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A B S T R A C T

Vertically oriented graphene nanosheets (VOGNs) fabricated on conductive substrates with a large amount of
edge planes and open channels are ideal for electrochemical double-layer (EDL) capacitor electrodes. However,
preparation of such a structure with high-density of graphene nanosheets is challenging. Herein, a facile,
environment-friendly, and economical technique to prepare high-quality VOGNs directly on conductive
graphite plates with a high mass loading is described. The VOGNs are obtained by electrochemical anodization
of graphite and a large amount of aligned reduced graphene oxide (rGO) is produced and adheres strongly to the
graphite substrate (G@rGO). The symmetrical supercapacitors composed of the G@rGO electrodes exhibit a
high volumetric capacitance of 3.9 F cm−3 and energy density of 0.66 Wh L−1 (based on the volume of the whole
electrode) at a current density of 7.5 mA cm−3 in 6 M KOH. The rate performance and long-term cycling
stability are very good. The outstanding capacitive performance can be attributed to the unique structure of the
G@rGO electrode which facilitates transportation of ions between the electrolyte and graphene surface,
minimizes the distributive nature of charge storage, expedites the formation of EDL, and enhances the
electrochemical utilization of graphene and stability by avoiding restacking and aggregation of graphene
nanosheets.

1. Introduction

Supercapacitors, also known as electrochemical double-layer (EDL)
capacitors or ultracapacitors, have attracted a great deal of attention
due to their high power density, long cycle life, simple principles, fast
dynamics of charge propagation, and low maintenance cost [1–8].
Fundamentally, supercapacitors operate by storing ions within the EDL
or through redox reactions on the electrode surface [9]. Carbon-based
materials such as activated carbon [10,11], activated carbon cloths
[12,13], porous carbon spheres [14,15], carbon onions [16,17], carbon
nanotubes [18,19], mesoporous carbons [20–22], and graphene [23–
28] have been investigated as electrode materials in supercapacitors on
account of the unique combination of the large specific surface area
(SSA), light weight, as well as good electrical conductivity. Among the
various nanostructured carbon materials [29,30], graphene, a two-
dimensional (2D) hexagonal lattice of sp2 hybridized carbon atoms

containing a large network of delocalized π-electrons [31], is promising
because of its high electrical conductivity and large theoretical specific
surface area (∼2630 m2 g−1) [32]. In principle, graphene sheets (single
layer or few layers) which can have a capacitance as high as 550 F g−1

[2,32] have immense potential as next-generation electrode materials
in energy storage. However, the practical performance of graphene-
based supercapacitors falls short of the ideal one due to various
reasons. Firstly, the strong Van der Waals interactions between
adjacent sheets inevitably cause restacking and aggregation in the
graphene assemblies consequently reducing the inter-sheet open
channels and actual electrochemically accessible electrode surface area
[30,33,34]. Secondly, most graphene-based materials are oriented
randomly or parallel to the current collectors in the supercapacitor
and hence, it is not easy for electrolyte ions to permeate deeply inside
the graphene layers [35,36] resulting in incomplete utilization of the
electrochemical surface area of graphene and limiting the extent of
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EDL. Thirdly, the large contact resistance between graphene and
current collectors compromises the performance [37–39].

Recently, vertically oriented graphene nanosheets (VOGNs), a
unique morphology of few-layered graphene sheets aligned in an open
and interconnected, three-dimensional (3D) array, have demonstrated
notable charge storage features including the high-rate capability,
specific capacitance, and stability because their favorable structural
and electrochemical properties overcome the aforementioned problems
that plague conventional graphene-based EDL capacitor electrodes
[1,36,40–45]. In VOGNs, abundant edge planes are exposed thus
providing larger capacitance than the basal planes. The non-agglom-
erated morphology together with a large surface-to-volume ratio and
open channels between the sheets offers high conductance channels for
ingress and egress of electrolyte ions to reduce the ionic resistance. The
open structure and exposure of active sites from edge planes not only
facilitate transportation of ions between the electrolyte and graphene
surfaces to minimize the distributive nature of charge storage and
expedite the formation of EDL, but also enhance electrochemical

