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Comparison in Factors Affecting Electrochemical Properties of
Thermal-Reduced Graphene Oxide for Supercapacitors

XIAO Peng'?, WANG Da-Hui", LANG Jun-Wei*
(1. School of Material Science and Engineering, Lanzhou University of Technology, Lanzhou 730050, China;
2. Laboratory of Clean Energy Chemistry and Materials, Lanzhou Institute of Chemical Physics,
Chinese Academy of Sciences, Lanzhou 730000, China)

Abstract: In this paper, thermal-reduced graphene oxide (T-RGO) materials are synthesized by modified Hummer’s method,
followed by thermal reduction under argon atmosphere at different temperatures. Electrochemical investigations show that, for
T-RGO electrodes, good electrical conductivity is necessary and the surface functional groups play more significant role than the
specific surface area in determining the electrochemical capacitance. The T-RGO obtained at 900 °C  (T-RGOy) with a relatively
high Brunauer-Emmett-Teller (BET) surface area (314 m*-g") and a high electrical conductivity (2421 S-m™) shows a low specific
capacitance of 56 F-g". In comparison, the T-RGO obtained at 300 °C (T-RGOsy) with a relatively low BET surface area (18.8 m*-g")
and an electrical conductivity (574 S-m™) provides the largest specific capacitance of 281 F-g". The large specific capacitance of
T-RGOj; results from the simultaneous contributions of the electrochemical double-layer capacitance and the pseudo-capacitance

obtained from the oxygenated groups on the T-RGO surfaces. Therefore, it probably gives a new insight for designing and synthe-

sizing graphene-based electrode materials for supercapacitors and other energy-storage devices.
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Environmentally friendly, high-performance

energy-storage system is crucial for the survival of

021 As a kind of energy storage/conve-

our civilization
rsion devices, supercapacitors exhibit much higher
energy density than conventional capacitors, greater
power density and longer cycling life than common
batteries. However, supercapacitors are still not
capable of delivering high energy densities
comparable to those of lithium ion batteries and fuel
cells®®, Thus, present supercapacitor developments
should be oriented towards the increasing of the
energy density to be close to or even beyond that of
batteries as well as lowering fabrication costs.
Currently, various carbonaceous materials such

as carbon black, activated carbon, carbon nanotubes,
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mesoporous carbon, carbon aerogels and carbon
nanofibers have been extensively studied for superca-
pacitors because of their large surface areas, good
electronic conductivities, stable physicochemical
properties and long cycle life. Their charge storage
built

electrochemical double layer capacitances (EDLCs)

mechanism  is upon the formation of
at the electrode/electrolyte interfaces”.

When carbon atoms are tightly packed into a
two-dimensional sp” carbon lattice, they form a single
atom thick allotrope of carbon: graphene™. Graphene
is proposed as the next generation electrode material
for supercapacitors owing to its chemical stability,
excellent electrical conductivity and exceptionally

large theoretical surface area (over 2600 m?-g™')l,
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However, like most nanomaterials, graphene nano-
sheets (GNSs) are also likely to form irreversible
agglomerates through the van der Waals interactions
during the drying process. In such case, the surface
area of as-prepared GNSs is usually much lower than
the theoretical one and the capacitance is much lower
than the anticipated value!.

As we know, besides surface area, pore
characteristics and electrical conductivity, chemical
contribution also plays an important role in
determining the capacitive performance of porous
carbon materials"!. Similarly, the amount of stored
energy of graphene-based supercapacitors can be
obviously enhanced through pseudo-faradic reactions
of active groups on the surfaces of graphene. These
groups
donor/acceptor properties of graphene layers and

surface functional modify the electron
affect the charging of the electrical double layer, as a
result of a pseudo-capacitance effect!'?.

