
lable at ScienceDirect

Journal of Power Sources 284 (2015) 146e153
Contents lists avai
Journal of Power Sources

journal homepage: www.elsevier .com/locate/ jpowsour
Nanoporous graphene materials by low-temperature vacuum-assisted
thermal process for electrochemical energy storage

Hao Yang a, Santhakumar Kannappan b, Amaresh S. Pandian c, Jae-Hyung Jang b,
Yun Sung Lee c, Wu Lu a, b, *

a Department of Electrical and Computer Engineering, The Ohio State University, Columbus, OH 43210, United States
b Department of Nanobio Materials and Electronics, Gwangju Institute of Science and Technology, Gwangju 500-712, Republic of Korea
c Faculty of Applied Chemical Engineering, Chonnam National University, Gwangju 500-757, Republic of Korea
h i g h l i g h t s
* Corresponding author. Department of Electrical an
Ohio State University, Columbus, OH 43210, United S

E-mail address: lu.173@osu.edu (W. Lu).

http://dx.doi.org/10.1016/j.jpowsour.2015.03.015
0378-7753/© 2015 Elsevier B.V. All rights reserved.
g r a p h i c a l a b s t r a c t
� A low temperature vacuum assisted
thermal process is developed for
synthesis of graphene reduced oxide.

� The synthesized reduced graphene
oxide materials have a mesoporous
surface with a pore size around
3.77 nm.

� The supercapacitors exhibited a spe-
cific capacitance of 284.5 F/g and an
energy density of 131 Wh/kg.

� The exfoliation mechanism study re-
veals that the pressure of evolved
gases is strong enough to initialize
the exfoliation.
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a b s t r a c t

Graphene supercapacitors with a high electrode surface area have great potential in efficient energy
storage. For practical applications, it is critical to develop highly-manufacturable methods to synthesize
graphene nanosheets with high ion accessibility and uniform pore-sizes. Here we demonstrate a
nontoxic approach for graphene synthesis which involves a low vacuum annealing at an easy-to-reach
temperature. The supercapacitors based on the low-temperature exfoliated graphene materials show
excellent electrochemical performance superior to those synthesized by high-temperature methods. Our
investigation presents an efficient, yet industry-compatible and low cost way that can be scaled up for
mass production of graphene for electrochemical energy storage application.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Energy exists in various forms in nature being discovered and
exploited with the development of human intellect. With the
d Computer Engineering, The
tates.
discovery of each energy source such as fire, fossil, nuclear reaction,
the human civilization was given a strong impetus. Meantime, re-
searchers never stop developing the techniques of storing and
releasing the collected energy to power a variety of systems. One of
the great challenges is to develop high power, highly efficient,
environmentally friendly and low cost energy storage devices for
immediate burst power applications, like elevator emergency stop,
crane lifting operation, renewable energy collection, turbine pitch
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control, electric vehicle acceleration, regenerative braking, unin-
terrupted power supply, and so on. Among all the efforts, devel-
opment of supercapacitors is a milestone due to the fact that they
can offer an extremely high chargeedischarge rate, long cycle life,
and high energy conversion efficiency [1e3]. By using nanoscale
separation of double-layer charges at the electrochemical interface
between electrode surface and electrolyte, the energy can be stored
or released very efficiently via ion transport [4]. Supercapacitors
based on this mechanism are called electric double-layer capacitors
(EDLCs). Typically, EDLCs exhibit lower specific capacitance than
faradaic supercapacitors or pseudocapacitors which are governed
by electrosorption and surface redox reactions [4,5]. However, the
ion transport in EDLCs is faster and more reversible than the redox
reaction in pseudocapacitors. The energy density of the current
commercial supercapacitors, which are based on porous activated
carbon electrodes, is around 3e5 Wh/kg [6,7]. On the other hand,
the typical energy density of lead acid batteries is 30e50 Wh/kg
[8e10]; 60e80Wh/kg for nickel-metal hydride batteries [9,11], and
100e275 Wh/kg for lithium ion batteries [7,12]. Thus, research ef-
forts have been focused on improving the energy density to the
level of battery technologies without sacrificing cycling stability,
power density and manufacturing cost.