utilization of graphene and stability by avoiding restacking and
aggregation of the graphene nanosheets. In addition, if the VOGNs
are prepared directly on a conductive surface (current collector)
without a binder, lower contact resistance between the active materials
and current collectors and high power capability of the EDL capacitors
are expected. However, most of the reported VOGNs have been
produced by chemical vapor deposition or plasma-enhanced chemical
vapor deposition, in which only a small quantity of graphene can be
loaded onto the current collectors and the small mass loading of active
VOGNs leads to low areal and volumetric capacitance. Prolonging the
preparation time in these methods may not produce a thicker VOGNs
structure, but instead often results in the formation of undesired
amorphous carbon [36]. Therefore, it is important to develop a simple,
mild, low-cost, and green method to produce high-quality VOGNs with
a large mass loading.

Graphene is usually prepared by mechanical [46] or chemical [47]
exfoliation, chemical vapor deposition [48], solvent- and surfactant-
assisted liquid-phase exfoliation [49], electrochemical expansion [50],

Fig. 1. (a) Schematic diagram showing the fabrication process of G@rGO; Top-view FE-SEM images of (b) natural graphite, (c) G@GO, and (d) G@rGO; (e) Cross-sectional and (f)
longitudinal-view images of G@rGO; (g) TEM image of typical rGO layers. The inset in (g) is an HR-TEM image of the corresponding rGO layers.
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and electrochemical exfoliation [51–58]. Among them, electrochemical
exfoliation is one of the preferred techniques because of the simplicity,
low cost, efficiency, and environmental friendliness. So far, almost all
research activities have focused on graphene exfoliation from graphite,
but little attention has been paid to the products remaining on the
surface of the exfoliated graphite. In this work, we demonstrate a
simple, environmentally friendly, efficient, and economical method to
prepare high-quality VOGNs on graphite plates with a large mass
loading for high-performance graphene-based supercapacitor electro-
des. After electrochemical anodization and hydrazine reduction, a large
amount of aligned reduced graphene oxide (rGO) with strong adhesion
to the graphite substrate is produced (G@rGO) as schematically shown
in Fig. 1a. This method is suitable for graphite with different shape and
applicable to electrodes requiring a special shape. The G@rGO
electrodes with the unique structure deliver outstanding capacitive
performance and are suitable for high-performance supercapacitors.

2. Experimental section

2.1. G@GO and G@rGO fabrication

The natural graphite flakes (1×1.2×0.08 cm3, Beijing Dingsheng
Kaixiang Trading Co., Ltd.) were adhered to a copper wire with silver
paint and insulated with epoxy resin to expose both sides (area of
1×1 cm2) to serve as the anode in electrochemical exfoliation. A Pt foil
(2×2 cm2) was used as the cathode electrode. The graphite and Pt foils
were placed in parallel on a shelf at a distance of 5 cm and immersed in
a H2SO4 (0.5 M) solution in an ice bath. Electrochemical anodization
was carried out by applying a positive DC voltage (+10 V) to the
graphite electrode for different time durations with regular intervals
(every 30 s). A sufficient suspension time was necessary to cool the
H2SO4 (0.5 M) solution to 0 °C before starting the next period with
regard to efficient fabrication of high-density graphene arrays. The
specific voltage (10 V) chosen on the basis of recent studies of anodic
exfoliation of graphite in an aqueous electrolyte applied to the graphite
anode in H2SO4 led to expansion and detachment of small fragments of
the materials [51–58]. For comparison, two control experiments were
carried out: (1) Electrochemical anodization performed continuously
for 8 min at room temperature (25 °C) and (2) artificial graphite plates
used instead of natural graphite flakes. After electrochemical exfolia-
tion, the graphite was sonicated in deionized water for 30 s to remove
loose graphene oxide fragments and the vertically oriented graphene
oxide nanosheets were fabricated on the graphite surface (designated
as G@GO). In the typical procedure for chemical conversion of G@GO
to G@rGO, G@GO was immersed in 50 mL of 4% hydrazine solution in
a 100 mL glass flask and the glass flask was put in a water bath
(~95 °C) for 1 h.

