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We report supercapacitors based on thiolated-graphene (T-graphene) with stable charging and dis-
charging performance at high current density. The T-graphene was synthesized using low cost NaSH as a
reducing agent to reduce graphene oxide. X-ray diffraction (XRD) and x-ray photoelectron spectroscopy
(XPS) studies reveal that NaSH is an effective reducing agent in removing oxygen containing groups from
graphene oxide. The highly reduced T-graphene with a C/O ratio of 28 was used as the supercapacitor
electrode material. At a current density of 2.5 Ag™', the T-graphene supercapacitor exhibited an elec-
trochemical capacitance of 195 Fgl, a power density of 4.3 kWkg 'and an energy density of 83.4
Whkg . The time required to discharge 83.4Whkg ' at 2.5 Ag™! is around 69 s. At a current density of 7.5
Ag™!, the cell exhibited a specific capacitance of about 137 Fg™! and retained 98% of its initial capacitance
value after 10,000 cycles. This superior performance of supercapacitor can be ascribed to highly reduced
and porous T-graphene with minimum restacking due to its crumpled nature. The resulting super-
capacitors having stable performance at high current density are suitable for fast charging-discharging
applications.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction respectively, supercapacitors still need significant improvement in

terms of energy density while maintaining their operational sta-

Supercapacitors are very promising candidates for future energy
storage technology [1,2]. Since there is no chemical reaction
involved during charge storage in a supercapacitor based on elec-
trochemical double-layer capacitance, stable operation exceeding
one hundred thousand cycles is expected [2]. Commercial super-
capacitors, which are based on activated carbon (AC), have achieved
energy density in the range of 4—6 Wh/kg [3,4]. Considering that
the energy densities of the conventional batteries such as lead-acid
batteries, nickel-metal hydride batteries, lithium ion batteries are
30—40 Wh/kg [5—7], 60—80 Wh/kg [6,8], 100—275 Wh/kg [9],
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bility. Thus, it is critical to improve the energy density of super-
capacitor to match energy density of conventional batteries
without sacrificing the high power density and cycle life. Super-
capacitors based on conducting polymers, especially polyaniline,
can offer very high specific capacitance but exhibit poor cycling
stability [10]. To improve the energy density of supercapacitors,
carbon nanotube (CNT) based electrode materials [11,12] have been
tested. However such materials lack of porous structures so the
active area for charge storage is limited. To have high stability,
recently graphene-based materials have been extensively studied
because graphene is suitable for an active material in super-
capacitors due to its large surface area and high electrical con-
ductivity [13—17]. Liu et al. reported a graphene-based
supercapacitor with high energy density of 88.2Wh kg~! [18].
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This was achieved due to the high surface area graphene with a
curved morphology. Metal oxides, such as MgO, Fe304, MnO,, and
Co304, have been utilized in metal oxide graphene composites for
the further specific capacitance performance improvement of
supercapacitors [19—23]. Although these metal oxide graphene
composites have improved the specific capacitance and energy
density, the charging time and discharging time are too long for
high-power applications. Degradation of specific capacitance due to
Faradic reactions has also been observed in supercapacitors
employing metal oxide graphene composites [16—18]. There have
also been attempts to improve the electrochemical performance by
using ionic liquids. Among them, 1-Ethyl-3-methylimidazolium
tetrafluoroborate (EMIMBEF,) has a high conductivity as well as a
wide potential window of 4V, which are beneficial for specific
capacitance improvement [15,18]. Yanwu et al. investigated the
capacitance properties of graphene supercapacitors with ionic
liquid, which yielded high energy density of 70 Whkg™! [15].
Further research in this area could lead to graphene-based super-
capacitors with improved energy density that would be compara-
ble with lithium ion batteries but with a higher power density, a
rapid charging time and stable cycling performance.

A graphene supercapacitor stores charges on the porous surface
of electrodes through physisorption of electrolyte ions. Therefore, it
is critical to control exfoliation, morphology, and pore size distri-
bution to achieve few-layered or even single-layer graphene
nanosheets with larger surface area and higher ion accessibility
[24]. There are several methods to synthesize graphene, such as
chemical methods [25—27], sonication methods [28,29], micro-
wave methods [18,30], electrochemical methods [31] and thermal
methods [32]. In chemical methods, several reducing agents, such
as hydrazine [33], NaOH [34], NaBH [35] and hydroquinone [36],
have been used for reduction of graphene oxide (GO) in various
media. These reducing agents are toxic and are difficult to handle
during reduction, which is a disadvantage for large-volume pro-
duction. For electrochemical energy storage applications, another
issue these methods face is that during the reduction of GO to
reduced graphene oxide (r-GO), graphene sheets are often stacking
together due to van der Waals force, which may reduce the active
surface area of the graphene. There has been growing demand for a
cost effective, safe, and environmentally-friendly method to pro-
duce high-quality graphene nanosheets for energy storage.

