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Supramolecular Assembly of 1D Pristine Carbon Nanotubes and
2D Graphene Oxides into Macroscopic All-Carbon Hybrid Sponges
for High-Energy-Density Supercapacitors

Kening Wan,® Siliang Liu,”) Chao Zhang,*™ Le Li,”) Zhe Zhao,” Tianxi Liu,* and Yi Xie®

/Abstract: The rational design and targeted synthesis of mac-
roscopic and ultralight all-carbon sponges with satisfying
electron/proton conductivity through a simple and environ-
mentally friendly approach is challenging. Herein, three-di-
mensional carbon nanotube-graphene oxide (CNT-GO)
hybrid hydrogels have been constructed by the gelation of
an aqueous dispersion of graphene oxide (GO) induced by
pristine carbon nanotubes (CNTs) without any additives or
other crosslinkers. Upon reduction of CNT-GO hydrogels and
removal of water by freeze-drying, the resulting carbon
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nanotube-graphene (CNT-G) aerogels exhibit a unique all-
carbon continuous framework with a hierarchical porosity
that allows high-rate transport of electrolyte ions and elec-
trons throughout the electrode matrix. As a result, they
show high specific energy (31.3 Whkg™"), high specific ca-
pacitance with excellent rate performance (=71 % retention
at 10Ag™") and cycling stability (~100% retention at
10 Ag™' for 5000 cycles) in two electrode systems, and thus
great potential as promising electrode materials for next-
eneration supercapacitors.
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Introduction

The increasing energy demands and the growth in portable
electronic devices require the development of next-generation
energy-storage systems. Supercapacitors, one of the promising
alternative energy-storage systems, are able to satisfy these re-
quirements due to their relatively fast charge and discharge
rates, high energy densities, and long lifetimes."" Based on dif-
ferent energy-storage mechanisms, supercapacitors can be di-
vided into two types: electrical double layer capacitors (EDLCs)
and pseudocapacitors. Compared with pseudocapacitors,
EDLCs, which store energy by means of the separation of sur-
face charges, are regarded as the most easily commercialized
supercapacitors and can achieve an extremely high cyclic sta-
bility and excellent rate capability. In order to overcome the
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few drawbacks such as relatively low specific energy, the devel-
opment of new types of electrode materials with enhanced
electrical conductivity and higher available surface area are re-
quired for boosting the energy-storage performance in both
high power delivery rate and large specific energy.”

Graphene, a two-dimensional (2D) carbon material, is consid-
ered as a promising electrode material for EDLCs on account
of its high surface area, excellent conductivity, large carrier mo-
bility and high mechanical/chemical stability.” Furthermore,
the assembly of 2D graphene into graphene aerogels (GAs)
can achieve a highly continuous framework that allows the
rapid access of electrolyte ions and the fast transport of elec-
trons.”” Although some novel methods, such as solution-pro-
cessed vertical deposition,”” and chemical vapor deposition,”
have also been reported for the construction of GAs, the
simple and easily processed sol-gel methods are considered as
an easily scalable strategy to prepare GAs.® However, several
drawbacks of the sol-gel methods for the formation of GAs
have to be solved. First, the sol-gel methods for the prepara-
tion of GAs are typically starting from graphene oxide (GO),
and excess reducing agents (like Vitamin C, hydrazine hydrate,
sodium borohydride),””” which may greatly influence the per-
formance of GAs, are usually hard to remove and will inevita-
bly reduce the electrical conductivity of the resultant GAs.
Second, it is widely recognized that the mechanical strength of
GAs typically depends on the intermolecular forces between
stacked graphene sheets, so it is a great challenge to obtain
high-strength GAs solely relying on graphene bricks."®" Third,
the sizes of the macropores of GAs are hard to precisely con-
trol without templates, except for the production of GAs using
nickel foam, polymer spheres as templates. However, removing
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these templates often leads to severe problems, such as high
cost, low yield and unavoidable residue of templates after
etching. To summarize, the construction of 3D GAs using
a newly explored template-free method is attractive and
challenging.™™?

