with different
G:CNT ratios, we use the following equation:

CIðR � 0:48 þ 1� 0:96Þ ¼ CGðR � 0:48Þ þ CC

� 1� 0:96 ð1Þ
where CI is the overall experimental specific capacitance of the
hybridmaterials based on the effective total mass of graphene and
CNTs, R is the initial weight ratio of G to CNTs (for ratios of 1:1,
2:1, 4:1, 6:1, 8:1, and 10:1, R = 1, 2, 4, 6, 8, and 10, respectively),
CG is the effective specific capacitance of graphene, and CC is the
specific capacitance of CNTs. From the control experiments, the
remaining effective weight percentages of GO and CNTs during
the hydrothermal process are 48% and 96%, respectively, so these
factors are applied in the calculation using eq 1. Note that, due to
the rather low specific capacitance of CNTs (9 F/g) and no
significant capacitance change expected for CNTs during the
hydrothermal treatment together with GO,42 we could use eq 1
to calculate the effective specific capacitance of graphene in the
hybrid materials for the different ratios (1:1, 2:1, 4:1, 6:1, 8:1,
10:1), which are represented in Table 2.

The effective specific capacitance of graphene in the different
hybrid materials is plotted in Figure 4 for better understanding.
First, the best performance of graphene is from the G/CNT
hybrid with a ratio of 1:1, which gives a record high 318 F/g
capacitance, 64% of the value of graphene in theory.5 This is
significantly higher than that (190 F/g) from just graphene in our
control experiment. Unfortunately, we could not get results
which would be better for the hybrids with more CNTs under
the same hydrothermal procedure, since no solid hydrogel 3-D
materials could be obtained at the time. As shown in Figure 4, all
of the specific capacitances of graphene in the hybrid materials
are higher than that obtained from just using graphene (190 F/g).
Furthermore, with decreasing CNT loading, the effective capac-
itance first decreases but approaches a steady value later. These
results indicate that the addition of CNTs could indeed enhance
the specific capacitance of graphene by preventing its restacking
as we discussed earlier.

To help understand the change of these specific capacitance
results, we have drawn a scheme in Figure 5 to clarify our
understanding. First, when only GO was treated in the hydro-
thermal process, some of the graphene sheets unavoidably
restacked together as observed in many earlier works.6�8 When
CNTs were added and mixed homogeneously with graphene
sheets, the 3-D hierarchical structures of graphene sheets with
CNTs formed in situ and the homogeneous state could be
“frozen” in the following hydrothermal process. With decreas-
ing amounts of CNTs as shown in Figure 5 (from a to d), the
restacking of the graphene sheets would increase due to less
CNT spacing.

As we can observe from Figure 4, with the ratio of G to CNTs
increasing, the effective specific capacitance of graphene de-
creases and then approaches a steady value. On the basis of the
scheme shown in Figure 5, we can see that when the ratio of G to
CNTs increases such as from part a to part d of Figure 5, the
restacking of graphene will be serious. This could have an
influence on the effective surface area of the graphene material,
and thus the effective contribution of graphene to the overall
capacitance of the entire electrode active material (G/CNT
hybrid) would decrease. This is expected to make the effective
specific capacitance of graphene smaller as we observed inTable 2
and Figure 4. Therefore, the loading ratio of CNTs could
engineer the hybrid structure and the overall capacitance of the
graphene.8,47,51

Galvanostatic cycling of supercapacitor electrodes was per-
formed at different constant current densities of 100, 250, 500,
and 1000mA/g. As seen in Figure 6 for the hybrid with a G:CNT
ratio of 10:1, the discharge curves are linear in the total range of
potential with constant slopes, showing nearly perfect capacitive
behavior.47,48 The specific capacitances are 187, 181, 170, and
167 F/g at the corresponding current density. These data show
that the specific capacitance of 3-D hybrid G/CNTs (10:1)
hold ∼90% of their specific capacitance at the high current
density (Figure 6b), suggesting good rate capability.5,47,48 For
this 3-D hybrid structure, the space between graphene sheets
was kept and the resistance of the graphene sheet was lowered
by the connected CNTs, which facilitate the electrolyte ions to
move quickly at a high current density and exhibits good rate
performance.

Figure 4. Effective specific capacitance of graphene in the hybrid
materials with different ratios of G to CNTs.

Figure 5. Schematic diagram of 3-D hybrid structure engineering with
decreasing spacer CNT loading (from a to d).
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A long cycle life of a supercapacitor is important for its practical
applications. Figure 7 shows the variation of specific capacitance
with cycle number for the G/CNT (10:1) supercapacitor at a
constant current density of 100 mA/g. Cycle lives in excess of 1000
cycles have been tested. As can be seen, the specific capacitance still
remains at 179 F/g (∼95%) after 1000 cycles of testing.

From these results, we can see that using CNTs as the spacer
to prevent the restacking of graphene sheets could indeed
improve the performance of graphene in a supercapacitor and
that this strategy could be applied to other materials and devices.

4. CONCLUSION

In summary, homogeneously distributed graphene/CNT 3-D
hybrids have been fabricated by a simple and green hydrothermal
route. The addition of the CNTs could engineer the stacking of
graphene sheets and keep the space between the neighboring
graphene sheets, thus enhancing its effective surface area and
performance in a supercapacitor. The 3-D hybrid gave the best
result with a specific capacitance of 318F/g for graphene. This green
and simple strategy could also be used for materials other than
graphene and improve the overall supercapacitor performance.
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