Recently, it has been reported that thiolated graphene (T-gra-
phene) exhibits catalytic activity and long-term durability [38].
Moreover, T-graphene has an advantage of not stacking together,
which may allow electrolytes to access more pores. By functional-
izing r-GO with thiol group, the restacking problem can be mini-
mized. In this work, we present for the first time the fabrication of
supercapacitors based on synthesized T-graphene as electrode
materials. We synthesized T-graphene by a modified Hummer's
method using NaSH as reducing agent [37,38]. This method pro-
hibits the restacking or agglomeration of graphene layers after
reduction and allows easier access to the graphene surface by
electrolytes. A specific capacitance of 196 Fg~las well as an energy
density of 83.36 Whkg~! were achieved at a current density of 2.5
Ag™! at room temperature in a symmetrical supercapacitor. At high
current density of 7.5 Ag™}, the cell was found to be stable in terms
of specific capacitance (137 Fg'!) and energy density (58.25
Whkg™1) after 10,000 cycles of operation.

2. Methodology
2.1. Preparation of graphite oxide

The modified Hummers method was utilized to prepare GO
from graphite powder [38]. In brief, the graphite powder (4 g) was

first pre-oxidized with a solution of H,SO4 (60 mL), K2S,03 (2 g),
and P,05 (2 g) at 80 °C. The resulting mixture, after cooling to room
temperature, was filtered and washed until the rinse water became
neutral. The oxidized graphite powder (2g) was placed in
concentrated H,SO4 (40 mL), and KMnO4 (6 g) was added subse-
quently under stirring in an ice-bath. The mixture was then stirred
for 2 h, further DI water (92 mL) was added. Next, additional DI
water (280 mL) and 30% H,0- solution (20 mL) were added to the
mixture to stop the reaction. The resulting mixture was washed by
5% HCl solution to remove metal ions. It was further washed with DI
water until the pH value became 7, and it was finally dried under
vacuum at 50 °C for 6 h to yield GO.

2.2. Preparation of thiolated graphene (T-graphene)

Graphite oxide (500 mg) and DI water (50 mL) were added to a
beaker, and the mixture was sonicated using a tip sonicator (750
Watt Ultrasonic Processor, Sonics) for 20 minat 20% power.
Graphite oxide was tip-sonicated to exfoliate the suspension
completely and centrifuged at 4000rpm to remove the un-
exfoliated graphite oxide. NaSH (8 g) was added gradually with
stirring, and the mixture was then ultrasonicated for 1 hat 40°C.
The resulting mixture was kept under stirring for 20 hat 55 °C to
produce thiol groups on the surface of graphene oxide. The product
was filtered and washed with DI water and dried under vacuum at
50 °C for 3 h. Finally, the dried product was annealed at 150 °C for
3 h in N, ambience. Fig. 1a shows the schematic process of T-gra-
phene synthesis.

2.3. Material characterization

The synthesized T-graphene was characterized by various sur-
face, structural and compositional analysis techniques. Graphene
hexagonal peaks were identified by high-resolution X-ray diffrac-
tometry (HR-XRD, Rigaku) with CuKe radiation (k=1.540A).
Raman spectra were obtained with Horiba-Jobin-Yvon equipment
using a 514 nm Ar™ ion laser excitation source with 10 mW power.
X-ray photoelectron spectroscopy (MULTILAB 2000 SYSTEM, SSK)
was performed for chemical analysis. The surface morphological
measurements were carried out by field emission scanning electron
microscopy (FESEM S-4700 HITACHI) and high-resolution trans-
mission electron microscopy (HRTEM TECNAI F20 Philips). Fourier
transform infrared (FTIR) analysis was also carried out to examine
the vibrational characteristics of graphene (IRPrestige-21, Shi-
madzu). The surface area and porosity of the synthesized powders
were determined by the Brunauer—Emmett—Teller (BET) adsorp-
tion method and the Barrett-Joyner-Halenda (BJH) method,
respectively, using a low-temperature nitrogen-adsorption surface-
area analyzer (ASAP 2020, Micromeritics Inc.).

