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for electrochemical energy storage
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Yun Sung Leec and Wu Lu *ab

The urgent need for efficient energy storage devices greatly stimulates the development of high power,

highly efficient, environmentally friendly, and low-cost energy storage devices. Supercapacitors, unlike

batteries, store energy by ion adsorptions on high surface area electrodes. The physical ion migration

provides a high charging/discharging rate, power density, and reversibility. In this work, we synthesize

graphene materials by a rapid thermal annealing process and examine the material properties. With the

synthesized graphene as electrodes, the outstanding electrochemical performance of these

supercapacitors is demonstrated. This provides a new method for developing supercapacitors with high

charge/energy storage capability at low cost.
1. Introduction

A critical challenge that people encounter in the 21st century is
how to ensure future energy security. With the development of
various sustainable energy sources, an efficient energy storage
device with higher energy storage capabilities is needed. A
supercapacitor, or electrochemical capacitor, stores electrical
charges in an electric double layer (EDL) at the interface
between the electrode and electrolyte. Due to the high surface
area and small EDL separation, the specic capacitances of
supercapacitors are expected to be higher than conventional
capacitors.1–3 The ion migration in the EDL is much faster and
more reversible than the redox reaction in batteries resulting in
the ultra-high power density and cycling stability. The EDL
theory was rst demonstrated in the late 1800s, but the rst
supercapacitor device was not developed until 1957 by H. I.
Becker.4

In the past decade, supercapacitors attracted a lot of
attention due to the breakthrough in porous electrode mate-
rials, such as carbon materials and metal oxides. Among all
the carbon materials, graphene is the ideal electrode candi-
date, due to its high surface area, mechanical strength,
chemical stability, and electrical conductivity.6–17 With these
superior properties, there have been a lot of efforts to exploit
graphene in many applications, such as transparent
electrodes, hydrogen storage, water desalination, and thermal
management applications.18–21 Nanoporous graphene
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materials have been studied in supercapacitors, showing great
improvement in the electron conductivity, energy density,
power density and cycling stability.22–28 The mechanical and
chemical vapor deposition methods can produce high quality
graphene, but the high cost and planar structure exclude it
from electrochemical energy storage applications. Because of
graphene's strong tendency to agglomerate and its hydro-
phobic nature, it's quite challenging to produce graphene
directly from graphite. Alternatively, graphene can be synthe-
sized on a large scale at low cost by reducing and exfoliating
graphite oxide (GO).29–31 Several reduction and exfoliation
methods have been developed, such as chemical reduction,22,23

microwave irradiation,24 thermal annealing,5,25,26 powerful
sonication,27 laser scribing,28 and so on. In contrast to other
methods, thermal annealing provides few layer graphene with
less agglomeration, higher surface area, better electric
conductivity, and higher yield.32,33 Previously, the thermal
annealing was investigated to exfoliate and reduce GO at high
temperature above 1000 �C in an inert gas environment.25,34,35

Bing Zhao et al. reported the exfoliation of GO at temperatures
varying from 150 to 900 �C and a slow heating rate of 5 �Cmin�1.36

Both the surface area and the electric conductivity decrease with
increasing the temperature above 500 �C, which results from the
coalescence of graphene sheets during the slow heating
process. In addition, the slowly heated sample exhibits high
defect content. To improve the material quality of thermally
annealed graphene and thus the energy storage performance,
we annealed the GO at 500 �C at a high heating rate around
70–80 �C s�1 in argon. The surface area, reduction degree, pore
size distribution, and morphology are characterized and dis-
cussed. With these rapidly annealed graphene (RAG) electrodes,
a specic capacitance of 279 F g�1 and an energy density of
135 W h kg�1 are achieved.
This journal is © The Royal Society of Chemistry 2017
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2. Experimental
2.1 Preparation of graphite oxide

GO was produced by modied Hummer's method,37 which has
been reported in our earlier work.5 In short, graphite powder
was oxidized with K2S2O8 and P2O5 in concentrated H2SO4. The
resultant product was then washed with DI water until the pH
value reached neutral. The pre-oxidized graphite was mixed
with KMnO4 and H2SO4 for further oxidation in an ice bath. To
remove metal ions, the solution was rinsed with HCl and dia-
lyzed for two weeks.
2.2 Synthesis of RAG

The process we have developed involves a one step process
using rapid annealing in an Ar environment to exfoliate the
stacked GO sheets and remove the oxide groups simulta-
neously. Here, the GO was put in a quartz tube and purged with
Ar gas. Then the temperature was ramped to 500 �C at the
heating rate around 70–80 �C s�1. The evolved gases such as
water vapor and CO2 cause a rapid expansion inside the stacked
layers, shown in Fig. 1a. The process can be visually observed
with the rapid volume expansion. In this work, we show that the
GO is effectively reduced and exfoliated indicated by the elec-
tronmicroscopy images andmaterial characterization data. The
synthesized material was characterized by a series of material
characterization methods, including FESEM, TEM, XRD,
Raman, XPS, FTIR and TGA. The surface area and pore size
Fig. 1 (a) Schematic demonstrating the process of one step exfoliation
image of a RAG sheet. It reveals the typical morphology of these graphen
hexagonal electron diffraction pattern. (d) A higher resolution TEM imag
showing multilayer stacking.