The capacity of supercapacitors is highly confined by the
morphology and electrochemical properties of electrode materials,
and consequently there has been a dramatic increase in the study to
improve the electrochemical performance of electrode materials.
Conducting polymers, such as polyaniline, polypyrrole, poly-
thiophene and their derivatives, undergoes a fast redox reaction
providing an excellent specific capacitance (up to 950 F/g) [13], and
also show high conductivity (0.1e500 S/m) through a conjugated
bond system along the polymer backbone [14]. Unlike the highly
cyclable EDLCs, conducting polymers based pseudocapacitors start to
degrade under one thousand cycles as a result of the volume change
caused by the intercalation and deintercalation of ions [14,15].
Alternatively, supercapacitors based on metal oxides like RuO2 have
been intensively studied due to their high theoretical specific
capacitance of 1358 F/g [16]. However, the poor electrical conduc-
tivity, limited electrolyte compatibility, cycling instability and high
cost have prevented those metal oxide supercapacitors from
commercialization. Therefore, it has been of great interest to develop
an electrodematerial with high specific capacitance, electrochemical
stability and cost effectiveness. Carbonmaterials, due to their various
microtexture and processability, are more attractive than other
materials. Both the single-walled carbon nanotubes and multi-
walled carbon nanotubes have been investigated for electrodes in
electrochemical capacitors due to their nanoscopic pore size distri-
bution, low resistivity, and high chemical stability [17,18]. Unfortu-
nately, the carbon nanotubes cannot exhibit satisfactory specific
capacitance until conducting polymers are added [19].

Since first reported in 2004 [19], graphene has attracted great
attention due to its appealing electrical properties [20e25], phys-
ical and chemical stabilities [26,27], and high surface area [28e30]
arising from its honeycomb lattice structure, thus leading to many
potential applications such as large area displays and electro-
chemical energy storage [25]. Ideally a monolayer of sp2 bonded
carbon atoms can reach a high specific capacitance as well as a
surface area of 2675 m2/g [31,32]. Thus, graphene materials are
expected to have a much better electrochemical performance than
activated carbons, carbon nanotubes, and other carbon materials.
The mechanical exfoliation and chemical vapor deposition ap-
proaches can create high quality monolayer or few layer graphene,
but they are not suitable for electrochemical energy storage ap-
plications due to the planar morphology, high cost, and low pro-
duction throughput. In addition, because of the hydrophobic nature
of graphene and its strong tendency to agglomerate, several
alternative graphene synthesis processes for electrochemical en-
ergy storage have been developed like chemical reduction [33,34],
microwave irradiation [35], thermal annealing [36,37], and
powerful sonication [38]. Though tremendous progress has been
made, the involved reducing agents such as hydrazine and
dimethylhydrazine are very hazardous and toxic, and the energy
densities of graphene electrodes are still significantly lower than
those of typical Li-ion batteries. The key challenge is to develop a
cost effective process of graphene materials that can be scaled up
for high throughput production of supercapacitors with superior
energy and power density [25]. The critical requirements for such
materials are uniform pore size, high ion accessibility and minimal
restacking or agglomeration. In this work, we develop a simple, yet
highly efficient and scalable method to produce nanoporous gra-
phene materials for energy storage devices. Using synthesized
graphene as electrode materials, we demonstrate supercapacitors
with an energy density of 131.6 Wh/kg and a specific capacitance of
284 F/g.

2. Experiments

2.1. Preparation of graphite oxide (GO)

GO was prepared by oxidizing the graphite powder with
modified Hummer's method [39]. The GO is heavily oxygenated
with a basal plane mainly occupied by C]O, CeOH and COOH
groups. 20 g of graphite powder, 10 g of K2S2O8 and 10 g of P2O5

were mixed into a solution of 30 mL concentrated H2SO4 at 80 �C,
and the mixture was allowed to react for 6 h. The product thenwas
washed with distilled water until the pH value became neutral
followed by filtration. The oxidized graphite was put into 460 mL of
H2SO4 at 0 �C using an ice bath. 60 g of KMnO4 was added gradually
with continuous stirring and cooling to keep temperature below
35 �C. 920 mL of distilled water was added after 2 h. In another 2 h,
2.8 L of distilled water and 50 mL of 30% H2O2 stopped the reaction
and the color of the solution turned into yellow. To remove metal
ions, the solution was centrifuged and washed with 10% HCl and
then distilled water. A two weeks dialysis was performed to
completely get rid of metal ions.