To date, the hybridization of 2D graphene with one-dimen-
sional (1D) carbon nanotubes (CNTs) is considered as an effi-
cient method to improve the performances of graphene-based
electrodes. As reported, the CNT-graphene (CNT-G) hybrids are
promising electrode materials for supercapacitors,”*'* and the
CNT-G hybrids possessing a bi-continuous conductive network
can significantly enhance the energy-storage performance.”*'¥
These strategies illustrate unique synergistic effects of CNTs
and graphene, where 1D CNTs can bridge 2D graphene to con-
struct 3D all-carbon nanostructures with improved electrical
conductivity. Moreover, the enlarged accessible surface area
due to the introduction of unique porosity within the hybrids
greatly boosts the transport rates of electrolyte ions into the
internal parts of the electrode matrix, where a large specific ca-
pacitance with high rate capacitance can be further benefited.

Herein, we report a simple and environmentally friendly ap-
proach to prepare CNT-G hybrid sponges via a supramolecular
assembly between CNTs and GO, followed by a subsequent hy-
drothermal treatment. By utilizing pristine CNTs as a unique
crosslinker, the gelation of aqueous suspension of GO forms
due to non-covalent bonds (e.g., m—m stacking interactions,
van der Waals force) between CNTs and GO, which enable 1D
CNTs to crosslink 2D GO sheets into 3D CNT-GO hybrid hydro-
gels. A subsequent hydrothermal reduction method is utilized
to reduce GO within the CNT-GO hydrogels, thus to form the
CNT-G hydrogels. After removing the water by freeze drying,
the macroscopic and ultralight CNT-G hybrid sponges are suc-
cessfully obtained, which exhibit outstanding electrochemical
capacitive performance for supercapacitors with high specific
capacitances, excellent rate capabilities and long cycle life.

Results and Discussion

The fabrication process for the construction of CNT-GO hybrid
hydrogels is extremely simple involving a sonication to pro-
mote a uniform dispersion of pristine CNTs into an aqueous
suspension of GO (the single-layer structure of GO is evidenced
by the transmission electron microscopy (TEM) image in Fig-
ure S1 in the Supporting Information). An immediate gelation
forms when the mixture of CNT powder and GO suspension is
simply sonicated. As shown in Figure 13, in order to indicate
the crosslinking effects of pristine CNTs on the CNT-GO hydro-
gels and optimize the composition of the resultant hybrid aer-
ogels, different initial mass ratios of CNT/GO are utilized to pre-
pare the CNT-GO hybrid hydrogels, which are named as
CNT3GO6 (CNT/GO: 3/6), CNT3GO5 (CNT/GO: 3/5), CNT3GO4
(CNT/GO: 3/4), CNT3GO3 (CNT/GO: 3/3) and CNT3GO2 (CNT/
GO: 3/2), while the concentration of the aqueous suspension
of GO is kept at 8 mgmL™". The CNT-GO hydrogels only form
in the CNT3GO4, CNT3GO3 and CNT3GO2 samples. We pro-
pose a mechanism to explain the gelation of GO suspension in
the presence of CNTs, as exhibited in Figure 1b. Gelation does
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Figure 1. (a) Photographs of the aqueous suspensions of GO mixed with
pristine CNTs with the CNT/GO mass ratios of 0/1, 3/6, 3/5, 3/4, 3/3, 3/2 and
1/0, from left to right. (b) Schematic of 3D network formation by the non-co-
valent bonds between graphene and CNTs.

