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a b s t r a c t

High volumetric capacitance of supercapacitor is important and challenging for practical application in
the energy storage devices. Herein, we develop a simple and effective approach to fabricate function-
alized and pore structure controllable graphene via low temperature (~170 �C) thermal treatment of
graphite oxide with designed particle size. The as-obtained graphene with oxygen contents of 14.19 at.%,
porous structure and a relative low pore volume (0.38 g cm�3), exhibits a promising material for the
application in high volumetric performance supercapacitors. The prepared supercapacitor delivers a high
volumetric capacitance of 226.9 F cm-3 at 0.5 A g�1 and achieves high rate capability (79% capacitance
retention at 20 A g�1) in alkaline electrolyte. Moreover, the assembled supercapacitor in neutral elec-
trolyte also exhibits a high volumetric energy density of 15.1Wh L�1 as well as a high cycling stability
with 94.2% retention after 9000 cycles. Therefore, this work will provide a new strategy for designing
high volumetric capacitive performance of graphene for energy storage devices.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Supercapacitors (SCs), also called electrochemical capacitors, is
regarded as one of the most important energy storage devices
owing to their characteristics of high power capability, long cycle
life and high reliability [1e3]. SCs store electrical energy either in
the electrochemical double layer (EDL) formed by the absorption of
electrolyte ions in the surface of the electrode or faradaically by
redox reactions occurring in the surface regions of the electrode
materials [4e6]. Compared to batteries, SCs have the advantages of
high power density, long cycle life but lower energy density [7].
Hence, one of the most critical aspects is the improvement of the
energy density without deterioration of the other performance of
SCs [8].

Recently, graphene has been widely explored as an appealing
electrode material owing to its high specific surface area, high
electric conductivity and theoretical specific capacitance
(z550 F g�1) [9e11]. However, the capacitive performance is still
limited owing to the re-stacking of graphene layer which reduces
the accessible surface area for charge storage during both electrode
assembly and cycling [12]. In order to solve this problem, a prom-
ising way is to introduce another electroactive species between
graphene layers such as conducting polymers [13e15], transition
metal oxides [16e18] and oxygen-containing functional groups
[19e21], which would not only significantly improve electrolyte
accessible surface area of graphene, but also enhance the capacitive
performance of the electrode. Moreover, improving the gravimetric
capacitance of graphene-based SCs have been mainly considered
from many scientific achievements. However, the majority of the
results reported for graphene-based SCs were obtained low density
electrode materials, which contain large pore volume and result in
relative low volumetric capacitance [12,22e24]. Thus, design
graphene-based electrode materials with both high gravimetric
capacitance and high volumetric capacitance are required for the
practical applications where the space is limited [25,26]. So far,
many efforts have been focused on fabricate the high volumetric
density graphene through different approaches [27e29]. For
instance, Fan and co-workers synthesized functionalized graphene
via Mg(OH)2 template assistant and low temperature reduction
treatment, and the resulting materials exhibited ultrahigh volu-
metric capacitance performance [24]. The template assistant
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strategy is complicated and need to post-processing to remove the
template. In addition, Li et al. reported the synthesis of oxygen and
nitrogen co-doped porous carbon nanosheets by directly pyrolyz-
ing perilla frutescens leaves, and the synthesized carbons showed a
high O, N contents and a relatively low pore volume which delivers
a high volumetric capacitance [30]. This approach can endow car-
bon material with heteroatomic doped, but the control of the
density of pore structure is also difficult [31e34]. The above works
suggest that design carbon materials with surface functional
groups coupled with high particle density is an effective strategy to
achieve both high gravimetric and volumetric capacitance in
aqueous SC applications. Despite many tries have been done, a
facial method for preparation of graphene with controllable parti-
cle density and functionality density is still a difficult challenge.