2.2. G@GO and G@rGO characterization

The products and graphite plates were characterized by field-
emission scanning electron microscopy (FE-SEM, FEI Nova 400
Nano), transmission electron microscopy (TEM), high-resolution
TEM (HR-TEM, JEOL, JEM-2100F), Raman scattering (Renishaw
2000), and X-ray photoelectron spectroscopy (XPS, Physical
Electronics PHI 5802).

2.3. Electrochemical measurement

The electrochemical experiments were conducted based on a three-
electrode system on the CHI 6144D electrochemical workstation (CH
Instruments, Shanghai, China) in 6 M KOH with a Pt foil (1×1 cm2) as
a counter electrode, saturated calomel electrode (SCE) as the reference
electrode, and G@rGO as the working electrode. Two pieces of the G@
rGO electrodes were assembled in the supercapacitor together with a
separator (NKK TF40, Japan). The properties were determined by
cyclic voltammetry (CV) and galvanostatic charging/discharging (GC).
Electrochemical impedance spectroscopy (EIS) was performed from
10 mHz to 100 kHz with a potential amplitude of 5 mV and the cycling
life was assessed by GC at a current density of 75 mA cm−3.

3. Results and discussion

3.1. Characterization of G@GO and G@rGO

Fig. 1a illustrates the electrochemical fabrication process of G@
rGO and the corresponding morphologies are shown in Figs. 1b-f. The
G@rGO-8 is obtained by electrochemically anodizing graphite at 10 V
in 0 °C H2SO4 (0.5 M) for 8 min and subsequent reduction in a 4%
hydrazine solution at ~95 °C for 1 h (See Experimental Section for
details). Figs. 1b-f depict the FE-SEM images of the starting material/
graphite (Fig. 1b), prepared graphene oxide (GO) on the graphite
substrate (G@GO) (Fig. 1c), and G@rGO (Figs. 1d–f), respectively.
The FE-SEM image of the untreated graphite shows a continuous
surface composed of many quasi-vertical edge planes and a few basal
planes (Fig. 1b). After the electrochemical treatment, a dense, porous,
and vertically aligned 3-D network of thin GO nanosheets array is
produced (Fig. 1c). Subsequent reduction of G@GO to G@rGO with
hydrazine does not change the topography of the sample (Fig. 1d). The
cross-sectional view of the G@rGO shows an elastic boundary between
the rGO layer and graphite as well as a regularly arranged rGO layer
(Inset in Fig. 1e) with a thickness of ~220 µm nearly vertical to the
graphite (Fig. 1e). The longitudinal-view FE-SEM image of G@rGO
reveals a core–sheath structure consisting of a graphite core with a
thickness of ~210 µm and a ~220 µm thick and well-defined rGO
sheath (Inset in Fig. 1f), confirming the production of 3-D VOGNs on

Fig. 2. (a) High-resolution C 1s XPS spectra of G@GO and G@rGO and (b) Raman spectra of graphite, G@GO, and G@rGO.
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graphite (Fig. 1f). The produced rGO sheath is estimated to have a
mass loading of about 18 mg cm−2 (both sides) and the mass fraction of
the rGO is approximately 31% of the G@rGO. The TEM and HR-TEM
images of the rGO in Fig. 1g clearly disclose that the rGO network
consists of few-layer (3–6 layers) graphene sheets. The interlayer
spacing is 0.455 nm that is larger than the d-spacing of graphite
(0.335 nm), showing that the initially stacked graphite layers are
converted into well-exfoliated graphene sheets by the anodic treatment.
Similar phenomena have been observed [56,59] and the larger d-
spacing is believed to facilitate ions movement between graphitic layers
[60].