2.4. Electrode fabrication and cell assembly

The working electrode was fabricated with 75 wt% of graphene
powder, 18 wt% of Ketjen black and 7 wt% of teflonized acetylene
black (TAB) mixed well to slurry, which was pressed on a stainless
steel (SS) mesh, under a pressure of 300 kg/cm? and dried for 5 h in
an oven at 140°C [39]. Each electrode weighs around 1 mg. The
electrochemical measurements were performed using
CR2032 cells. A porous polypropylene film (Celgard 3401) was used
as a separator. The test cell was fabricated in an argon-filled glove
box by pressing together the graphene electrodes separated by the
separator. 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIMBEF,) ionic liquid was used as the electrolyte.
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Fig. 1. (a) Schematic process of T-graphene synthesis. (b) SEM micrograph of as-prepared T-graphene. (c and d) HR-TEM images of the T-graphene layers with wrinkles. Inset of (d)

shows the corresponding selective area electron diffraction pattern.

2.5. Electrochemical measurements

Cyclic voltammetry (CV) measurements and electrochemical
impedance spectroscopy (EIS) analysis were performed using a
Zahner electrochemical unit (1M6e, Zahner, Germany). Galvano-
static charge-discharge (C-D) measurements of the symmetric
supercapacitor cell were carried out between 0 and 3.5V at various
current densities by using a battery tester (NAGANO, BTS-2004H,
Japan). All the electrochemical tests were carried out at room
temperature. The specific capacitance C; (Fg~!) of T-graphene in the
symmetric supercapacitor is calculated according to the following
formula [15]:

Cs = 4I/(mdV /dt),

where I is the constant current, m is the total mass of the two
electrodes, and dV/dt is the slope of the discharge curve. The spe-
cific capacitance is defined as the capacitance of single electrode.

The energy density, E (Whkg™!) and the power density, P
(Wkg™1) of the symmetric supercapacitors is calculated using the
following formulas [15,40]:

E=1/8CV?,

P=E/At,
where At is the discharge time.
3. Results and discussion
3.1. Characterization of synthesized T-graphene
The surface morphology of the T-graphene appears to be highly
porous with visible macropores on the surface as shown in the SEM

micrograph (Fig. 1b). These macropores, acting as frames, provide a
hierarchical network interconnecting with the mesopores, and

permit better ion accessibility. High-resolution TEM images of the
synthesized T-graphene are shown in Fig. 1c and d. It is clearly seen
that the prepared graphene sheets are crippled and wrinkled. Such
a structure prevents restacking of the graphene sheets. The
resulting graphene nanosheets exhibit an exfoliated structure with
a single or a few layers along the edge. The selected area electron
diffraction (inset of Fig. 1d) shows a ring-like pattern consisting of
six strong diffraction spots corresponding to the hexagonal crystal
of graphene.

Nitrogen adsorption isotherm measurement was performed to
study the specific surface area and porosity of the T-graphene
(Fig. 2a). According to the BET theory, the surface area of T-gra-
phene is estimated to be 437.7 m?/g. Theoretically-calculated sur-
face area of a single-layer graphene is 2675 m?/g. The hysteresis
between adsorption and desorption along with a sharp fall in the
amount of nitrogen adsorbed at higher relative pressures indicates
the mesoporous nature of the T-graphene [18]. Note that the BET
surface area does not necessarily reflect the actual accessible sites
that electrolyte ions can reside inside the pores, when they are
packed into an electrode. Thus, the device performance cannot be
evaluated by simply taking account of BET surface area. Based on
Barret-Joyner-Halenda (BJH) methods, the pore size distribution is
within the range of 3.77—4 nm as shown in Fig. 2b. The pore dis-
tribution also is extended into the macropore range, in spite of
mesopores being the majority. In addition, most of the pores are
larger than the diameter of the ionic liquid ions (~0.7 nm), which
enables ions to access the pores easily.

The XRD pattern of T-graphene in Fig. 2c shows a broad peak at
24.8°, which corresponds to the (002) hexagonal plane of graphene
with an interlayer spacing of 3.76 A. The XRD data indicates a
reduced interlayer spacing of 3.76 A for T-graphene when it is
compared with graphite oxide whose interlayer spacing is 7.1 A. It
implies that most of the oxygen functional groups have been
removed during the reduction process [32]. The Raman spectrum of
the T-graphene is shown in Fig. 2d. The highly ordered graphite has
two Raman peaks: the G band (~1589 cm™!) caused by the in-plane
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Fig. 2. (a) Nitrogen adsorption and desorption isotherm. (b) Pore-size distribution of T-graphene. (c) X-ray diffraction pattern of graphene powder. (d) Raman spectrum of T-

graphene. (A colour version of this figure can be viewed online.)

bond stretching vibration of sp?>-bonded carbon atoms [41] and the
weak D band (~1355 cm™!) that resulted from the disorder [42]. In
the Raman spectra, two broad peaks were observed at 1350 cm ™!
and 1584 cm™L The peak at 1350 cm™! is assigned to the D band,
which resulted from the disordered structure [41], and G-band at
1584 cm™! originates from T-graphene. The G-band is redshifted
from the undoped graphene peak at 1589 cm™ . The red shift can be
ascribed to the insertion of the thiol group on the graphene layer
[37]. Moreover, the 2D peak at 2689 cm™! confirms the presence of
single- or few-layered graphene sheets.