In our recent exploration for modified graphene materials, we
developed a low temperature thermal reduction method to obtain
a kind of graphene materials with surface modification [35]. Such
materials demonstrated good dispersibility in polyolefin nano-
composites, but still limit in design high volumetric material owing
to the relative high specific surface area and pore volume. To solve
abovementioned problems, an optimized low temperature thermal
reduction of graphite oxide (LTRGO)method is explored to fabricate
controllable meso- and macropore volume through using designed
size of graphite oxide as precursor. This low temperature process
(about 170 �C) remains a mass of oxygen-containing functional
groups, and a series of electrode materials with gradually
decreasing of the pore volume has been obtained. Especially, the
LTRGO1 prepared with the largest particle size of graphite oxide
shows a porous framework, high oxygen contents of 14.19 at.%, and
high particle density (up to 1.14 g cm�3). After used as electrode
material for SC, the LTRGO1-SC delivers specific capacitance up to
226.9 F cm-3 at 0.5 A g�1 (199.7 F g-1 at 0.5 A g�1) in alkaline elec-
trolyte. More importantly, in the neutral electrolyte, the LTRGO1-SC
exhibits a high volumetric energy density (15.1Wh L�1 at
257W L�1) and a capacitance retention of 94.2% after 9000 cycles at
5 A g�1.

2. Experimental section

2.1. Preparation of LTRGO samples

All of the reagents were analytical pure and they were used
without further purification. LTRGO was synthesized by low tem-
perature reduction and exfoliation method with graphite oxide as
precursor, as described in our recent paper [35]. Taking the prep-
aration of LTRGO1 as an example, graphite flakes (99 mesh, 25 g)
were placed in concentrated H2SO4 (500mL) in a 2 L flask and
cooled by an ice bath (<5 �C). While maintaining stirring, KMnO4
(150 g) was gradually added to the solution to keep the tempera-
ture below 30 �C. After stirring for 24 h, the mixture was gradually
added to deionized water (3 L), and the reaction is finally termi-
nated by the addition of 15% H2O2 (50mL), after which the colour of
the solution was changed from black to bright yellow. For purifi-
cation, the mixture was washed using 5e10% HCl solution and
deionized water several times until no sulfate ions detected. After
filtration and drying under vacuum at 50 �C for 24 h, graphite oxide
was obtained as a brownish black cake, and the GO powder was
obtained by mechanical grinding of the GO cake to small pieces.

To prepare LTRGO1 sample, the as-prepared GO powder was
placed into a quartz tube in a horizontal furnace which was pre-
heated to 80 �C. One end of the tube was closed using a rubber
stopper while the other was sealed with a plastic sealed bag which
was used to collect the resultant product. The quartz tube was
heated quickly from 80 �C to about 170 �C under 5minwhile the GO
powder was slightly exploded. The resultant black carbon material
was collected directly from a plastic sealed bag and washed with
ethanol before drying in an oven at 80 �C for 12 h. Similarly, LTRGO2
and LTRGO3 were obtained just by changing the size of graphite in
325 mesh and 2000 mesh, respectively.

2.2. Characterization methods

The morphologies and microstructures of the obtained samples
were characterized by a field emission scanning electron micro-
scopy (FE-SEM, Hitachi S-4800) and transmission electron micro-
scopy (TEM, Talos F200c). The chemical component was analyzed
on an ESCALAB 250 multifunctional X-ray photoelectron spectro-
scope. X-ray diffraction (XRD-Rigaku D/max-2400) was used to
carry out the crystallographic structures of the materials. The ni-
trogen adsorption was measured using a Micromeritics accelerated
surface area porosimetry (ASAP 2020, USA) autoadsorption
analyzer to obtain N2 adsorption isotherms at 77 K, and the specific
surface area (SSA) was obtained by BrunauereEmmetteTeller (BET)
analyses of the adsorption isotherms. The pore size distribution and
pore volume were calculated from BarretteJoynereHalenda
method for mesopores and macropores. The nature of the bonding
was characterized by Raman spectroscope (Horiba Jobin Yvon
LABRAM-HR800 with a wavelength range of 0e4000 cm�1).