XPS is performed to determine the chemical composition and states
of G@GO and G@rGO. The survey spectrum of G@rGO (Fig. S1 in
Supporting Information) shows a strong peak at 400.1 eV associated
with N in addition to peaks arising from C and O similar to those
observed from G@GO. This indicates that the hydrazine reduction
procedures not only reduce the GO to rGO, but also introduce nitrogen
(3 at%) to graphene [61,62]. The high-resolution XPS C 1 s spectra of
G@GO and G@rGO are displayed in Fig. 2a. G@GO shows two main
peaks at 284.6 and 286.6 eV corresponding to sp2 carbon and C–O
bond, respectively, and the broad shoulder at 288.2 eV is related to C˭O
[63]. With regard to G@rGO, the peaks corresponding to C–O and C˭O
appear from the same region, but their intensity is reduced as the C/O
ratio is increased from 2.48 (G@GO) to 6.89. Additionally, there is an
obvious peak at 285.4 eV for C–N further verifying that N is incorpo-
rated into the reduced graphene [61,62]. Raman scattering spectra
acquired from pristine graphite, G@GO, and G@rGO are shown in
Fig. 2b. The two prominent G and 2D bands as well as a small D band
of pristine graphite are located at 1580, 2720, and 1353 cm−1,
respectively, showing a D/G ratio (ID/IG) of 0.10 (Fig. 2b black line)
matching the normal characteristics of typical graphitic structures [64].
After the electrochemical treatment, the positions of the D, G, and 2D
bands shift to 1368, 1593 and 2702 cm−1, respectively (Fig. 2b red
line), suggesting destruction of the graphitic structure and size reduc-
tion of the in-plane sp2 domains [65]. The Raman spectrum of rGO

(Fig. 2b blue line) also exhibits the G and D bands at 1580 and
1351 cm−1, respectively, together with a larger ID/IG (1.25) than that of
GO (1.11), indicating further decrease in the average size of the sp2

domains upon reduction of GO. The D′ band that appears as a shoulder
at 1620 cm−1 in the spectra of both GO and rGO is generally associated
with disorders or defects in carbon materials [66]. Compared to
graphite, the intensity of the 2D band of both GO and rGO is smaller
mainly attributable to disorder along the c-axis [64].

Control of the structure and morphology is key to the fabrication of
carbon-based electrodes in order to allow effective permeation of the
electrolyte to establish EDLs in the supercapacitors. In order to
systematically explore the morphological changes during the electro-
chemical treatment process and optimize the EDL capacitance of the
resulting VOGNs, a DC voltage of +10 V is applied to the graphite
electrodes for different time durations (1, 3, 5, 8, and 10 min,
designated as G@rGO-1, −3, −5, −8, and −10, respectively) followed
by the same hydrazine reduction treatment. Figs. 3a-e and S2 depict
the top and longitudinal FE-SEM images of G@rGO, respectively.
Compared to the continuous surface of the raw graphite, few cracks
appear from the surface of G@rGO (Fig. 3a). When the processing time
is increased to 3 min, more cracks emerge and many graphite layers are
split from each other (Fig. 3b). By prolonging the time to 5 min, some
large voids with a size of up to micrometers appear between the cleaved
layers (Fig. 3c). The image of the 8 min sample (Fig. 3d) shows that
most of the graphite layers are split and VOGNs are formed. If the time
is extended to more than 10 min, it is difficult to observe a regular
graphene network on graphite (Fig. 3e). The corresponding long-
itudinal view (Fig. S2) shows that the thickness of the aligned rGO
layer increases gradually from 10 to 220 µm as the anodic time is
increased from 1 to 8 min. However, no further increase is visible if the
time is more than 8 min (Fig. 2f). Raman scattering (Fig. S3) is
employed to monitor the changes in the surface states with time and as
the time is increased, ID/IG increases gradually indicating a more
disordered structure.