The XPS spectrum of the T-graphene in Fig. 3a shows that the
sharp C1s peak at 284.6 eV, which is attributed to sp? carbon. The
full-width at half-maximum (FWHM) of the main sp? carbon peak
of the T-graphene is 1.18 eV, which is close to the highly oriented
pyrolytic graphite [43]. The other peaks at 286, 287, and 291 eV are
assigned to the hydroxyl group (C-OH) group, carbonyl group
(C=0), and carboxyl group (COOH), respectively [33,44]. The total
atomic ratio of C/O in the T-graphene from quantitative analysis is
28. The C/O ratio is higher than the previously reported value of
graphene reduced by hydrazine [26,33], NaBH4 [35], and urea [45].
This confirms the excellent reduction of GO by NaSH as a reducing
agent. The weaker oxide peaks compared with Cls peak indicate
that the amount of residual functional groups is very low compared
to the Cls peak. The S2p core level spectrum of T-graphene in
Fig. 3b shows a asymmetric peak at 163.3eV that is assigned to the
thiolate bond of C-S-H [37,46,47].

The FT-IR spectrum of the T-graphene (Fig. 3c) shows strong
peaks at 3433 cm~! and 1629 cm~! which are assigned to stretch-
ing and bending vibrations of the OH groups in water molecules
absorbed on the T-graphene [48]. The bands at 2925 and 2853 cm ™!
correspond to the C-H stretch vibrations of the methylene group
and the peak observed at 1195 cm™! corresponds to C-OH stretch-
ing vibration in COOH groups. The weak peak intensities of those

oxygen containing groups indicate that a considerable number of
the them are removed. Notably, two peaks at 671cm~! and
800 cm™! are observed, which are associated with C-S stretching
and C-SH bending [49]. This indicates that a fraction of OH groups
in graphene oxide has been exchanged to SH groups in T-graphene.

3.2. Electrochemical performance of symmetric T-graphene
supercapacitors

To measure the electrochemical performance of the T-graphene,
supercapacitor cells with symmetrical geometry were prepared
using ionic liquid BMIMBF4 as an electrolyte. The CV curves of T-
graphene electrodes obtained at scan rates from 5 to 30 mVs~! are
shown in Fig. 4a. The device exhibited increased current response
with the increase in scan rate, indicating a capacitive behavior. No
redox peaks in the rectangular shape CV curves were observed for
all scan rates, implying that the electrode material exhibits an
electrical double-layer capacitor behavior without any pseudo-
capacitance effect due to functional groups.

The charging and discharging properties of the T-graphene were
measured between 0 and 3.5V at various current densities ranging
from 2.5 to 7.5 Ag’l, and the corresponding C-D curves are pre-
sented in Fig. 4b. The typical triangular shaped C-D curves
demonstrate the double-layer capacitance behavior of the elec-
trodes with no Faradic redox reaction due to the fact that the ox-
ygen functional groups are effectively removed. The C-D curves are
almost symmetric because the electrochemical adsorption and
desorption takes place at the electrode-electrolyte interface. It is
also noted that the charging and discharging times of the super-
capacitor were almost the same, suggesting a high Coulombic ef-
ficiency. The calculated Coulombic efficiency is as high as 98%. The
C-D curves show a small voltage drop arising from the equivalent
series resistance.
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The electrochemical performance of a material can be evaluated
by the specific capacitance, Cs [15]. As the charging current density
increases, the specific capacitance value decreases from 196 Fg™! to
137 Fg'l, as shown in Table 1. At these current densities, the
measured power density values are 4.3, 9.2, 13.1 kWkg ™!, respec-
tively. The high specific capacitance can be ascribed to the greater
porosity and conjugation structure of the T-graphene which im-
proves fast ion movements during the charging-discharging pro-
cess. It is obvious that the capacitance decreases when increasing
current density. This is due to the low penetration possibility of ions
into the inner region of pores and also the rapid potential changes.
The supercapacitors in this study exhibited high specific capaci-
tance compared with other reported values at similar current
density, shown in Table 2.