2.3. Electrochemical measurements

Symmetric two-electrode supercapacitors were assembled to
evaluate the supercapacitive performance of the products and the
electrochemical performance was tested by cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD) and electrochemical
impedance spectroscopy (EIS) on a CHI 660 E electrochemical
workstation (Chenhua, Shanghai, China) with both 6.0M KOH and
1.0M Na2SO4 as aqueous electrolytes. Briefly, 80wt% product, 10wt
% carbon black, and 10wt% PTFE were mixed into a slurry using an
agate mortar and pestle, followed by uniform coating onto nickel
foam with a diameter of 1.4 cm and dried at 100 �C for 12 h in a
vacuum oven. The symmetric supercapacitor was fabricated with
two identical electrodes/collectors in CR2025 stainless steel coin
cell with the porous cellulose membrane as separator. The mass
loading on each electrode was about 1.5e1.8mg. The potential
range for CV and GCD test was 0e1.0 V (using 6.0M KOH as elec-
trolyte) and 0e1.8 V (using 1.0MNa2SO4 as electrolyte). EIS test was
performed in the frequency range of 100 kHz to 10mHz at an
amplitude of 5mV. Leakage current was tested using an LANHE
instruments testing system. Detailed electrochemical calculations
are described in supporting information (SI).

3. Results and discussion

The fabrication processes of LTRGO materials are schematically
illustrated in Fig. 1a, similar to our recent works [35]. Firstly,
graphite oxide was synthesized by modified Hummers method
with different size of graphite (99 mesh, 325 mesh and 2000 mesh)
as precursor. In this process, graphite was fully oxidation by the
strong oxidizing agents and the interlayer of graphite was inter-
calated with a mass of oxygen-containing functional groups like
oxhydryl, epoxy and carboxyl, etc. Subsequently, for LTRGO1, the
reduction and exfoliation process of the graphite oxide (obtained
by 99 mesh graphite as precursor, with an average size around 150
mm) were carried out simultaneously with ultrarapid thermal
treatment which was preset at 80 �C and heated up rapidly to about
170 �C, thus completing the preparation of LTRGO1. This simple and
effective process is used to obtained oxygen-containing functional
graphene without hazardous reductant, high vacuum environment
assistant or high temperature. As a control, LTRGO2 and LTRGO3



Fig. 1. Preparation and characterization of LTRGO1, LTRGO2, and LTRGO3. (a) Schematic illustration for the fabrication of LTRGO material; (bed) SEM images of LTRGO1, LTRGO2 and
LTRGO3, respectively.
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were obtained by changing the size of graphite in 325 mesh (with
an average size around 45 mm) and 2000 mesh (with an average
size around 6.5 mm), respectively. The low magnification SEM im-
ages of the as-prepared samples are shown in Fig. 1bed. For
LTRGO1, the particle size was mainly distributed at dozens of mi-
crometers, larger than that of LTRGO2 (around a dozen of micro-
meter) and LTRGO3 (less than 10 mm).

The structure of as-prepared LTRGO samples was further char-
acterized by SEM with different magnifications and TEM. As shown
in Fig. 2, the as-prepared samples show similar surface morphology
with curved edges and the local overlapping (Fig. 2aec), indicating
a compact layered structure after reduction. In addition, the inter-
layer of sheets still maintains abundant open pores and the layer
distance become more and more denser with the decreasing of
precursor size of graphite oxide (Fig. 2def). The TEM image further
indicates that there are numerous functional groups on the surface
of sheets before reduction, and the removed of functional groups
left ‘footprints’ which make the as-prepared sheets wrinkled [24].
Interestingly, the curved and agglomerate appearance of the sheets
are more and more apparent with diminishing precursor size of
graphite oxide (Fig. 2gei and Fig S1), corroborating higher reduc-
tion degree of the smaller size of graphite oxide particle during low
temperature reduction process.