According to the literature [51–58], the possible formation process

Fig. 3. FE-SEM images showing the top-view morphology of G@rGO for different exfoliation time: (a) 1 min, (b) 3 min, (c) 5 min, (d) 8 min, and (e) 10 min; (f) Corresponding
thickness of the rGO layer.
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of VOGNs is described in the following. When a positive voltage
(+10 V) is applied to graphite, the bias voltage gives rise to oxidation
and generation of hydroxyl (OH•) and oxygen (O•) radicals.
Intercalation of SO4

2- into defect sites and grain boundaries of graphite
induce splitting due to oxidation or hydroxylation by OH• and O•
radicals. Meanwhile, oxidation or hydroxylation generates gaseous
species such as SO2 and O2 causing the small graphite layers to detach
from the substrate/graphite and separation of weakly bound graphite
layers from one another. If the graphite is electrochemically treated for
a moderate period of time (e.g., 8 min), the small graphite layers are
removed from the graphite substrate while the large cleaved graphite
layers remain on the surface of graphite forming VOGNs.

The effects of the electrolyte temperature on graphite exfoliation
and formation of VOGNs are investigated. Fig. S4 shows the top-
sectional and longitudinal FE-SEM images of G@rGO that is electro-
chemically prepared at room temperature (25 °C) continuously for
8 min. Many macropores or voids and only a thin fringe of graphene
nanosheets are produced on the surface of graphite (Fig. S4a). The
longitudinal FE-SEM image shows that the thickness of the graphene
layer is about 80 µm (Fig. S4b) which is substantially smaller than that
of (~220 µm) G@rGO prepared in an ice bath with regular intervals of
suspension. The results suggest that it is essential to suspend the
anodic treatment with regular intervals as well as low temperature to
ensure fabrication of uniform and thick graphene layers on graphite,
otherwise the heated solution enhances exfoliation resulting in the
production of a large quantity of gas (SO2 and O2) at the defect sites or
boundaries of the graphite. This consequently leads to rapid detach-
ment of the cleaved graphene sheets from the substrate and less split
graphene sheets remain. In addition, a control experiment is per-
formed to study the effect of the degree of graphitization on the
structure and morphology of the products. Low degree of graphitization
of the artificial graphite plate with an ID/IG ratio of 0.68 (Fig. S5) is
used as the starting graphite in electrochemical exfoliation. The top-
sectional FE-SEM image in Fig. S6 reveals that only patches of the
scattered thick-sheets remain on the surface of graphite and the
longitudinal FE-SEM image shows that the thickness of the sheet layer
is only 20 µm, indicating that a high degree of graphitization of the
starting graphite is also necessary for successful synthesis of VOGNs.

3.2. Performance of G@rGO as supercapacitor electrodes

The electrochemical performance of the G@rGO electrodes is
evaluated on the three-electrode system in a 6 M KOH aqueous
electrolyte. For comparison and optimization of the electrochemical
treatment of the graphite, the effects of different exfoliation tempera-
ture are investigated. The results in Fig. S7 show that anodic exfoliation
conducted at 0 °C with regular intervals of suspension leads to higher
capacitance than at room temperature. The pristine graphite has a
large effect on the capacitive performance of the G@rGO electrode. As
shown in Fig. S8, the G@rGO electrode fabricated from artificial
graphite with a larger ID/IG ratio of 0.68 (Fig. S5) has a smaller
capacitance than that prepared from natural graphite with the ID/IG
ratio of 0.10. The relatively poorer capacitive performance may be
ascribed to the smaller amount of rGO on graphite as shown in Figs. S4
and S6. Therefore, in this work, natural graphite is used as the starting
graphite materials and the exfoliation experiments are conducted at
0 °C in an ice bath with regular intervals of suspension. Fig. 4a shows
the CV profiles of the graphite electrode (0 min) and G@rGO electrodes
exfoliated for different times at a scanning rate of 100 mV s−1. For the
graphite electrode, no obvious EDL performance is observed, while the
near rectangular curves observed from the G@rGO electrodes indicate
the typical EDL capacitive behavior. With increasing exfoliation time,
the current density in the CV curves obtained from the G@rGO
electrodes increases gradually and the maximum areal capacitance is
observed from G@rGO-8. However, the G@rGO electrode performs
decreased specific capacitance if the time is increased further, e.g.,
10 min, presumably because more generated graphene is detached
from the graphite substrate (Fig. 2). A similar trend is observed from
the corresponding GC plots (Fig. 4b) at a current density of
1 mA cm−2. Meanwhile, the GC curves show a nearly symmetrical
triangular shape without an obvious voltage drop, suggesting good
charge transfer in the G@rGO electrodes as well as highly reversible
and ideal EDL capacitor behavior.