not occur for the aqueous suspension of neat GO or CNTs, indi-
cating that few crosslinking sites form in their respective sus-
pensions. When mixing the aqueous suspension of GO and
pristine CNTs with a proper mass ratio, a percolation threshold
for the formation of 3D continuous framework might occur,
namely, a gelation could take place after homogeneously
mixing GO and pristine CNTs in suspension assisted with soni-
cation. Actually, pristine CNTs can be homogeneously dis-
persed in the aqueous suspension of GO and the mixture can
stay stable for a long time. Figure S2 exhibits the digital pic-
tures captured for the diluted aqueous dispersion of CNTs, GO
and CNT3GO3 after being left standing for two weeks. The
pristine CNTs cannot form a uniform aqueous suspension after
a long sonication. The suspension of GO 2 mgmL™") is ex-
tremely stable. When the CNT3GO3 hydrogel was diluted with
water until the suspension contains 2 mgmL™" of GO. The sus-
pension is black and rather stable, indicating that the GO has
the ability to uniformly disperse pristine CNTs in aqueous
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media. The TEM images of the CNT3GO3 samples were charac-
terized to confirm the formation of crosslinking sites between
GO and CNTs. The individual GO sheet prefers to interact with
the surrounded CNTs in suspension, resulting in the formation
of the CNT-GO hybrid with a configuration of 2D GO bridged
with 1D CNTs (Figure S3). For comparison, the TEM images of
neat GO (Figure S1) and CNTs (Figure S4) indicate few crosslink-
ing sites in these neat component samples. Although the hy-
drogels could be directly constructed by the gelation of aque-
ous dispersions of GO induced by pristine CNTs and the me-
chanically stable CNT-GO hybrid aerogels can be prepared by
a simple freezing drying (Figure S5), hydrothermal reduction
method was used to further reduce GO into graphene inside
these hybrid hydrogels for the following two reasons. First, the
simple and green hydrothermal reduction method has been
used here to reduce the GO inside the CNT-GO hybrid hydro-
gels in order to improve the electrical conductivity which is
vital for the use as electrode materials for supercapacitors.
Second, the hydrothermal reduction of the CNT-GO hybrid aer-
ogels into the CNT-G hybrid aerogels promotes mechanical
strength and thermal stability through further crosslinking of
graphene sheets within the CNT-G hybrid aerogels. The suc-
cessful reduction of GO in the resultant sponges after the hy-
drothermal treatment has been illustrated by measuring the
FTIR spectra of the CNT3G3 sample before and after the hydro-
thermal treatment, as shown in Figure S6. The peaks associat-
ed with the oxygen-containing groups such as the C-O-C
(21400 cm™"), C—OH (~1100cm™") and C=0 (a21650 cm™)
bands can be clearly observed in the spectrum of CNT/GO
(3/3) aerogel sample. The intensities of these oxygen-contain-
ing groups strongly decrease after the hydrothermal reduction,
illustrating the elimination of these groups in the CNT3G3 aer-
ogel sample. Meanwhile, the persistence of C=0 stretching
bands implies that the C=0 groups are difficult to remove by
hydrothermal treatment. It should be noted that, although
a gelation does not occur for the aqueous suspension of neat
GO, a subsequent hydrothermal treatment for neat GO suspen-
sion also produces GAs after a subsequent freeze-drying
process.

The morphology and porous nanostructure of the resulting
CNT-G sponges are revealed by scanning electron microscopy
(SEM) observations. As shown in Figure 2, all the aerogels ex-
hibit highly porous nanostructures. The 1D CNTs with diame-
ters of 20-30 nm (evidenced by Figure S4) are attached ran-
domly to the graphene frameworks without obvious aggrega-
tion, thus forming a 3D network structure with both macro-
pores and mesopores. In addition, GAs and CNTs themselves
possess micropores due to closely stacked porosity. Particularly,
with different mass ratios of CNT/GO, these aerogels, although
they exhibit similar 3D networks, present different porous char-
acteristics. With higher loadings of CNTs, plenty of larger mac-
ropores with thinner solid walls are produced. This is because
with increased loadings of CNTs (from GAs to CNT3G2 sample),
more crosslinking sites form due to non-covalent bonds be-
tween CNTs and graphene sheets, leading to more stable 3D
frameworks with fewer graphene sheets stacked up.
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Figure 2. Cross-section SEM images of (a,b) GAs, (c,d) CNT3G4, (e,f) CNT3G3
and (g, h) CNT3G2 at low and high magnifications, respectively.