The bulk structure of the prepared LTRGO1, LTRGO2 and LTRGO3
were investigated by XRD and Raman spectroscopy and the results
are shown in Fig. 3. XRD patterns of all samples exhibit a broad
diffraction peak at around 25� (Fig. 3a), ascribing to the (002)
crystal planes of graphitic carbon. Interestingly, the (002) peaks for
LTRGO1 and LTRGO2 shift to a lower angle compared to that of
LTRGO3, revealing a slightly decreased degree of graphitization and
crystallinity and this may attribute to the lower reduction degree of
the precursor with large size during the rapid reduction process.
These phenomena reveal that smaller size of graphite oxide de-
livers higher reduction degree during the reduction precess owing
to the relative higher marginal oxygen-containing functional
groups which are beneficial to decompose during the rapid
reduction process [36,37]. The Raman spectra further verify the
increased defects (ID/IG) with elevated the size of the precursor as
shown in Fig. 3b. For graphene materials, the D band is a charac-
teristic feature of defects induced in the graphitic structure and
functional groups attached on the surface of graphene sheets, while
the G band corresponds to sp2-hybridized graphitic layers [38e40].
Additionally, two broad signals at ~1190 and 1486 cm�1 are
deconvoluted in the overall Raman spectrum by Origin Software
(Gaussian Multi-peaks Fit) [41,42]. These two peaks are attributed
to carbon atoms outside of planer graphene and distortions of inner
symmetry in aromatic rings, respectively [41e43]. The ratio of in-
tegrated intensity (ID/IG) of LTRGO1, LTRGO2 and LTRGO3 was
calculated to be 0.932, 0.926 and 0.910, respectively. It is worth
noting that the ID/IG ration for LTRGO1 shows slightly larger than
that of LTRGO2 and LTRGO3, thus meaning that higher oxygen-
containing functionalities accompanying the recovery of the sp2

graphitic sheets were obtained during the rapid reduction process
[20], which is consist with XPS results as described below.



Fig. 2. SEM images of LTRGO1 (a, d), LTRGO2 (b, e) and LTRGO3 (c, f) and TEM images of LTRGO1 (g), LTRGO2 (h) and LTRGO3 (i).
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To further illustrate the pore structure of obtained samples, the
Brunauer-Emmett-Teller surface area was employed using nitrogen
adsorption-desorption measurements. The nitrogen sorption iso-
therms and pore size distributions of LTRGO1, LTRGO2 and LTRGO3
samples are shown in Fig. 3c and d, respectively. It is clear that all
the LTRGO samples show a type IV sorption isotherm and large
hysteresis loop at the relative pressure P/P0 between 0.45 and 1.0,
indicating the dominant presence of macropores and mesopores in
these samples [44]. BET analysis shows the specific surface area of
LTRGO1, LTRGO2 and LTRGO3 are 113m2 g�1, 239m2 g�1 and
283m2 g�1, respectively. The increase in the SSA could attribute to
the smaller particle size of graphite oxide driven a slightly higher
exfoliation degree than the other samples during the rapid reduc-
tion process, consistent with the gradual shrink of the hysteresis
areas. These results can also be observed in the Barrett-Joyner-
Halenda (BJH) plots, where the LTRGO3 sample shows the highest
pore volume than that of others. Also, the BJH pore size distribution
indicates a sharp peak at about 3 nm, suggesting well-developed
mesopores structure of these samples. The dominant pore size
range of these samples is in the range of 2 through 30 nm. The
information about pore volumewere obtained from BJHmethod, as
shown in the inset of Fig. 3d. The mesopore volume for LTRGO1,
LTRGO2 and LTRGO3 are 0.211 cm3 g�1, 0.460 cm3 g�1 and
0.619 cm3 g�1, respectively, indicating the pore structure control-
lable graphene after the low temperature reduction process. The
gradually decreasing of meso- and macropore volumes lead to the
prominent increase in the particle density which is beneficial for
designing high volumetric electrode material for SC [3]. The
textural properties of the LTRGO1, LTRGO2, and LTRGO3 samples
are listed in Table 1.