2.2. Preparation of vacuum-annealed graphene (VAG)

The thermal exfoliation of graphene through oxidation, reduc-
tion and expansion presents an efficient way of producing gra-
phene sheets. According to the comparison between the Arrhenius
dependence of reaction rate and diffusion coefficient calculated by
Knudsen theory, a critical temperature of 550 �C is suggested for
the initialization of exfoliation [40]. However, experimentally a
high temperature above 1000 �C and rapid heating (~2000 �C/min)
are necessary for yielding single graphene sheets [36,40]. The high
energy consumption is of great safety concernwhich makes it not a
practical approach for mass production of graphene. In graphene
electrodes for electrochemical energy storage applications, slight
agglomeration is acceptable as a trade-off between performance
and cost effectiveness.

The process we have developed involves a one step process
using vacuum-assisted annealing to exfoliate the stacked GO sheets
and remove the oxide groups. When heated around 160 �C, the
oxide groups decompose producing gases (CO2 and H2O) [41]. Here,
the GO was left in vacuum oven at the temperature of 150 �C and
the pressure of �76 cm Hg for 4 h. The evolved gases cause a rapid
expansion inside the stacked layers, while the vacuum offers an
outward pulling force on GO sheets accelerating the exfoliation
process (Fig. 1a). The process can be visually observed (Fig. 1a) with
the color change from brown to black (related to reduction) and



Fig. 1. (a) Schematic of the synthesis process of VAG material. With the help of the vacuum offering an outward force, the pressure of the evolved gases can generate enough
pressure to overcome the van der Waals force in the material. FESEM (b), SEM (c) and TEM (d) images show the morphology of the VAG materials at different magnification level.
The inset of (d) is the selective area electron diffraction pattern for typical restacked graphene sheets.
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large volume expansion (related to exfoliation). It is worthy to
mention that the reduction and exfoliation take place simulta-
neously in this approach avoiding separate treatment for each of
them. In this work, we show that the GO can be effectively reduced
and exfoliated supported by the material characterization data and
electron microscopy images. The superior performance on the ca-
pacity of charge/energy storage is demonstrated on supercapacitors
based on the VAG electrodes.

2.3. Material characterization

The morphology of the synthesized VAG material was charac-
terized by field emission scanning electron microscopy (FESEM,
HITACHI S-4700, Japan) and high-resolution transmission electron
microscopy (HRTEM, TECNAI F20), respectively. The measurement
of nitrogen adsorption isothermal was done at 77 K by low tem-
perature nitrogen adsorption surface area analyzer (ASAP 2020,
Micromeritics Ins, USA). The diffraction patterns were tested by
high resolution X-ray diffractometer (HR-XRD, Rigaku, Japan) with
Cu Ka radiation (l(Ka)¼ 1.54056 Å). Raman spectra were obtained
with Horiba Jobin-Yvon, France with 514 nm Arþ ion laser excita-
tion source at 10 mW. X-ray photoelectron spectroscopy (XPS) was
done on MULTILAB 2000 system (SSK, USA). The Fourier transform
infrared (FTIR) study was also carried out to examine the vibra-
tional characteristics of graphene using an IR Prestige-21, Shi-
madzu, Japan.

2.4. Electrode preparation and cell assembly

To prepare the electrode, graphene material was mixed with
Ketjen black and teflonized acetylene black (TAB) followed by
pressing on a nickel mesh (1.6 cm diameter) under a pressure of
300 kg/cm2. The mass of each electrode is 1 mg. After preparation,
each electrode was vacuum dried at 130 �C for 5 h. To evaluate the
electrochemical performance of VAG electrodes, supercapacitors
were assembled in symmetrical cell geometry with two electrodes.
The devices were assembled in CR2032 cell cases with two identical
VAG electrodes in an argon filled glove box. A porous polypropylene
film (Celgard 3401) was used as the separator. The electrolytes used
are ionic liquid EMIMBF4.

2.5. Electrochemical measurement

The cyclic voltammetry (CV) was carried out with CHI760D (CH
Instruments, Inc., USA) at scan rate from 5 mV/s to 100 mV/s. The
electrochemical impedance spectroscopy (EIS) measurement was
analyzed within a frequency range of 100 kHz to 0.1 Hz at an open-
circuit potential with an a.c. amplitude of 10 mV with a Zahner
Electrochemical Unit 1M6e (Zahner, Germany). Galvanostatic
charge/discharge (GCD) cycling of the cells was performed at cur-
rent density from 1 A/g to 8 A/g with a battery tester (NAGANO,
BTS-2004H, Japan).