Fig. 4c presents the cyclic voltammograms of the G@rGO-8
electrode acquired at different scanning rates between 10 and
200 mV s−1. The integrated area in the voltammogram increases as
the scanning rate is increased without losing the rectangular shape
even at 200 mV s−1, reflecting the characteristics of an EDL capacitor
with high reversibility and excellent rate capability. GC curves are

Fig. 4. Electrochemical performance of the electrode: (a) CV and (b) GC curves of graphite oxidized for different times at a scanning rate of 100 mV s−1 and current density of
1 mA cm−2; (c) CV profiles of G@rGO-8 at scanning rates between 10 and 200 mV s−1; (d) GC plots of G@rGO-8 at current densities between 1 and 200 mA cm−2; (e) Areal capacitance
as a function of current densities of the G@rGO-8 electrode; (f) Nyquist plot of G@rGO-8.
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acquired at different current densities to study the specific capacitance
and rate capability of the G@rGO-8 electrode, as shown in Fig. 4d. The
specific capacitance can be calculated by the following formula: Cs=IΔt/
AΔE, where Cs (mF cm−2) is the areal specific capacitance based on the
geometric area of the G@rGO-8 electrode, I (mA) is the discharge
current, Δt (s) is the discharging time after full charging, A (cm2) is the
geometric area of the electrode, and ΔE (V) is the voltage window
during discharging. The calculated areal capacitance as a function of
current density is displayed in Fig. 4e which indicates that the
capacitance of the G@rGO-8 electrode is as large as 1.3 F cm−2 at a
current density of 1 mA cm−2. The rGO mainly contributes to the
capacitance of the G@rGO-8 electrode as graphite has negligible
specific capacitance (0.03 F cm−2, Fig. 4b). Even at a large current
density of 200 mA cm−2, the capacitance reaches 0.8 F cm−2, implying
that more than 60% of the specific capacitance is retained even when
the current density is increased by 200 folds. The capacitance of the
G@rGO-8 electrode here is larger than those of recently reported
carbon-based materials and even some pseudocapacitive metal oxides
and composite electrodes such as electrochemically activated carbon
cloth (EACC, 756 mF cm−2 at 6 mA cm−2) [13], Ni/Co3O4

(410 mF cm−2 at 5.6 mA cm−2) [67], NiCo2O4 electrode
(858.3 mF cm−2 at 6.7 mA cm−2) [68], WO3−x/MoO3−x (303 mF cm−2

at 5 mA cm−2) [69], PANI/TiN/PANI coaxial nanotube arrays (193 mF
cm−2 at 1 mA cm−2) [70], and MoOx/TiN nanotube arrays
(165 mF cm−2 at 1 mA cm−2) [71]. Our results demonstrate that the
G@rGO-8 electrode has high specific capacitance and excellent rate
capability. The outstanding capacitive performance can be attributed to
the ideal structure of the vertical rGO nanosheets firmly bonded to the
highly conductive graphite substrate/current collector with a large
exposed active area, smooth electrolyte channel, as well as low inner
resistance and charge transfer resistance as confirmed by EIS in Fig. 4f.
The Nyquist plot obtained from the G@rGO-8 electrode in Fig. 4f is
nearly vertical to the axis of the real component of the impedance and
the phase angle is near −90° at low frequencies (see Fig. S9), further

verifying the ideal EDL capacitive behavior of the G@rGO-8 electrode
[1,2,40,72]. The G@rGO-8 electrode shows a small charge transfer
resistance of less than 0.02 Ω consistent with the large specific
capacitance and excellent rate capability of the G@rGO-8 electrode.