The chemical component and bonding configurations of these
samples were further investigated by XPS. In Fig. 4a, all samples
exhibit two peaks centered at 284.8 eV and 513.4 eV, corresponding
to C 1s and O 1s, respectively. The percentage of oxygen can be
calculated to be 14.19 at%, 13.80 at% and 13.33 at% for LTRGO1,
LTRGO2 and LTRGO3 samples, respectively, meaning that the
oxygen-containing groups can be more effective removed with the
gradual decrease of the precursor size of graphite oxide. The O 1s
spectra of the samples are shown in Fig. 4bed and the three peaks
centered at 531.2, 532.8 and 533.9 eV are attributed to C¼O in
quinone or ester, C-O/C-OH in ester or phenol and -COOH groups,
respectively [45,46]. Notably, oxygen-containing functional groups
not only can provide pseudocapacitance from the redox reactions
occurring in the active surface regions of graphene but also
improve the wettability between the electrode and electrolyte ions
[9,47]. According to the O 1s spectra, the LTRGO1 sample shows the
contents of C¼O group (51.2%) on graphene sheets higher than that
of LTRGO2 (46.6%) and LTRGO3 (43.8%), indicating more pseudo-
capacitance driven from oxygen-containing functional groups
(Table 2). Therefore, the higher O/C ratio of LTRGO1 and the
dominant C¼O group would deliver more pseudocapacitance
among these samples [48], which will be discussed vide infra.

The capacitive behavior of LTRGO samples was explored in a
two-electrode system using 6M KOH as electrolyte. As shown in



Fig. 3. (a) XRD patterns, (b) Raman spectra, (c) N2 adsorption/desorption isotherms and (d) Pore size distributions of LTRGO1, LTRGO2 and LTRGO3. Inset shows histograms of
micro-, meso- and macropore volumes.

Table 1
Pore structure parameters of LTRGO samples.

Samples BET SSA (m2 g�1) Pore Volume (cm3 g�1) Pore Size (nm)a Density (g cm�3)b

Total Micro External Total Vmicro Vmeso Vmacro

LTRGO1 113 57 56 0.384 0.014 0.211 0.159 8.1 1.14
LTRGO2 239 122 117 0.724 0.031 0.460 0.233 7.4 0.82
LTRGO3 283 147 136 0.904 0.037 0.619 0.248 6.1 0.71

a Desorption average pore width.
b Calculated by Eq (2).
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Fig. 5a, CV curves of all LTRGO-SCs at the scan rate of 50mV s�1

exhibit quasi-rectangular shapes with slight distortions, indicating
the synergic effects of the EDLC behavior and pseudocapacitive
behavior contributed from oxygen-containing redox region. In
addition, LTRGO1-SC displays largest specific capacitance, which is
indicative of a promising electrode material of the LTRGO1 sample.
Notably, the CV curves at different scan rate of the LTRGO1-SC
(Fig. 5b) exhibits nearly rectangular-like shapes with broadened
peaks even at the high scan rate of 200mV s�1, demonstrating
excellent rate capability and fast charge-propagation capability. To
further study the electrochemical behavior, GCD test were
employed for all LTRGO-SCs at the current density of 0.5 A g�1 and
1 A g�1 (Fig. 5c). The specific capacitance of LTRGO1 reaches
199.7 F g�1 and 195.7 F g-1 at 0.5 A g�1 and 1 A g�1, respectively,
higher than that of LTRGO2-SC (184.7 F g-1 at 0.5 A g�1 and
175.8 F g-1 at 1 A g�1) and LTRGO3-SC (155.8 F g-1 at 0.5 A g�1 and
148.9 F g-1 at 1 A g�1). The reason for the increased capacitance of
LTRGO1-SC is mainly due to the effective redox reactions which
deliver higher pseudocapacitance. Moreover, even increasing the
current density to 20 A g�1, LTRGO1-SC still maintains a high spe-
cific capacitance of 157.9 F g�1, which is about 79% of its initial
capacitance at 0.5 A g�1 (Fig. 5d and e), higher than that of the
LTRGO2-SC (125.7 F g�1) and LTRGO3-SC (98.2 F g�1), demon-
strating excellent rate capability. Owing to its relatively high den-
sity (1.14 g cm�3 calculated by Eq. (2), see SI), the LTRGO1-SC
possesses a large volumetric capacitance of 226.9 F cm-3 at
0.5 A g�1 (Fig. 5e), which is higher than that of the other two SCs
(151.4 F cm�3 for LTRGO2-SC and 111.3 F cm�3 for LTRGO3-SC). The
corresponding energy density of LTRGO1-SC, LTRGO2-SC and
LTRGO3-SC calculated by Eq. (4,5) are listed in Table S1 (see SI) and
this results show that volumetric capacitances of LTRGO1-SC is
competitive compared to those advanced carbon materials in
aqueous electrolyte (Table S3, see SI). In addition, as shown in fig.
S4, owing to the high packing density and functionality, the area-
normalized capacitance for LTRGO1-SC is 177 mF cm�2, higher
than that of LTRGO2-SC (77 mF cm�2) and LTRGO3-SC (55 mF cm�2).