Since long-term cycling of supercapacitors at high current is an
essential for high-power applications, the stability of the T-gra-
phene electrodes was evaluated at a constant current density of 7.5
Ag™! for 10,000 cycles. As shown in Fig. 4c, the specific capacitance
difference between the 1st and 10,000th cycle is very small,
demonstrating its excellent electrochemical stability. The specific
capacitance initially dropped by 2% during the first 400 cycles and
then remained almost constant until 10,000 cycles.

The electrochemical impedance spectra for the T-graphene
electrodes are shown in Fig. 4d. The Nyquist plot of the T-graphene-
based supercapacitor shows an inclined line in the low-frequency
region and a semicircle in the high-frequency region. The straight
line at low frequency indicates a nearly ideal capacitor response
[33]. The equivalent series resistance (ESR) value obtained from the
x-intercept of the Nyquist plot is 4.2 Q. The ESR value increases to
6.4 Q after 10,000 cycles. The increased ESR value may be relevant
to the slight expansion of electrode after repeated cycling.

The energy density as a function of current density is shown in
Table 1. The energy density values are 83.4, 64.2, and 58.3 Whkg !
at current density values of 2.5, 5, and 7.5 Ag™!, respectively. And,
the corresponding discharging time are 69, 25, and 16 s, respec-
tively. The graphene-based supercapacitor reported by Liu et al. is
capable of storing 67.7 Whkg~!, which is equivalent to the energy
capacity of a Ni metal hydride battery [18]. It is noteworthy that
the T-graphene based supercapacitor in this study exhibits a
similar energy capacity of 64.2 Whkg!, and it can be charged
within 25 s. The T-graphene supercapacitor can be charged almost
two times faster than the device reported by Liu et al. [18]. The
energy density values of the T-graphene are superior to those of
the graphene-based supercapacitors reported in the literature
recently [50—63]. The Columbic efficiency is calculated as the ratio
between the released charge during discharging and the stored
charge during charging. The Columbic efficiencies of our graphene
supercapacitors are 99.4%, 99.2% and 97.5% at 2.5 A/g, 5 A/g and 7.5
A/g. The round-trip efficiency is defined as the ration between
energy released during discharging and the total input energy
during charging. The round-trip efficiencies of the T-graphene
supercapacitors are 71.2%, 65.0% and 58.2% at 2.5 A/g, 5 A/g and 7.5
Alg.

The superior specific capacitance and energy density of the T-
graphene based supercapacitor could be attributed to the
compression method used to prepare electrodes and high ion
accessibility on the surface. The power and energy density obtained
at the high current density of 7.5 Ag™' are 13.1 kWkg~! and 58.3
Whkg~!, respectively. The superior performance of the super-
capacitor may allow it to find applications in heavy duty equipment
[33,34]. To the best of our knowledge, this is the first report on the
utilization of T-graphene in supercapacitors.

4. Conclusion

A simple route to prepare T-graphene using NaSH as a reducing
agent is reported. It was found that NaSH is highly effective in
removing most of the oxygen containing groups from graphite
oxide. The C/O ratio is as high as 28 after reduction. When using the
synthesized T-graphene as electrodes, the supercapacitor exhibited
a specific capacitance of 196 Fg'!, a power density of 4.3 kWkg~",
and an energy density of 83.4 Whkg ! at a current density of 2.5
Ag’l. Even at high current density of 7.5 Ag!, 98% of the starting
capacitance was retained after 10,000 cycles. The porous structure
of the highly reduced nature of T-graphene enhanced the ion
accessibility. The T-graphene based supercapacitor with high
electrochemical performance and stability at high current density
is suitable for high-power applications.
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Table 1
The specific capacitance, energy density, and power density of the graphene supercapacitor at different current densities.

Current density (A/g)

Specific capacitance (F/g)

Energy density (Wh/kg)

Power density (W/kg)

2.5 196 834 4375
5 150 61.3 8750
7.5 137 58.3 13,125
Table 2
Performance comparison of graphene-based supercapacitors.
Material Electrolyte Current density (A/g) Specific capacitance (F/g) Reference
a-MEGO BMIMBF,/AN 2.8 166 [15]
Curved graphene EMIMBF,4 2 137 [18]
VAG EMIMBF4 2 206 [32]
HAG EMIMBE, 2 259 [50]
ARAG EMIMBF4 2 193 [51]
NRG KOH 2 ~175 [52]
LC GO-PP H,S04 2 77 [53]
RGO LiPFg 2 ~75 [54]
T-graphene BMIMBF,4 2.5 196 Our work
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