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In this paper, a flexible film electrode was prepared by depositing graphene nanosheets on

carbon nanotube paper as a self-standing electrode for high-performance electrochemical
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capacitors. The composite film has a layered structure, where carbon nanotubes were

efficiently intercalated in the layer of graphene nanosheets. The hierarchical structure of
graphene nanosheet/carbon nanotube paper electrode shows lower resistance for ions and
electron transport. The unique electrode exhibits high-rate capability and long-term cycling
ability. A quasi-rectangular shape of CV curve can still be maintained even at a high scan rate
of 10 V s™'. The capacitance decay was only 6.9% after 10000 cycles at a current density of

6.4 mA cm™.

Introduction

Recently, the applications of portable and flexible devices have
come to fruition, for instance, devices like flexible touch
screens and solar cells have become daily essentials.' Such
breakthroughs have dramatically stimulated the development of
related technologies, in particular the design and construction
of energy-storage devices, one of the most important devices
for human prosperity and health.>* Electrochemical capacitors
are high-power energy-storage systems,*® where charges are
stored in the interface of electrolyte and electrode material
through rapid and reversible adsorption/desorption of ions.”''
Much effort has also been made to develop thin-film
supercapacitors with high capacity, light weight and
flexibility.'> '* Theoretically, the two-dimensional (2D)
extension of thin-film supercapacitors could substantially
reduce the deformation resistance from the vertical direction,
ultimately making the entire device thin, flexible, and easy to
fold and twist. The diffusion distance of electrolyte ions in thin-
film supercapacitor would also be shortened than their
counterparts.

Graphene, a two-dimensional monolayer of sp>-bonded
carbon atoms, has attracted increasing attention in recent years,
mainly due to its extraordinarily high electrical and thermal
conductivities, great mechanical strength, large specific surface
area, and potentially low manufacturing cost."*'” The intrinsic
capacitance of single-layer graphene reaches ca. 21 pF cm?™
when the entire surface area is used.'® Graphene film materials
derived from graphite oxide (GO) and other carbon-based
materials have exhibited excellent properties in various aspects,
including high specific capacitance, long cycle stability, energy
density, and power density. However, recent efforts have been
predominately focused on developing novel electrode materials
for thin-film supercapacitors, including reduced graphene oxide
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film (462 pF cm™), polystyrene-based hierarchical porous
carbon (28.7 pF cm™), active carbon (10 uF cm™) and carbon
fabric (1 mF cm™)."?* However, studies aiming to further
improve the area capacitance of thin-film supercapacitors are
much less?> 2%, It is highly desirable to develop a facile method
to prepare new graphene based two-dimensional materials for
capacitors. Graphene-based electrodes offer higher densities
owing to tight stacking of graphene sheets, which can prevent
the ions from accessing the surface area and limit performance
at high power.'” ?*?' Liu er al. successfully prepared a new
graphene foam/carbon nanotube hybrid film for use as efficient
flexible electrode materials in asymmetric supercapacitor
devices.®! Therefore, a major challenge with graphene-based
electrodes is developing novel structures that allow access to
the surface area by incorporating sufficient porosity, utilizing
spacers such as carbon spheres between graphene sheets to
increase the spacing distance, which increase the capacitance of
graphene electrodes by 70% in aqueous electrolyte. Dryfe et al.
and Zhu et al. both successfully prepared a graphene on carbon
cloth via an electrophoretic deposition process for use as
efficient flexible electrode materials in supercapacitor devices.
1627 However, highly irreversible agglomeration and
precipitation of the graphene and poor capacitive behavior of
these hybrid fibers rendered them far away from the ideal
candidates for commercial purposes.

Herein, we demonstrate a facile method to fabricate an
ultralight and highly conductive graphene nanosheets/carbon
nanotube paper (GN/CNTP) composites as high-rate free-
standing flexible electrodes for electrochemical capacitors.
Highly conductive carbon nanotube papers (CNTP) are chosen
as a flexible three-dimensional conductive substrate, can serve
as an effective “spacer” to prevent the restacking of graphene
nanosheets. Owing to interaction of n-n and functional groups
between graphene oxide and carbon nanotubes, few-layer
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graphene nanosheets are deposited on the both surfaces of
carbon nanotube paper, inhibiting irreversible agglomeration
and precipitation of graphene nanosheets. The final
nanocomposites exhibited a capacity of 18.1 mF cm™ according
to the discharge curve at a current density of 3.2 mA cm™. This
result indicates that this kind of composite design provides
guidelines for fabricating electrode architectures to enhance
electrochemical performances for supercapacitor.