To further understand the superior performance of LTRGO1-SC,
EIS test was also used to reveal the electrolyte ion transport



Fig. 4. (a) Full-scale XPS spectra and the O 1s spectra of LTRGO1 (b), LTRGO2 (c) and LTRGO3 (d).

Table 2
XPS elemental analysis of LTRGO samples.

Sample C/O ratio O 1s distributions (%)

C¼O C-O/C-OH -COOH

LTRGO1 7.0 51.2 46.0 2.8
LTRGO2 7.2 46.6 42.3 11.1
LTRGO3 7.5 43.8 52.0 4.2
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properties of the three SCs (Fig. 5f). In the Nyquist plot, the low-
frequency region presents nearly straight line, indicating good
double layer capacitive behavior couple with pseudocapacitive
behavior. The equivalent series resistance (ESR) is mainly composed
of three parts: the intrinsic ohmic resistance (Rs), the interfacial
charge transfer (Rct) and Warburg diffusion resistance Rw (Fig. S6,
see SI) [49]. In high-frequency range, Rs of these SCs are quite
similar, indicating effective reduction degree after the thermal
reduction process, consistent with the XRD results. The surface
property and the morphology of the electrode can affect the ion
diffusion either in the electrolyte or the electrode-electrolyte
interface, thus impact the value of Rct and Rw [50]. From the
Raman and XPS test, the LTRGO1 indicates highest oxygen-
containing functional groups among the LTRGO samples, and the
corresponding LTRGO1-SC shows lower Rct and Rw that of other SCs,
revealing higher oxygen-containing groups can improve the ion
diffusion rate [51]. The total RESR of 1.99, 3.54 and 4.16U is obtained
for the LTRGO1-SC, LTRGO2-SC and LTRGO3-SC (Table S2, see SI),
respectively, suggesting the synergistic effect of the conductively
and oxygen-containing functional groups is important for per-
forming high specific capacitance for advanced carbon materials
with oxygen doped [48].
As known, the energy density in SC is proportional to the square

of open circuit voltage, the supercapacitive performance of LTRGO1
have also been tested in 1.0M Na2SO4 aqueous electrolyte, as
shown in Fig. 6. To determine the optimal and stable voltage range,
CV curves in different ranges are performed. Fig. 6a shows the CV
profiles of the symmetric capacitor at 50mV s�1 with in different
potential windows. Similar to the case in 6.0M KOH aqueous
electrolyte, the CV curves exhibit awell rectangular-like shape even
with the potential shifting to 1.8 V, but with a current increased
drastically while further extending the potential to 2.0 V. This result
indicates that the electrolyte is not being stable owing to the oxy-
gen and/or hydrogen evolution reaction and the detailed test of the
symmetric capacitor are performed in the voltage range of 0e1.8 V
[52]. Fig. 6b shows the typical CV curves at different scan rates from
10 to 500mV s�1 and the curves still maintain near rectangular-like
shape evenwith increasing the scan rate to 500mV s�1, which may
be attributed to fast ion charge transfer. Obviously, the CV curves in
the whole range of 10e500mV s�1 with no obvious distortion in
the anodic current, further indicating that the LTRGO1 are capable
of stable operation at voltage up to 1.8 V in 1.0M Na2SO4 aqueous
electrolyte. Fig. 6c presents the GCD curves of symmetric SC at
various current densities from 0.5 to 20 A g�1, and the linear sharp
of the curves in the whole range of current densities indicate
excellent electrochemical reversibility. From the discharge curve,
the calculated specific capacitance can reach 118 F g-1 at a loading
current of 0.5 A g�1. As shown in Fig. 6d, the interfacial resistance
between the Na2SO4 aqueous electrolyte and the LTRGO1 electrode
is about 1.02U, demonstrating low electronic resistance. The
leakage current of LTRGO1-SC was also investigated, which is