Elemental analysis based on the combustion method was
performed in order to illustrate the composition of the CNT-G
hybrid sponges. The elemental analysis results (see Table 1) in-
dicate that all the hybrid sponges contain more than 85 wt%
of carbon. The C/O weight ratios of GAs, CNT3G4, CNT3G3,
CNT3G2 and CNTs can be calculated to be 5.3, 11.3, 13.7, 17.1
and 109, respectively. The existence of oxygen in GAs and
CNT-G hybrids aerogels confirms the residual oxygen-contain-
ing groups within the graphene sheets, which might provide
addition pseudocapacitive performance, boosting the final
electrochemical energy-storage performances.

Table 1. Composition and nitrogen sorption data of CNT-G aerogels, GAs
and CNTs at various initial mass ratios of CNT/GO.

Samples Elemental analysis Seer Pore volume
[wt %] [m2g~] mLg™

C H (0] Total Micro  Meso
GAs 76.6 1.4 14.5 288 0.26 0.08 0.18
CNT3G4 85.6 1.0 7.6 259 0.81 0.04 0.77
CNT3G3 89.3 0.8 6.5 232 0.80 0.03 0.77
CNT3G2 92.1 0.5 54 173 0.54 0.02 0.52
CNTs 98.1 0.2 0.9 151 0.69 0.01 0.68
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Moreover, in order to verify the resulting CNT-G sponges
have high Brunauer-Emmett-Teller (BET) surface area, large
pore volume and wide pore size distribution, nitrogen sorption
investigations have been taken, as shown in Figure 3, Figure S7

Figure 3. Nitrogen adsorption—-desorption isotherms and pore size distribu-
tions of CNT3G4, GAs and CNTs.

and summarized in Table 1. The nitrogen adsorption—-desorp-
tion isotherm curves indicate that the CNT-G sponges possess
many more macropores and mesopores than neat GAs. The
CNTs exhibit a lower surface area than GAs and CNT-G samples,
indicating that the combination of CNTs with graphene con-
tributes to higher surface area. Though the surface areas of
the CNT-G sponges are slightly lower than that of GAs, the
largely increased pore volumes (especially mesopore volumes)
of the CNT-G sponges indicate that the presence of CNTs
within the CNT-G sponges inhibits the re-stacking of graphene
and introduces additional porosities.

The unique 3D conductive frameworks and hierarchical po-
rosities make these CNT-G sponges ideal candidates for various
applications in energy-based fields. We attempt to apply them
as electrode materials for supercapacitors and evaluate their

Full Paper

electrochemical capacitive properties. First of all, the electro-
chemical capacitive performance was tested in a 6 mol L™ KOH
electrolyte in a three-electrode configuration. Cyclic voltamme-
try (CV) curves at scan rates ranging from 10 to 200 mVs™' for
various samples have been tested and are shown in Figure 4a.
The CV curves present typical rectangular shapes without
cathodic or anodic peaks, indicating that these electrodes ex-
hibit the electrochemical double layer capacitive mechanism,
which is consistent with the characteristics of other carbon-
based electrodes.™ Taking the CNT3G4 electrode as an exam-
ple, the CV curves at the scan rate of 200 mVs™' still remain
a symmetrical rectangular shape with a slight deviation (Fig-
ure 4b), illustrating a fast charge and discharge capability. This
excellent rate capacitance is also shown by galvanostatic
charge/discharge curves (Figure S8a and S8b). The specific ca-
pacitance of the CNT3G4 electrode can reach 300 Fg™' at a cur-
rent density of 2 Ag~', which is much higher than those of
CNTs (75 Fg™") and GAs (153 Fg™') at the same current density.
What is more, the CNT-G sponges exhibit outstanding rate ca-
pacitances. With the increase of the current densities, their
specific capacitances decrease very slowly. Particularly, the spe-
cific capacitance of the CNT3G4 electrode still remains 80% at
a high current density of 20 Ag™' compared with that at
2 Ag™". The large surface areas and appropriate pore size dis-
tributions are expected to provide effective channels for high-
rate transport of ions and electrons throughout the electrode
matrix."®