Results and Discussion
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Scheme 1 Illustration of the synthesis of graphene nanosheets/ carbon nanotube
paper.

Journal Name

shows that the CNTP overlap to appear as a fabric. The SEM
images (Fig. 1c and d) of GN/CNTP clearly exhibit that GN has
been successfully deposited on the surface of CNTP. The GN
are well adhered to the both sides of the CNTP. Each CNTP is
sandwiched between graphene nanosheets (Fig. le and f). This
layer-by-layer (LBL) structure alleviates agglomeration of 2D
carbon nanomaterials and maximizes the utilization of the
surface of the graphene nanosheets to guarantee the permeation
of electrolyte ions. The CNT layers can be served as well-
defined porous spacer that not only prevent graphene film
restackingbut provide sufficient separation between the
wrinkled graphene film to faciliate electrolyte ions transfer.

Scheme 1 shows the illustration of fabrication the few-layer
GN/CNTP for supercapacitor electrodes through a two-step
process. A typical GN/CNTP composite electrode (Fig. 1a) can
be prepared by immersing a pie of carbon nanotube paper (Fig.
1b) in a suspension of GO (6 mg mL™"). Owing to interaction of
n-n and functional groups between graphene oxide and carbon
nanotubes, graphene nanosheets are deposited on the surface of
carbon nanotube paper.'* > The resulting graphene
nanosheets/carbon nanotube paper composite film is then
immersed in ascorbic acid (VC) solution (10 mg mL™)
overnight and subsequently heated at 60 °C for 2 h. During this
step, GO sheets are reduced to form graphene on the surface of
carbon nanotube paper. *
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Fig. 2 Raman (a) and FT-IR (b) spectra of CNTP, GO/CNTP and GN/CNTP.
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Fig. 1 (a) digital photograph of GN/CNTP, (b) SEM images of CNTP, (c, d) SEM
images and (e, f) TEM images of stacked GN/CNTP at different magnifications.

The chemical structure of pure CNTP, GO/CNTP and
GN/CNTP was further investigated by Raman. The Raman
spectrums of pure CNTP, GN/CNTP, or GO/CNTP have two
prominent bands around 1340 cm! and 1580 cm™, assigned to
the D and G bands of carbon, respectively. The G band is
related to graphitic carbon and the D band is associated with the
structural defects or partially disordered structures of graphitic
domains.**¢ The Ipy/Ig ratio provides a sensitive measure of the
disorder and crystallite size of the graphitic layers.’” The Ip/Ig
value of GO/CNTP was calculated to be 0.75, while that of
GN/CNTP was 1.04. This result indicates that the oxidized
areas of GO sheets were partly restored upon reduction with
VC, forming small conjugated domains. The higher Ip/Ig ratio
indicates a high proportion of disorder in GN (the defects
associated with edge surface and vacancies of graphene
nanosheets), which are beneficial for -electrochemical
capacitance.®® The Raman spectra of pure CNTP and
GO/CNTP are different, implying that their components with
different structure, mainly owing to GO films depositing.
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Fig.3 XRD patterns of CNTP, GN/CNTP and GO.

Fig.1a shows the images of GN deposited on CNTP, in
which GN and CNTP have formed integrated films. Fig.1b
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Fourier transform infrared spectrometry (FT-IR) was used to
identify the functional groups of CNTP, GO/CNTP and
GN/CNTP. As shown in Fig. 2b, the most characteristic
features in the FTIR spectrum of GN are adsorption bands
corresponding to C=0 stretching at 1,721 cm™, O-H vibration
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at 1,412 cm’!, and a broad and intense O-H stretching at 3,400
cm’l. After reduction, the bands of the -OH at 3,420 and 1,412
cm™ were significantly reduced and that of -C=0 groups at
1,721 cm™ disappeared due to reduction of the oxygen group in
GN. The powder X-ray diffraction (XRD) pattern of as-
prepared GO, CNTP and GN/CNTP is shown in Figure 3. The
diffraction peaks of CNTP at around 26° is attributed to the
(002) diffraction peaks of graphite.*” ** The (002) diffraction
peak of GO is much less intense than that of CNTP because the
graphite structure is exfoliated by Hummer method. The (002)
diffraction peak of GN/CNTP is much less intense than that of
CNTP but stronger than that of GO because CNTP have
intercalated between the graphene layers.*!
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Fig. 4 (a) CV curves of GN/CNTP composites, (b) The charge/discharge profiles of
GN/CNTP composites, (c) Plots of Cs of GN/CNTP s at various current densities,
(d) Nyquist plots with a magnification for the high-frequency region in the inset.
(e) Cycling stability of GN/CNTP upon charging/discharging at a current density of
6.4 mA cm™. (f) Cycling stability of pure CNTP upon charging/discharging at a
current density of 6.4 mA cm™