To evaluate the performance of the G@rGO in supercapacitors, the
symmetrical supercapacitor is assembled with two G@rGO electrodes
(Fig. 5). Fig. 5a presents the CV curves of the G@rGO-based super-
capacitor at scanning rates between 10 and 200 mV s−1 and excellent
reversibility even at a large scanning rate of 200 mV s−1 is observed.
The GC curves in Fig. 5b illustrate that the volumetric capacitance can
reach 3.9 F cm−3 at a current density of 7.5 mA cm−3 based on the
entire volume of the two electrodes including the graphite substrate.
Even at a large current density of 150 mA cm−3, the volumetric
capacitance is 3.1 F cm−3 (see Fig. S10) suggesting that 80% of the
capacitance remains when the current density is increased 20 times
from 7.5 to 150 mA cm−3. The maximum volumetric capacitance of the
G@rGO-8-based supercapacitor is comparable to or even larger than
those of some pseudocapacitive metal oxide-based symmetric super-
capacitors (SSC) and asymmetric supercapacitors (ASC) such as C/
MnO2 SSC (0.177 F cm−3) [73], MnO2@TiN//EACC-10 ASC
(2.69 F cm−3) [13], MnO2-NW//Fe2O3-NT ASC (1.3 F cm−3, and
MnO2/graphene//VOS@C ASC (1.2 F cm−3) [74]. The excellent rate
capability of the G@rGO-based supercapacitor stems from the small
contact resistance between the exfoliated rGO and graphite substrate
and fast charge transfer through the rGO. As shown in Fig. 5c, the
Nyquist plot suggests the total resistance of the electrolyte, separator,
and contacts is 1.35 Ω and the charge transfer resistance is 0.15 Ω. The
cycling performance is investigated and shown in Fig. 5d. The
capacitance is stable even after discharging/charging for 8000 cycles
at a current density of 75 mA cm−3 corroborating the high volumetric
capacitance, excellent rate capability, and long lifetime. In addition, the
gravimetric capacitance of the G@rGO symmetrical device is 33.5 F g−1

at a current density of 115 mA g−1 based on the whole mass of the
device including graphene, graphite substrate, and separator as shown

Fig. 5. Electrochemical performance of the device assembled with the G@rGO-8 electrodes: (a) CV curves at scanning rates between 10 to 200 mV s−1; (b) GC curves at current densities
between 7.5 and 150 mA cm−3; (c) Nyquist plot; (d) Cycling performance.
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in Fig. S11. The Ragone plots showing the energy–power character-
istics of the G@rGO//G@rGO (graphite substrate included) symme-
trical device reveal a maximum value of 0.66 Wh L−1, which is
comparable to those of other carbon and transition metal oxides based
symmetrical and even some asymmetrical supercapacitors (Fig. S12)
such as hydrogenated single-crystal ZnO@amorphous ZnO-doped
MnO2 core-shell nanocables on carbon cloth supercapacitors [75], H-
TiO2@MnO2//H-TiO2@C asymmetrical supercapacitor in an aqueous
electrolyte [76], laser scribed graphene based supercapacitor in an
aqueous electrolyte [2], single carbon nanotubes based supercapacitor
[77], MnO2/carbon nanoparticles based supercapacitor, and C/MnO2

fiber-based supercapacitor [78].
To demonstrate the practical feasibility of the as-assembled super-

capacitor as an energy storage component, GC tests are conducted for
different configurations with two identical supercapacitors in series or
parallel in the supercapacitors. The two units with similar sizes of
1.0×1.0×0.065 cm3 (Fig. 6b) are designated A and B. Fig. 6a shows
that the charging/discharging voltage window of the two supercapaci-
tors assembled in series can reach 2.2 V for the same discharging time
compared to the single supercapacitor. With regard to the assembly in
parallel, the discharging time of the two supercapacitors is twice that of
a single supercapacitor. The results conform to the basic rules of series
and parallel assembly of capacitors. For further demonstration, two
supercapacitors in series are fully charged and used to drive a series of
light-emitting diodes (LEDs) assembly composed of 5 red LEDs, 2
green LEDs, and 2 yellow LEDs in parallel (Fig. 6b). As shown in
Fig. 6c, all the LEDs are lit indicating promising application of the G@
rGO-based supercapacitor to energy storage and electronics (see
Supporting Information for the video clip).