Electrochemical impedance spectroscopy (EIS) measure-
ments are utilized to monitor the electrochemical process of
the interfacial behaviors between electrodes and electrolytic
ions. The Nyquist plots of the electrodes obtained by EIS meas-
urements are displayed in Figure 4d. Nearly straight lines of all

Figure 4. Electrochemical properties of CNT-G electrodes measured in a three-electrode configuration: (a) CV curves for GAs, CNT3G4, CNT3G3, CNT3G2 and

CNTs at a scan rate of 10 mVs™'

. (b) CV curves for the CNT3G4 electrode at different scan rates. (c) The rate capacitances of all samples ranging from 2 to

20 Ag". (d) Nyquist plots of GAs, CNT3G4 and CNTs at the frequency range from 0.01 Hz to 10° Hz (inset is the enlargement of the high-frequency region).
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Figure 5. Electrochemical properties of the CNT3G4 electrodes assembled in a symmetric two-electrode supercapacitor: (a) CV curves for the CNT3G4 elec-
trode at different scan rates. (b) The rate capacitances of the CNT3G4 electrode ranging from 0.5 to 20 Ag™". (c) Ragone plots of the CNT3G4 electrode assem-
bled in a supercapacitor. (d) Cycling stability of the CNT3G4 electrode at charge/discharge current densities of 10 and 50 Ag ™.

the electrodes in low frequency regions represent the ion dif-
fusion and transport following an electrochemical double layer
capacitive behavior. There are no obvious semicircles for the
CNTs and CNT3G4 electrodes in high-frequency regions, indi-
cating extremely fast ion diffusions of CNTs and CNT3G4 elec-
trodes. The equivalent series resistance (ESR) for the CNT3G4
electrode (0.9 Q2), determined by taking the high frequency in-
tercept on the x axis, is slightly lower than those of the CNTs
(1.5 Q) and GAs (2.4 Q), revealing a fast movement of elec-
trons within the CNT3G4 electrode.

To further evaluate the performance of the CNT3G4 elec-
trode, a supercapacitor device using a two-electrode configura-
tion was assembled and tested. As shown in Figure 5a, similar
with the CV curves of the CNT3G4 electrode tested in a three-
electrode system, the CV curves of the CNT3G4 electrode in
a two-electrode configuration show regular rectangular shapes
even at a high scan rate of 200 mVs™', indicating fast electron/
ion diffusion channels within the CNT3G4 electrode. The rela-
tionships of specific capacitances as a function of current den-
sities for the CNT3G4 electrode are calculated and presented in
Figure 5b. The CNT3G4 electrode exhibits the highest specific
capacitance of ~225Fg~' at 0.5 Ag™". The capacitance retains
as much as 71% of its initial value at 0.5 Ag™' as the current
density increases to 10 Ag™', indicating an excellent rate reten-
tion of capacitance. We also plot the Ragone figure, shown as
Figure 5¢, where the corresponding energy and power density
are calculated from the galvanostatic charge/discharge curves.
The as-assembled devices with the symmetric two-electrode
configuration of both CNT3G4 electrodes deliver high energy
density of 31.3 Whkg™' at a power density of 500 Wkg™', and
still retain 13.7Whkg™' at a higher power density of
20 kWkg™". Cycling stability is an important factor for evaluat-
ing the performance of an electrode material. Cyclic stability
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for the resultant two-electrode supercapacitor devices was
conducted using repeated galvanostatic charge/discharge
cycles at 10 and 50 Ag™, respectively (Figure 5d). In a 6m
KOH electrolyte, the supercapacitors using symmetric CNT3G4
electrodes keep almost 100% of the initial value after 5000
charge/discharge cycles at a current density of 10 Ag™". Even
at an extremely high current density up to 50 Ag™, a capaci-
tance retention larger than 88% can be achieved, indicating
these hybrid aerogels show excellent cyclic stability for next-
generation supercapacitors. The introduction of 1D CNTs as
a unique nanospacer into the graphene matrix not only re-
duces the re-stacking of graphene but also contributes to
building a unique 3D conductive framework providing a large
accessible surface area with more efficient and shortened ion-
diffusion pathways. Stable maintenance of the electrode micro-
structure derived from the strong interfacial interaction be-
tween graphene and CNTs might be another potential factor
for the enhanced cycling stability, which is evidenced by the
measurement of almost coincident EIS curves before and after
cycling for the CNT3G4 electrode (Figure S9). Therefore, as
mentioned above, the synergistic effects and optimized nano-
structures cooperatively facilitate the resultant CNT-G hybrid
aerogel’s high specific capacitance, good rate capability and
excellent long-term cycling stability.