3. Results and discussion

3.1. Material characterizations

The FESEM and SEM images (Fig. 1b, c) show the morphology
and structural features of graphene materials synthesized by the
low temperature vacuum-assisted annealing with a “comb-like”
network. They reveal the successful exfoliation under which a large
area of restacking carbon layers has been peeled off resulting in
obvious gaps between them. And this network leads to a better
utilization of surface area buried beneath the VAG electrode sur-
face. The TEM image in Fig 1d shows the typical morphology of VAG
sheets, where the agglomeration is very limited. The selected-area
electron diffraction (SAED) pattern (inset of Fig. 1d) shows dotted
concentric rings that indicates the crystalline phase of VAG.

The XRD pattern of GO powder in Fig. 2a shows an intense peak
around 2q¼ 12.06� (interlayer spacing d¼ 7.31 Å) corresponding to
the (002) plane of GO. The removal of oxygen groups in GO by low-
temperature vacuum annealing process leads to the broadening



Fig. 2. Material characterization results of the VAG. (a) XRD comparison between GO and VAG samples showing the interlayer spacing decrease after the exfoliation and reduction,
which suggests the removal of oxygen groups. (b) Raman spectrum of the VAG sample. (c) XPS C1s spectrum of the VAG sample and the inset is the comparison between GO and
VAG. (d) FTIR spectrum of the VAG powder.

H. Yang et al. / Journal of Power Sources 284 (2015) 146e153 149
and shifting of the peak to 2q ¼ 23.60� resulting in a reduced
interlayer spacing of 3.76 Å.

The highly ordered graphite typically has two visible Raman
bands: the G band (~1580 cm�1) caused by in-phase vibration of
graphite lattice and the weak D band (~1355 cm�1) resulted from
slight disorder [42]. Fig. 2b shows the Raman spectra of GO and
VAG. Due to the amorphization during the oxidation process, the
GO contains a certain amount of sp3 bonded carbons [43]. Thus, a
broad and relatively intense D band is commonly observed as well
as a broad G band [44]. Along with the transition of GO to VAG, it
undergoes some defects and vacancies [36,40,44], like the 5-8-5
defects composed of two pentagonal rings and an octagonal ring
[45], and Stone-Wales defects (5-7-7-5 rings) [46]. The D band of
VAG is observed at around 1350 cm�1 and the G band is around
1594 cm�1 with ID/IG ¼ 0.91. In VAG, the G band shifts to the higher
frequency region compared with graphite. The blue shift of G band
could be caused by the presence of double bonds which resonate at
high frequencies than G band [44]. The merge of the defects
induced D0 band at 1620 cm�1 [42,47,48] or the unmodified
graphitic areas may also contribute to the shift [49].

The inset of Fig. 2c shows the XPS spectra of GO and VAG. The
spectra reveal the presence of carbon and oxygen with no other
detected hetero element and the C/O ratio is 6.08, which compares
favorably with rGO materials by other reduction methods at
slightly higher temperatures [50,51]. For the C1s peak of VAG, the
main peak attributed to the non-oxygenated carbon locates at
284.6 eV. And the other peaks at 286.4, 288.2, and 289.7 eV are
assigned to the oxygen containing groups CeOH (or CeOeC), C]O
and COOH respectively [52]. The existence of CeOeC which is
widely seen in the graphene oxide system has a similar C1s binding
energy to CeOH [53]. While further reduction of oxygen should
result in better electrochemical performance, it is worthy to point
out that it is always a compromise between device performance
and complexity and manufacturability of the processes. The key
point, though, is to demonstrate excellent electrochemical perfor-
mance using a more manufacturable and low cost process.

The FTIR spectrum of VAG (Fig. 2d) shows strong absorption
peaks at approximately 3433 cm�1 and 1637 cm�1. Those two peaks
are assigned to the stretching and bending vibration of OH groups
in the water molecules absorbed on VAG. The weak peaks at
1719 cm�1, 1385 cm�1 and the band between 1050 and 1190 cm�1

are due to the C]O, CeO and CeOH stretching vibration in COOH
groups [54,55] presented at the edges. This indicates a substantial
removal of the oxygen containing groups. Finally, the asymmetric
and symmetric stretching vibrations of CH2 are observed at 2850
and 2918 cm�1, while the peak at 1626 cm�1 can be contributed to
the skeletal vibration of C]C [56].