Fig. 5. Supercapacitor performance of LTRGO1-SC, LTRGO2-SC and LTRGO3-SC in 6.0M KOH electrolyte. (a) CV curves of all SCs at the scan rate of 50mV s�1; (b) CV curves of
LTRGO1-SC at different scan rates ranging from 5mV s�1 to 200mV s�1; (c) GCD curves of all SCs at the current densities of 0.5 A g�1 and 1 A g�1; (d) GCD curves of LTRGO1-SC at
different current densities; (e) Cwt and Cvol versus current density ranging from 0.5 A g�1 to 20 A g�1 of all SCs and (f) Nyquist plots. Inset shows the high-frequency range.
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meaningful in practical application [53e55]. The device was first
charged to 1.8 V at 2mA, and then the voltage was kept at 1.8 V for
2 h to obtain the leakage current curve (Fig. S7, see SI). The currents
at thresholds of the LTRGO1-SC is about 0.71mA/F/V, which is
comparable to previous results of supercapacitors in neutral elec-
trolyte (0.45mA/F/V) [54]. Lastly, we have used two LTRGO1-SCs in
series to light up a commercial blue light-emitting-diode (LED, the
working potential is about 2.5 V) (Fig. S8, see SI), indicating the
practical application of the LTRGO1-SC.

The electrochemical stability of the LTRGO1-SC was also tested
by GCD test for 9000 cycles at 5 A g�1 as shown in Fig. 7a. The
LTRGO1-SC showed 94.2% capacitance retention over 9000 cycles,
indicating outstanding electrochemical stability of the device. The
Ragon plots of the LTRGO1-SC in different aqueous electrolyte are
shown in Fig. 7b. In 6.0M KOH electrolyte system, LTRGO1-SC de-
livers a maximum energy density of 7.9Wh L�1 (6.9Wh kg�1) at a
power density of 142W L�1 (125Wkg�1). Additionally, even at a
high power density of 5.26 kWkg�1, the LTRGO1-SC can also deliver
a high energy density of 6.2Wh L�1 (5.5Wh kg�1), demonstrating
excellent rate capability. In 1.0M Na2SO4 electrolyte system, the
maximal energy density of 15.1Wh L�1 (13.3Wh kg�1) at a power
density of 257W L�1 can be obtained owing to the increasing of
operating voltage. Such high volumetric energy density is
competitive compared to advanced carbon materials in aqueous
electrolyte (Table S3, see SI).



Fig. 6. Electrochemical performance of LTRGO1-SC in 1.0M Na2SO4 electrolyte. (a) CV curves of the cell operated at different voltage ranges at the scan rate of 50mV s�1; (b) CV
curves in 1.8 V at scan rates of 10e500mV s�1; (c) GCD curves of the cell at various current densities; (d) Nyquist plots. Inset magnifies the high-frequency range.

Fig. 7. (a) Cyclic stability of LTRGO1-SC in 1.0M Na2SO4 after nine thousand cycles at 5 A g�1 with a voltage window of 1.8 V; (b) Ragone plots of LTRGO1-SC in different aqueous
electrolyte.
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4. Conclusions

In summary, we have reported a facile, effective and scalable
method to prepare funtional graphene with controllable pore
structure. This strategy ont only maintains a mass of oxygen-
containing funtional groups in the basic plane of graphene, but
also controls meso- andmacropore volume through using designed
particle size of graphite oxide as precursor. Owing to the dense
structure and pseudocapacitive functional groups, the as-
synthesized LTRGO1-SC displayed high volumetric capacitance
226.9 F cm-3 at 0.5 A g�1 (7.9Wh L�1) in 6.0M KOH electrolyte.
While use 1.0M Na2SO4 as electrolyte, a higher volumetric energy
density (15.1Wh L�1 at 257W L�1) as well as a high stability (about
94.2% of capacitance retention after 9000 cycles at 5 A g�1) can be
obtained. We believe that the high particle density and functional
graphene materials may be a promising material for the applica-
tions in catalysis, adsorption, energy storage, etc.
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