To investigate the electrochemical performance of the
obtained GN/CNTP as an electrode material for supercapacitors,
they were evaluated by cyclic voltammetry (CV) and
galvanostatic charge/discharge measurements in a three-
electrode system. An identical GN/CNTP composite film was
directly used as the working electrodes without binders or
conducting additives. The representative CV curves of the
electrode in 6M KOH aqueous solution over the range of -1.0~0
V (Fig. 4a) at different scan rates, are close to the capacitive
curve shape expected, especially at low scan rates. With
increase of scan rate, the rectangular curve shape of the sample
remains, even up to 10 V s'. The CV curves of GN/CNTP
remained rectangular as the potential scan rate increased from 1
to 10 V s indicating good charge propagation at
electrode/electrolyte interfaces following the mechanism of
electric double-layer capacitors.*> This high power property is
ascribed to their high conductivity and structural/textural merits.
The abundant opened CNTs favors the access of ions to the
active surface, faciliating fast charge transfer. The results
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demonstrate that the GN/CNTP film displayed improved rate
capability.

The discharge curves of GN/CNTP measured at current
densities in the range of 3.2~24.0 mA cm™ show straight lines
in the region of -1-0 V. The gravimetric specific capacitance for
the three-electrode cell was obtained from the galvanostatic
charge/ discharge curves as:

I-t
Csingle = W

where m; (g) is the mass of the working electrode, / (A) is the
current density, ¢ (s) is the discharge time and V (V) is the
discharge voltage range. The specific capacitance (Cs) of
GN/CNTP was calculated to be 18.1 mF cm™ according to the
discharge curve (Fig. 4b) at a current density of 3.2 mA c¢cm™. In
comparison, the GN/CNTP prepared from 6.0 mg mL™' GO
dispersion was coated on carbon nanotube paper and its amount
is sufficient to completely fill the surface of carbon nanotube
paper. However, as Cgo decreased to 4.0 or 2.0 mg mL ™', a
sufficient amount of GO was formed to fully fill the surface of
carbon nanotube paper. Actually, the specific capacitances of
the GN/CNTP ECs were measured to be approximately
identical to Cgo because of the same amount of GO content in
their electrodes. The capacitance retention ratio of GN/CNTP
with a slight decrease at various charge/discharge current
densities is shown in Fig. 4c. When the current density was
further increased to a higher value of 24.0 mA cm™, a high C
of 162 mF cm? was still achieved and maintains 80 %
compared to the initial capacitance. This high power stability
with the GN/CNTP is ascribed to their conductivity*® and their
unique structural/ textural features. Electrochemical impedance
spectroscopy (EIS) is carried out to prove that the short
diffusion path of GNs/CNTP for electrolyte ions enhances ion
transport kinetics. The resulting Nyquist plots exhibit
inconspicuous Warburg curve, reflecting the short ion diffusion
path in the electrode. At low frequencies, the nearly vertical
behavior indicates that the surface area of the internal structure
of GNs/CNTP electrode is wetted by the electrolytes. The
abundant opened CNTP favors the access of ions to the active
surface, making the charges transfer easier. These results reflect
that the GN/CNTP has a high rate capability. The C; value of
our GN/CNTP (18.1 mF cm™ at the current density of 3.2 mA
cm™) is at least one order of magnitude higher than those of the
high-rates based on other carbon materials such as onion-like
carbon (1.7 mF cm? at a scan rate of 1.0 V s)* and laser-
scribed graphene (3.67 mF cm™ at the current density of 36.3
pA cm™), * reduced graphene oxide film'” (462 pF cm™),
polystyrene-based hierarchical porous carbon'® (28.7 uF cm™),
active carbon'® (10 pF cm™) and carbon fabric®® (1 mF cm?).
This is mainly because our GN/CNTP has graphene nanosheets
and CNTs. Moreover, the cycle life is an important requirement
for supercapacitor and the capacitance retention as a function of
cycle number is shown for GN/CNTP in Fig. 4e. Even after
charging-discharging for 10 000 cycles at a current density of
6.4 mA cm?, the capacitive retention is still as high as 93.1 %.
In comparison, the cycling stability of pure CNTP is presented
in Fig. 4f, which demonstrates an outstanding cycling stability
with 90 % capacity remaining after 10000 continuous cycles.