The surface properties can be characterized by the N2 adsorp-
tion isotherm measurement (Fig. 3a). The type IV adsorption
isotherm curve and a hysteresis loop indicate the presence of slit-
shaped mesopores. According to BarreteJoynereHalenda (BJH)
methods, the pore size distributes abruptly in the range of
3.77e4.27 nm. Based on the BrunauereEmmetteTeller (BET) the-
ory, the resulted surface area is determined to be around 500 m2/g.
Theoretically the single layer graphene has a surface area of
2675 m2/g [33]. However, the reported surface areas vary in a
considerably wide range of 300e3000 m2/g [33e35]. The incon-
sistency could be the result of the difference in surface area char-
acterization methods, the agglomeration variation of graphene
sheets from synthesis methods, or residual adsorbed solvents or
water. Note that the BET surface area doesn't necessarily reflect the
actual accessible sites that electrolyte ions can reside on. Thus, the
device performance can't be evaluated by simply taking account of
BET surface area. Instead, the electrochemical performance can
only be characterized by CV, GCD and EIS in assembled super-
capacitor cells.



Fig. 3. (a) Nitrogen adsorption/desorption plot at 77.4 K of the VAG sample. The type IV adsorption isothermal curve with a hysteresis loop suggests the near cylindrical or slit
geometry of major pores. (b) Pore-size distribution of the VAG sample.
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3.2. Exfoliation mechanism study

For a conservative estimation of the gas pressure, we consider
that the major mass loss of GO during thermal treatment is
contributed by CO2 (44 g/mol) instead of H2O (18 g/mol). In order to
estimate the pressure that can be generated by the evolution of CO2,
a few assumptions are made here: the oxygen containing groups
are homogeneously distributed on the GO surface; all the CO2 have
been released; the spacing between GO sheets doesn't change
within the GO sheets. The thermogravimetric analysis (TGA) data
(Fig. 4) provides the weight loss of the GO during heating, thus
leading to the mass of generated CO2 at different temperatures. By
dividing the mass of CO2 by the molar mass, we can get the number
of CO2 molecules in the gaps between restacked GO sheets. The
spacing of the gaps is extracted by subtracting the interlayer
spacing 0.731 nm from XRD data by the single layer graphene
thickness 0.335 nm [57]. By multiplying the spacing and the ideal
surface area of graphene, the volume of gaps per mass of the ma-
terial can be extracted. With the number of CO2 molecules and the
volume of gaps, the pressure of the evolved CO2 is obtained to be
7.43 MPa at a temperature of 150 �C based on the ideal gas law.

To evaluate the pressure required to exfoliate the GO sheets, we
assume that the GO material is a layered planar system with infi-
nitely extended area. According to Lifshitz's theory, for two parallel
Fig. 4. TGA curves of GO showing the weight loss at different temperatures.
infinitely extended slabs with a thickness of a, the interaction free
energy G (per unit area) to bring them from infinite separation to
finite separation l is [58]:

GAmB ¼ �AHam
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where AHam is the Hamaker coefficient. If we consider GO a
restacked multilayer system with very large slab thickness a / ∞,
the pressure to overcome van der Waals force can be approximated
as:

P ¼ vG
vl

¼ AHam

6pl3
(2)

Since the pressure is inversely proportional to l3, the higher
interlayer distance of GO than graphite leads to a weaker van der
Waals force to overcome, which explains why oxidized system is
preferred in the exfoliation. This also implies that once the split
between layers is initiated, the rest exfoliation occurs in an accel-
erating pace. According to Lifshitz's theory, in the non-retarded
region [59], the evaluated Hamaker coefficient for the GO system
is approximately 1.76 zJ. Based on Equation (2), the estimated
pressure to break the van der Waals binding between GO layers is
1.51 MPa. This is significantly smaller than the previous extracted
gas pressure. This, however, doesn't mean that the vacuum is not
required. In a practical case, the initiation of exfoliation would
require a higher pressure due to the smaller interlayer spacing
along the edges and capillary forces across the GO plane. Also,
vacuum environment isolates the GO from the oxygen in the air.
This ensures that there is no or minimal reoxidation happening
during the exfoliation process. Thus, the evolution of CO2 and water
vapor alongwith the help fromvacuum environment can overcome
the van der Waals forces between GO sheets.