This journal is © The Royal Society of Chemistry 2017
distribution were analyzed with nitrogen isotherm adsorption
measurements.
2.3 Electrochemical measurements

The electrode preparation process and cell structure are the
same as what we have reported before.5 The assembled cell was
characterized with cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and galvanostatic charge/
discharge (GCD). The instruments used are CH Instruments
CHI760D, Zahner Electrochemical Unit 1M6e, and Nagano
BTS-2004H.
3. Results and discussion
3.1 Material characterization

The SEM image (Fig. 1b) shows themorphology of the exfoliated
graphene material synthesized by rapid annealing with
a “comb-like” network. The relatively large inter sheet spacing
as well as comb network suggests the effectiveness of rapid
thermal exfoliation and leads to a better utilization of the
surface area buried beneath the electrode surface. The TEM
image (Fig. 1c) further clearly indicates that the rapid annealing
process can effectively exfoliate the GO. It shows the single layer
or few layer RAG ake with very limited agglomeration. The
selected-area electron diffraction (SAED) pattern in the inset of
Fig. 1c shows clear hexagonal diffraction dots demonstrating
that the RAG had been restored to the hexagonal graphene
and reduction process of GO with rapid thermal annealing. (b) A SEM
e materials. (c) TEM image of the RAG material. The inset shows a clear
e of the edge of a RAG sample. The arrows point to the edge of RAG

J. Mater. Chem. A, 2017, 5, 23720–23726 | 23721
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framework. The high resolution TEM image in Fig. 1d shows the
fringe structure of the RAG with around 15 layers of graphene
stacked together in this sample.

Fig. 2a shows the XRD patterns of the GO and RAGmaterials.
As is known, the (002) peak of graphite is around 26� with
a corresponding interlayer spacing of 3.33–3.35 �A.38–40 The as-
prepared GO shows an intense 2q peak around 12.06� and an
increased interlayer spacing of 7.52 �A due to the insertion of
oxygen groups. With the rapid thermal treatment, the removal
of oxygen groups in GO leads to the peak shiing to 25.20� and
a decrease of interlayer spacing to 3.53�A in the RAG materials.
The (002) peak and the interlayer spacing of RAG are closer to
those of the graphite, suggesting that RAG is fully reduced.

Because of the amorphization during the oxidation process,
there are a certain amount of sp3 bonded carbons in the GO
sheets.41 As a result, a broad and relatively intense D band is
commonly observed around 1350 cm�1 as well as a broad G
band in the Raman spectrum.42 During the transition from
graphite to GO, it generates some defects or vacancies,25,34,42–44

resulting in an ID/IG ratio of 0.91. In the case of RAG, the ID/IG
ratio is 0.93, which is smaller than the value reported for slowly
annealed graphene.36 Compared with GO, the intensity ratio
ID/IG of RAG increases very limitedly, suggesting that the rapid
thermal treatment didn't introduce many defects. In RAG, the G
Fig. 2 (a) XRD spectra of GO and RAG samples showing the interlayer sp
of the RAG sample. (c) XPS C 1s spectrum of the RAG sample and the inset
powder.

23722 | J. Mater. Chem. A, 2017, 5, 23720–23726
band shis to the higher frequency region compared with
graphite. This blue shi of the G band could be caused by the
presence of double bonds which resonate at high frequencies,42

the merge of the defects induced the D0 band at 1620 cm�1,45–47

and the unmodied graphitic areas.48

The XPS spectra reveal the presence of carbon and oxygen
with no other detected hetero elements, shown in the inset of
Fig. 2c. The C/O ratio of RAG is as high as 7.9, which compares
favorably with graphene materials annealed at a slow heating
rate.36 The slowly annealed graphene shows a C/O ratio of 5.56
at 500 �C. Even the C/O ratio of slowly annealed graphene at
700 �C is comparable with our RAG annealed at lower
temperature. In RAG, the main peak attributed to the non-
oxygenated carbon locates at 284.6 eV. And the intensity of
oxygen-containing groups such as C–OH/C–O–C (286.3 eV),
C]O (287.8 eV), and H–O–C]O (288.8 eV) is obviously
reduced during the rapid thermal treatment. The C–O–C group
has a similar binding energy to C–OH.49 The FTIR spectrum of
RAG (Fig. 2d) shows characteristic peaks at 1719 cm�1 (C]O),
1637 cm�1 (C]C), and 1385 cm�1 (C–O), and the band
between 1050 and 1190 cm�1 (C–OH).50–54 The low peak
intensity of oxygen related groups indicates a substantial
removal of oxide by the rapid annealing. The strong absorp-
tion peak at approximately 3437 cm�1 is attributed to the
acing decrease after the exfoliation and reduction. (b) Raman spectrum
is the comparison between GO and RAG. (d) FTIR spectrum of the RAG