Conclusions

In summary, we have proposed a simple layer-by-layer
approach for construction of 2D planar ultrathin GN and CNTP
as a flexible electrode for supercapacitors. This 2D planar
architecture allows the formation of an efficient electrical
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double layer and the utilization of the maximum active surface
area of GN. The CNTP as a porous physical spacer could
enhance the electrical conductivity and reduce the
agglomeration of GN along the out-of-plane axis.
Electrochemical tests show that a quasi-rectangular shape of
CV curve can still maintained even at 10 V s™'. The capacitance
loss was only 6.9% after 10000 cycles at a current density of
6.4 mA cm™. These promising results demonstrate such a
relatively easy-synthesis, low-cost, and macroscopic-scale
electrode materials have great potential in the fabrication of
high-class supercapacitor devices for practical applications.

Experimental section

Methods

Preparation of GO GO was prepared via the oxidation of natural
graphite powder according to a modified Hummers' method.*°
In brief, 1.5 g graphite powder was added into a mixture of 10
mL 98% H,SO4, 1.25 g K,S,04, and 1.25 g P,0s, and the
solution was maintained at 80 °C for 4.5 h. The resulting pre-
oxidized product was washed with water and dried in a vacuum
oven at 50 °C. After it was mixed with 60 mL 98% H,SO, and
then slowly added 7.5 g KMnO, at a temperature below 20 °C,
followed by adding 125 mL H,0O. After 2 h, additional 200 mL
H,O and 10 mL 30% H,0, were slowly added into the solution
to completely react with the excess KMnOj,. After 10 minutes, a
bright yellow solution was obtained. The resulting mixture was
washed with diluted HCI aqueous (1/10 v/v) solution and H,O.
The graphite oxide was obtained after drying in a vacuum oven
at 30 °C. 200 mg graphene oxide was dispersed in 200 mL
deionized water by sonication and then centrifuged to get
graphene oxide solution.

Preparation of GN/CNTP Typically, carbon papers (1.5 cm x 1
cm, mass per unit area 1.67 mg cm™ ) were immersed in a GO
suspension (Cgo= 6.0 mg mL™"). Then the system was kept for
24 h. Subsequently, the carbon paper containing GO films were
transferred into a freeze-drying vessel (-50 °C, 20 Pa) and
freeze-dried for 12 h. Then, the freeze-dried carbon nanotube
paper containing GO films were transferred to plastic tubes
with a diameter of 1.3 ¢cm containing 3.0 mL of 10.0 mg mL ™'
VC, the reaction system was allowed to remain without any
interruption overnight and then heated at 60 °C for 2 h. After
cooling down to room temperature naturally, the GN/CNTP
composite films were rinsed with deionized water for several
times.

Characterization

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were carried out with a JEOL JSM-6380LV
FESEM and JEOL JEM-2010, respectively. Powder X-ray
diffractions (XRD) was studied by Bruker D8 Advance X-ray
diffractometer using Cu Ko radiation. Fourier transform
infrared spectrometry(FT-IR)measurements were recorded on a
Nicolet750. The Raman spectra were measured by using a
Jobin Yvon HR800 confocal Raman system with a 632.8 nm
diode-laser excitation on a 300 S mm™' line grating at RT.

Electrochemical measurements

Cyclic voltammetry (CV) and galvanostatic charge/discharge
behaviors of GN/CNTP electrodes were investigated on a CHI
660A electrochemical workstation (Shanghai Chenhua, China)
in a conventional three-electrode system with 6 M KOH

4| J. Name., 2012, 00, 1-3

aqueous solution as the electrolyte. Platinum foil and a
saturated calomel electrode (SCE) were used as counter and
reference electrodes. The working electrodes were prepared by
mixing active material (1 cm?). After coating the film on
foamed Ni grids (1cmx1cm), the electrodes were dried at 60 °C
for several hours before pressing under a pressure of 10 MPa.
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