3.3. Electrochemical measurement

In order to demonstrate the energy storage performance of VAG
electrodes, the graphene supercapacitors were assembled in a
symmetrical cell using ionic liquid EMIMBF4 electrolyte. The pre-
pared graphene electrodes still maintain a porous surface as shown
in Fig. 5. The performance of supercapacitors was evaluated with
CV, GCD and EIS measurements (Fig. 6). Fig. 6a shows the schematic
of the components in a symmetrical supercapacitor cell. Unlike the
aqueous electrolyte, ionic liquid, EMIMBF4, is not only highly
conductive (12 mS/cm), but also electrochemically stable with a
potential window up to 4.3 V [60]. According to the relationship



Fig. 5. SEM images of graphene electrode. (a) A SEM image shows the surface of prepared electrode. (b) A high magnification SEM image reveals the porous structure, with which
the graphene electrode can provide a high surface area for the access of electrolyte.
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E¼ CV2/2, the wide potential window brings a significant benefit to
the improvement of the energy density for supercapacitors. Addi-
tionally, the high conductivity can contribute to the reduction of
internal resistance resulting in a high power density. The CV curves
of VAG electrodes at scan rates from 5 mV/s to 100 mV/s are shown
in Fig. 6b. The CV curves show no peaks related to redox reactions
implying that the device is charged/discharged at near constant
rate over the whole cycle. Because of the relationship I(t) ¼ C(dV/
dt), the current will retain a constant value for ideal capacitors. The
marginal current response of the charging or discharging is
dependent on the electrolyte and internal resistance as well as the
scan rate [61]. At low scan rates, the VAG electrodes show almost
ideal capacitive behavior in ionic liquid. As the scan rate increases,
the shape of CV deviates slightly from a rectangular shape. The
repeatability of CV curves and small marginal effect are attributed
to the kinetic reversibility and electrical conductivity, respectively.
Fig. 6c presents the GCD curves with constant current density from
1 to 4 A/g. The initial voltage drop of discharging is attributed to the
voltage loss across internal resistance.

As commonly used in previous reports [4,62], the following
Fig. 6. Electrochemical measurement of VAG based supercapacitor. (a) Schematic of the s
different scan rates. (c) Galvanostatic chargeedischarge curves of supercapacitor in EMIMBF
supercapacitors. (e) Comparative Ragone plots of various energy storage devices and the dev
inset is the enlarged high frequency region which shows a shape of semicircle.
equation is used to extract the specific gravimetric capacitance
from GCD curves.

Cs ¼ 4C
m

¼ 4IDt
mDV

(3)

where C is the measured capacitance of the two-electrode cell
ð1=C ¼ 1=1=2mCs þ 1=1=2mCsÞ, I is the constant current, Dt is the
discharging time (except the donation of equivalent series resis-
tance (ESR)), m is the total weight of electrode materials, and DV is
the voltage drop during discharging process (except the voltage
drop on ESR).

Previously, the carbon nanotube-based supercapacitors were
reported to have a specific capacitance of 102 F/g for multi-wall
carbon nanotube [63] and 180 F/g for single-wall carbon nano-
tube [64], in contrast to that of tens of F/g for activated carbon
based supercapacitors. The maximum specific capacitance for
graphene-based supercapacitors is reported to be 265 F/g by El-
Kady et al. [65]. Our VAG based supercapacitors showed a value
of 284.5 F/g at the current density of 1A/g (Fig. 6d). When
ymmetrical supercapacitor structure. (b) CV curves of VAG electrode in EMIMBF4 at
4 for different current densities. (d) Specific capacitance versus current density for VAG
eloped VAG supercapacitors. (f) Nyquist plot extracted from EIS measurement data. The



Table 1
Comparison of devices in this work with reported graphene supercapacitors based on electrode weight or volume.

Material Electrolyte Current density Specific capacitance Energy density Power density Reference# in the
manuscript

Curved graphene EMIMBF4 1 A/g 154.1 F/g (46.2 F/cm3) 85.6 Wh/kg (25.68 Wh/L) 1.14 kW/kg (0.34 kW/L) [33]
a-MEGO Organic electrolyte 1 A/g 166 F/g (60 F/cm3) ~70 Wh/kg (23 Wh/L) N/A [62]
LSG Organic electrolyte ~1 A/g 276 F/g (13.2 F/cm3a) 28.33 Wh/kg (1.36 Wh/La) N/A [65]
EM-CCG film Organic electrolyte 1 A/g 167.1 F/g (208.9 F/cm3) 88.24 Wh/kg (110.3 Wh/L) 6.88 kW/kg (8.6 kW/L) [67]
VAG EMIMBF4 1 A/g 284.5 F/g (78.31 F/cm3) 131.6 Wh/kg (36.23 Wh/L) 19.03 kW/kg (5.24 kW/L) This work

a These two volumetric values are calculated based on total cell volume.
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increasing the current density, the specific capacitance decrease to
206.1, 180.3, 154.7, 136.3, and 107.7 F/g at current densities of 2, 2.5,
4, 5, and 8 A/g.