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The thermal gravimetric data for GO and RAG.
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stretching and bending vibrations of OH groups in the water
molecules absorbed on RAG, common for porous materials.
The two peaks at 2850 and 2918 cm�1 correspond to the
asymmetric and symmetric stretching vibrations of CH2.54

The N2 adsorption isotherm measurements can provide
information about the surface area and pore size distribution of
the material. The N2 adsorption/desorption of RAG (Fig. 3a)
shows a typical type IV isotherm curve with a hysteresis loop at
a relatively high pressure associated with capillary condensa-
tion. The almost linear region is the stage where the monolayer
coverage is completed and the multilayer adsorption is about to
start. The type H3 hysteresis loop in the isotherm implies that
the graphene plates aggregate forming slit-shaped mesopores.55

The modern non-local density functional theory (NLDFT) can
provide accurate pore prediction in a micropore size range. With
NLDFT (Fig. 2c), it is found that the micropores in RAG distribute
around 0.78 nm with a pore volume of 0.19 cm3 g�1 nm�1.
Barrett–Joyner–Halenda (BJH) methods based on the Kelvin
equation are widely used for extracting the mesopore size distri-
bution. With BJH methods, the mesopore size is found to
distribute in a narrow range of 3.77–4.27 nm with a pore volume
of 0.55 cm3 g�1 nm�1. Compared with samples annealed at
a slower heating rate,56 the micropore volume is higher and the
mesopore volume is slightly smaller. The Brunauer–Emmett–
Teller (BET) surface area of RAG is determined to be around
612 m2 g�1. The BET surface area doesn't necessarily equal the
actual accessible sites for accommodating electrolyte ions.
Instead, the device performance can only be characterized by
CV, GCD and EIS in assembled supercapacitor cells.

The thermal stability of GO and RAG is analyzed by ther-
mogravimetric analysis (TGA), shown in Fig. 4. For the GO
sample, the major weight loss occurs between 100 �C and
200 �C, resulted from the pyrolysis of oxygen groups and the
release of CO2.57 The total weight loss of GO is at 43% at 300 �C
and 53% at 500 �C. In contrast, the RAG sample shows better
thermal stability than GO. The total weight loss is 0.3% at
300 �C and 6.5% at 500 �C. The thermal stability of RAG is
attributed to the absence of oxygen groups. With the weight of
CO2 molecules and the volume of gaps, the pressure of the
evolved gas is obtained to be 39.4 MPa at a temperature of 500 �C
according to the ideal gas law.5 Based on Lifshitz's theory, the
pressure required to exfoliate the multilayer can be written as
Fig. 3 (a) Nitrogen adsorption/desorption plot at 77.4 K for the RAG sam
regimes. (c) NLDFT pore size distribution of RAG in the micropore regim

This journal is © The Royal Society of Chemistry 2017
P ¼ vG
vl

¼ AHam

6pl3
, where G is the free energy, AHam is the

Hamaker coefficient and l is the separation between two slabs.
As demonstrated in our previous publication, the evaluated
Hamaker coefficient for the GO system is approximately 1.76 zJ.5

The estimated pressure to exfoliate the GO layers is
1.51 MPa.25,58 This calculated pressure is lower than the esti-
mated gas pressure. This, however, doesn't mean that the high
gas pressure is not required. With rapid annealing, the fast
expansion of interlayer spacing decreases the gas pressure,
leading to lower pressure than estimated. In addition, it would
require a much higher pressure to initialize the exfoliation due
to the smaller interlayer spacing along the edges and extra
capillary forces to overcome.5

3.2 Electrochemical measurements

To examine the energy storage performance of RAG electrodes,
the graphene supercapacitors were assembled in a symmetrical
two-electrode cell using the ionic liquid EMIMBF4 electrolyte.
The performance of supercapacitors was evaluated with CV,
GCD and EIS measurements. Unlike other electrolytes,
EMIMBF4 has a wide potential window up to 4 V as well as
a high conductivity,59 leading to high energy density and low
equivalent series resistance (ESR). The CV curves of RAG elec-
trodes at scan rates from 5 mV s�1 to 100 mV s�1 exhibit no
redox peaks, shown in Fig. 5a. It suggests that the device is
ple. (b) BJH pore-size distribution of RAG in mesopore and macropore
e.