Supplementary material related to this article can be found online
at doi:10.1016/j.nanoen.2017.03.007.

4. Conclusion

A facile and efficient approach to produce high-density aligned
graphene on graphite plate electrodes by direct anodic exfoliation of
the native graphite for large-capacity supercapacitors is designed and
described. The electrode consists of a ~210 µm thick graphite core and
~220 µm thick layer of the oriented reduced graphene oxide nanosheet
sheath. The closely integrated core–sheath structure bodes well for
supercapacitor applications because fast transportation of ions and
electrons are benefited by the open structure thus resulting in small
inner resistance and charge transfer resistance. The fabricated binder-
free supercapacitors exhibit excellent areal capacitance (1.3 F cm−2) as
well as volumetric capacitance (3.9 F cm−3), excellent rate perfor-
mance, and long-term cycling stability. The efficient and cost-effective
strategy is suitable for the development of high-performance plate
electrodes having large potential in energy storage devices.
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Fig. S1. XPS survey scans of G@GO and G@rGO. 
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Fig. S2. Longitudinal views of G@rGO for different oxidation time: (a) 1 min, (b) 3 min, (c) 

5 min, (d) 8 min, and (e) 10 min; (f) Thickness of the rGO layers for different oxidation time. 
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Fig. S3. Raman spectra of G@rGO for different exfoliation time. 
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Fig. S4. FE-SEM images: (a) Top and (b) Longitudinal views of G@rGO treated at room 

temperature. 
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Fig. S5. Raman scattering spectra of different kinds of pristine graphite. 
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Fig. S6. FE-SEM images: (a) Top and (b) Cross-sectional views of artificial graphite; (c) Top 

and (d) Longitudinal views of G@GO fabricated from artificial graphite. 
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Fig. S7. Comparison of CV curves of G@rGO electrodes fabricated in a 0 oC water bath at 

room temperature (in air). 
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Fig. S8. Comparison of CV curves of G@rGO electrodes oxidized from artificial graphite and 

natural graphite. 
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Fig. S9. Relationship between the phase angle and frequency of G@rGO-8. 
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Fig. S10. Volumetric capacitance as a function of current density of the G@rGO-8 based 

supercapacitor. 
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Fig. S11. Gravimetric capacitance as a function of current density of the G@rGO-8 based 

supercapacitor (including graphite substrate). 
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Fig. S12. Ragone plot of the G@rGO based supercapacitor compared with reported values: (1) 

Hydrogenated single-crystal ZnO@amorphous ZnO-doped MnO2 core-shell nanocables on a 

carbon cloth supercapacitor [1], (2) H-TiO2@MnO2//H-TiO2@C asymmetrical supercapacitor 

in an aqueous electrolyte [2], (3) Laser scribed graphene based supercapacitor in an aqueous 

electrolyte [3], (4) Single carbon nanotubes based supercapacitor [4], (5) MnO2/carbon 

nanoparticles based supercapacitor, and (6) C/MnO2 fiber-based supercapacitor [5]. 
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Table S1 Comparison of the volumetric capacitance of G@rGO based supercapacitor in this 
work with other reported systems. 
 

Devices Electrolyte maximum capacitance Ref. 
G@rGO/G@rGO 6M KOH 3.9 F cm-3 This work 
C/MnO2/C/MnO2 1M Na2SO4 0.177 F cm-3 [6] 

H-TiO2@MnO2//H-
TiO2@C 

5M LiCl 0.9 F cm-3 [2] 

Carbon onions 
Microsupercapacitor 

1M Et4NBF4/anhydrous 
propylene carbonate 

1.3 F cm-3 [7] 

Graphene 
Microsupercapacitors 

PVA-H2SO4 3.05 F cm-3 [8] 

Graphene based 
supercapacitor 

1M H3PO4 0.5 F cm-3 [3] 
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