The energy densities at different current densities were ob-
tained using the following formula [62,65]:

E ¼ 1
8
CsV2 (4)

The corresponding power density was calculated according to:

P ¼ E
Dt

(5)

The maximum power density at the matched impedance con-
dition was evaluated with [7,62,65].

P ¼ V2

4mRESR
(6)

Based on above, the maximum energy density of our VAG
supercapacitors is 131.6 Wh/kg at room temperature. Table 1
compares both the gravimetric values and volumetric values of
our devices with reported state-of-the-art results at similar current
density. Clearly, our supercapacitors exhibited superior gravimetric
specific capacitance and energy density than those reported de-
vices synthesized by different methods. Assuming the 30% weight
of the packaged supercapacitor cell is from the electrode material,
the resulted systematical energy density is 39.5Wh/kgwhich is one
order higher than the commercial supercapacitors mostly based on
activated carbons [66]. Fig. 6e presents the Ragone plot of the VAG
supercapacitors, showing the energy density and power density
relationship at different current densities. Clearly, the devices
exhibited both high power densities and high energy densities.
Such outstanding performance on energy storage meets many
system applications that the current technologies don't.

The EIS data at different frequencies is analyzed using Nyquist
plot in Fig. 6f. It shows a straight line in low frequency region
corresponding to the capacitive elements in the cell, and an arc in
the high frequency region related to the resistive elements between
graphene nanosheets [68,69]. The magnitude of equivalent series
resistance (ESR) is 4.7 U obtained from the x-intercept of the high-
frequency arc [68]. The ESR determines the rate that the cell can be
charged/discharged, thus determining the power density. Right
after the arc, the short line with nearly 45� slope is due to the
impact of Warburg resistance, and is a result of the frequency
response of ion diffusion from the electrolyte to the electrode
interface [68,70]. The very short Warburg line implies that the VAG
nanosheets have a short ion diffusion path [70], and this will lead to
an efficient utilization of the porous structure of the VAG. Typically,
a vertical line in the low frequency region is an indication of pure
capacitive behavior. For our VAG sample, the complex-plane
impedance curve shows a close to vertical spike in the low fre-
quency region which suggests the supercapacitors behave as an
ideal EDLC. And the maximum power density can be estimated
using P ¼ V2/4mRESR, which results in a value of 265 kW/kg.

This vacuum annealing method to produce graphene is fairly
easy to set up and requires no high-temperature environment or
reducing gases. The 0.002 mol/g CO2 emission rate per mass of
product makes it an environmentally friendly approach, ideal for
industrially producing graphene at tons scale. The pores with
uniform pore size in the mesoporous range provide the ions ho-
mogeneous adsorption sites to form the EDL improving the ion
accessibility, leading to an ultra-high specific capacitance and en-
ergy density. Although the high-performance electrolyte's contri-
bution to the energy density is important, the excellent
performance of VAG supercapacitors is the result of better ion
accessibility.

4. Conclusion

In summary, we synthesized the graphene material through an
efficient method for industrial production of graphene for super-
capacitors. The material characterization shows that the VAG
sheets have a mesoporous surface with a pore size around 3.77 nm
and reduced oxide composition with C/O ratio of 6.08, both of
which are beneficial for ion adsorption in EDL. The clear electron
diffraction pattern combined with electron microscopy images re-
veals a successful exfoliation and the porous morphology of VAG.
The fabricated supercapacitors with the VAG electrodes exhibited a
remarkable performance with specific capacitance of 284.5 F/g and
energy density of 131 Wh/kg. The outstanding electrochemical
performance of the VAG supercapacitors meets the power, energy,
and durability requirements of many applications that current en-
ergy storage technologies can't. The graphene synthesis process
developed in this work can be easily scaled up for high volume
manufacturing. The appealing properties of this graphene super-
capacitor technology could bring new cardiac in electrochemical
energy storage.
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