J. Mater. Chem. A, 2017, 5, 23720–23726 | 23723
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charged/discharged with physical ion migration rather than the
pseudocapacitive reactions. The marginal current response in
CV scans is due to the impact from the electrolyte, internal
resistance, and scan rate.60 The repeatability of the CV curves is
attributed to the kinetic reversibility. Fig. 5b shows the GCD
curve of the RAG supercapacitors with a constant current
density from 1 A g�1 to 5 A g�1. The initial voltage change of
charging/discharging is due to the voltage drop in the internal
resistance. Specic capacitances are extracted from GCD data at
different current densities.5,24,56,61 The specic capacitance
of the RAG supercapacitor at the current density of 1 A g�1 is
279 F g�1.5,24,56,61 Increasing the current density to 2, 4, 5 and
7.5 A g�1, the specic capacitance of the RAG supercapacitor
decreases to 193, 139, 110, and 78 F g�1, respectively. This
specic capacitance compares favorably with the previously
reported graphenematerials. The curved graphene by hydrazine
reduction demonstrated a specic capacitance of 154.1 F g�1 at
1 A g�1 with ionic liquid electrolyte;22 a-MEGO by microwave
radiation showed a gravimetric capacitance of 166 F g�1 in
organic electrolyte,61 laser-scribed graphene reached a specic
capacitance of 276 F g�1 at a similar current density with ionic
liquid electrolyte;28 folded graphene prepared by pressing the
Fig. 5 (a) CV curves of the RAG electrode in EMIMBF4 at different scan ra
EMIMBF4 for different current densities. (c) Specific capacitance versus cu
RAG supercapacitors.

23724 | J. Mater. Chem. A, 2017, 5, 23720–23726
graphene aerogel achieved a specic capacitance of 172 F g�1 at
1 A g�1 in LiPF6 electrolyte.62

The Ragone plot in Fig. 5d reveals the energy storage
performance of the RAG supercapacitor.

Energy densities are calculated based on the method
demonstrated in previous reports.5,24,56,61 The maximum energy
density at 1 A g�1 is 135 W h kg�1.5,24,56,61 With an assumption
that 30% weight of the device is from the RAG electrodes, the
calculated systematical energy density is 40.5W h kg�1, which is
still one order higher than those of the commercial super-
capacitors (based on activated carbons).63 The highest power
density achieved at 7.5 A g�1 is around 7 kW kg�1.

The RAG supercapacitor was further studied by impedance
measurements in a frequency range from 1 MHz to 0.1 Hz. The
Nyquist plot in Fig. 6 features a semi-circle in the high
frequency region related to the resistive elements and a vertical
spike in the low frequency region corresponding to the capaci-
tive behavior of RAG supercapacitors. The ESR resistance at the
x-intercept of the Nyquist plot is 4.4 ohm, suggesting a high
charging/discharging rate in the RAG supercapacitors. The ion
diffusion at the interface of the electrolyte and electrode lead to
a short line with a nearly 45� slope, or Warburg resistance in the
equivalent circuit of the supercapacitor. The very short Warburg
tes. (b) Galvanostatic charge–discharge curves of the supercapacitor in
rrent density for RAG supercapacitors. (d) Ragone plot of the developed

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Nyquist plot from EIS measurements. Inset shows the equiva-
lent circuit for the EIS fitting.
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line from 3.5 Hz to 17.0 Hz implies a short ion diffusion path,
shown in the inset of Fig. 6.63,64 By tting the EIS data, a small
Warburg impedance of 4 ohm and a high characteristic
frequency of 10 rad s�1 are observed, which result in the short
diffusion path in RAG electrodes.65
4. Conclusion

In summary, based on our experimental results, we can
conclude that the rapid thermal annealing method produced
high quality RAG for electrochemical energy storage applica-
tions. The prepared RAG materials show minimum oxygen
content and form a graphitic material with the nanoporous
morphology. The clear hexagonal electron diffraction spots
suggest good crystallinity and minimum agglomeration in RAG
materials. The small average interlayer spacing revealed by XRD
and the high C/O ratio of 7.9 measured by XPS imply that RAG is
well reduced during the thermal treatment. Compared with
slowly annealed graphene, the RAG sample shows less oxygen
content and better material quality. This work presents an
effective strategy to produce high quality graphene materials
and is suitable for mass production with a minimum environ-
mental footprint. The symmetrical supercapacitors assembled
with RAG electrodes deliver high specic capacitance and power
density. They are capable of driving a wide variety of applica-
tions which demand high energy density and power density at
low cost.
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