Conclusions

The all-carbon CNT-G sponges can be simply obtained from
the starting materials of pristine CNTs and GO. A solution-pro-
cessed supramolecular assembly of CNTs and GO produces 3D
nanostructured CNT-GO hydrogels, and then a reduction and
freeze-drying process is utilized for the formation of CNT-G
hybrid sponges. The resultant CNT-G sponges with a tailored
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composition exhibit a large BET surface area (259 m*g™"), a hier-

archical pore size distribution, and suitable pore volume
(0.81 mLg™"). The CNT3G4 electrodes show superior electro-
chemical capacitive performances including the superior high
energy densities (31.3 Whkg™") and excellent rate capability
(71% at from 1 to 10 Ag™"). The unique nanoscale structures,
including 3D conductive frameworks, large active surface areas
and excellent electrochemical properties, make these all-
carbon CNT-G sponges ideal electrode materials for super-
capacitors.

Experimental Section

Materials: Natural graphite powder (~325 mesh) was purchased
from Alfa Aesar. Deionized water was used throughout all the ex-
periments. MWNTs (length: 10-30 um, outer diameter: 20-30 nm,
purity: 95 %), produced by CVD method, were supplied by Cheng-
du Institute of Organic Chemistry, Chinese Academy of Sciences,
China. All the other reagents were purchased from Sinopharm
Chemical Reagent Co. Ltd. and used as received.

Preparation and purification of graphite oxide: Graphite oxide was
synthesized by a modified Hummers’ method. Typically, a mixture
of graphite (5 g) and NaNO; (5 g) was placed in 230 mL of concen-
trated H,SO,. KMnO, (15 g) was added gradually with stirring and
cooling, so that the temperature of the mixture was not allowed
to reach 20°C. The mixture was then maintained at 35+3°C for
30 min. After that, deionized water (460 mL) was slowly added to
the mixture and the temperature was increased to 98°C. After
15 min, the mixture was further treated with 350 mL deionized
water and 25 mL 5% H,0O, solution, and then filtered, washed suc-
cessively with 5% diluted HCl solution completely until sulfate
could not be detected with BaCl,. The resulting solid filtration resi-
due was suspended in water under ultrasonication for half an hour,
followed by centrifugation at 4000 rpm for 10 min. The resulting
supernatant was dried via evaporation of water under vacuum. Fi-
nally, the solid was dispersed again in water (8.0 mgmL™") by ultra-
sonication for 2 h and centrifuging at 10000 rpm for 20 min to fur-
ther remove any aggregates.

Fabrication of CNT-GO hydrogels and CNT-G aerogels: Designed
amounts of pristine CNTs were added into the as-obtained GO
aqueous suspensions. The mixture was ultrasonicated for 30 min in
order to uniformly disperse CNTs into the GO suspension. The CNT-
GO hybrid hydrogels can be formed when the initial mass ratios of
CNT/GO are higher than 3/5. The as-obtained CNT-GO hydrogels
were hydrothermally treated at 180 °C for 12 h, thus to obtain the
CNT-G hydrogels. Afterwards, the water was removed from the hy-
drogel samples by freeze-drying for 48 h. The CNT-G hybrid aero-
gels with different mass ratios of CNT/GO can be obtained and
named as GAs (from neat GO), CNT3G4 (from CNT/GO:3/4),
CNT3G3 (from CNT/GO:3/3) and CNT3G2 (from CNT/GO:3/2).

Characterization: The morphology of the samples was evaluated by
field-emission scanning electron microscopy (FESEM, Ultra 55) and
transmission electron microscopy (TEM, Tecnai G2 20 TWIN). Fouri-
er transform infrared (FTIR) spectra of CNT/GO sample before and
after hydrothermal reduction were taken by a Nicolet Nexus-670
(Nicolet, US) in the range of 500-4000 cm'. The elemental analy-
ses were performed by Elementar Vario EL Il (Elementar Analysen-
systeme GmbH, Germany) based on JY/T 017-1996 general rules
for elemental analyzer. Nitrogen sorption tests were measured at
—196°C in a N, atmosphere after degassing the samples at 100°C
under vacuum for 24 hours using a Quantachrome Autosorb-iQ-AG
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porosimeter. The apparent surface area was calculated by applying
the Brunauer-Emmett-Teller (BET) model to the isotherm data
points of the adsorption branch in the relative pressure range p/
po<0.3. The pore size distribution was calculated from nitrogen
sorption data using the nonlocal density functional theory (NLDFT)
equilibrium model method for slit pores provided by Quantach-
rome data reduction software ASiQWin Version 4.01.

Electrochemical characterization: The electrochemical capacitive be-
haviors were measured with CHI 660D electrochemical workstation.
In a standard three-electrode setup, the working electrodes were
prepared by mixing 80 wt% active materials, 10 wt% carbon black
(Super P), and 10 wt% polyvinylidene fluoride (PVDF) in N-methyl-
2-pyrrolidone (NMP), followed by drying it on a graphite paper cur-
rent collector (1x1 cm?) in vacuum at 80°C overnight. The typical
loading density for the resultant electrode is approximately
1.0 mgcm 2 A platinum wire and Hg/HgO electrode was used as
the counter electrode and the reference electrode, respectively,
and a 6.0m KOH aqueous solution was used as the electrolyte.
Cyclic voltammetry (CV) was performed within a potential range of
—1-0V vs. Hg/HgO at scan rates of 10-200 mVs™'. Galvanostatic
charge/discharge testing was done from —1.0 to 0V vs. Hg/HgO
electrode at current densities of 2, 5, 7, 10 and 20 Ag™". Electro-
chemical impedance spectroscopy (EIS) was performed in the fre-
quency range from 0.01 to 10° Hz at open circuit potential with an
AC voltage amplitude of 5 mV. In a standard two-electrode setup,
the working electrodes with the same active material loadings
were prepared using a similar fabrication method as for the three-
electrode setup, and a 6.0m KOH aqueous solution was used as
the electrolyte. Cyclic voltammetry (CV) was performed within a po-
tential range of 0-1V at scan rates of 10-200 mVs~'. Galvanostatic
charge/discharge testing was done from 0 to 1V at a current den-
sity of 0.5, 1,2, 5,7, 10 and 20 Ag™".
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All-carbon hybrid aerogels consisting
of pristine carbon nanotubes (CNTs) and
graphene oxide (GO) have been pre-
pared using an extremely simple ap-
proach. The potential use of such three-
dimensional all-carbon aerogels with
net-like porous carbon walls as a promis-
ing electrode material for supercapaci-
tors has also been demonstrated.
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