Up to date, many approaches have been
developed to prepare GNSs for supercapacitor
electrodes. Among them, liquid-phase chemical
conversion is considered to be the most effective way
for large-scale and low-cost preparation of GNSs. In
this route, graphite oxide (GO) is generally prepared
from graphite and then converted to graphene via
sonication exfoliation followed by chemical
reduction using hydrazine™. In view of the toxicity
and combustibility of hydrazine, thermal reduction is
alternative efficient method to obtain graphene. Also,
the high temperature thermal reduction (normally
above 800 °C) associates the exfoliation of GNSs and
removal of oxygen-containing groups, resulting in the
increase of both the surface area and the electrical
conductivity of the final GNS products, which would
be in favor of the EDLCs improvement of GNSs !,
However, the high temperature treatment is a high
energy-consuming process, which is not propitious
for practical application. More importantly, the
removal of oxygen-containing groups would
eliminate the pseudo-capacitance contribution. So, a
question arises, which does play the most significant

role in determining the electrochemical capacitance

of thermal-reduced graphene oxide (T-RGO)? Is
surface area, electrical conductivity or surface
functional groups? However, there is no systematic
study on this issue to date. Therefore, it is very
necessary to analyze the constraining effect each
other and to find the optimal reduction temperature of
T-RGO for supercapacitors.

In this work, we study the differences in surface
area, electrical conductivity and surface chemical
components of GO and T-RGO prepared at low and
high temperatures, respectively, and the differences
in their electrochemical capacitive properties. Our
results indicate that the oxygen-containing functional
groups on T-RGO surfaces play the most important
role on capacitance contribution. The T-RGO;y with
a low specific surface area possesses the largest
specific capacitance of 281 F -g' in aqueous KOH
electrolyte. Taking its large capacitance and low
energy-consumption into consideration, the T-RGO
prepared at low temperature may be an attractive
candidate as an  electrode  material for
supercapacitors. Also, this work probably gives a new
insight for designing and synthesizing electrode
materials of supercapacitors and other energy-storage

devices.
1 Experimental
1.1 Preparations of GO and T-RGO

GO was synthesized from natural graphite pow-
ders by a modified Hummer’s method according to
the literature™. After dialysis for one month to remove
remaining impurities, exfoliation was carried out with
the aid of poly-style sonication at 500 W for 120 min.
Then, the resulting mixture was dried at 80 °C in air
to get GO powders.

The dried GO powders were thermally reduced
at 200 °C, 300 °C, 400 °C, and 900 °C for 3 h under
argon atmosphere with the same heating rate of 2
°C -min”. The obtained samples were denoted as
T-RGOyy, T-RGOsy, T-RGO .0, and T-RGOgy, respec-
tively.

1.2 Structural Characterizations

The thermal property of GO was conducted with

a thermogravimetric analysis (TGA-DSA 2960, TA
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Instruments). The weight loss of sample was moni-
tored from room temperature to 900 °C at a heating
rate of 10 °C -min” in argon atmosphere. The mor-
phology and crystallite structure of the as-obtained
products were investigated using a field emission
scanning electron microscope (FESEM, JSM-6701F)
and a X-ray diffraction (XRD, X’ Pert Pro, Philips)
using Cu K, radiation. Nitrogen adsorption-desorp-
tion isotherm measurements were performed on a
Micromeritics ASAP 2020 volumetric adsorption an-
alyzer at 77 K to analyze the surface area and pore
structure of the
mett-Teller (BET) method was utilized to calculate
the specific surface area of each sample. The surface
chemical compositions of the GO, T-RGO;y, and

T-RGOyy samples were analyzed on a Perkin-Elmer

samples. The Brunauer-Em-

PHI-5702 multifunctional X-ray photoelectron spec-
troscope (XPS, physical Electronics, USA) using Al
K, radiation of 1486.6 ¢V as the excitation source.
The electrical conductivity of the GO, T-RGO; and
T-RGOyy, samples was measured by a four-probe
method. Before the measurement, powdery samples
need to be pressed into tablet-like shape with a 10
MPa pressure.

1.3 Electrode Preparations and Electroch-
emical Measurements

The working electrodes were prepared according
to the method reported previously™. Typically, 80%
(by mass, the same below) of electroactive material
was mixed with 7.5% of acetylene black (> 99.9%)
and 7.5% of conducting graphite in an agate mortar
until a homogeneous black powder was obtained. To
this mixture, 5% of poly (tetrafluoroethylene) was
added with a few drops of ethanol. After briefly al-
lowing the solvent to evaporate, the resulting paste
was pressed at 10 MPa to nickel foam (thickness: 1.8
mm; pore density: 420 g-m?). The electrode assem-
bly was dried for 16 h at 80 °C in air. Each electrode
contained about 8 mg of electroactive material had a
geometric surface area of about 1 cm?,
The electrochemical measurements of each
as-prepared electrode were carried out using an elec-
trochemical working station (CHI660D, Shanghai,

China) in a three-electrode system in 2 mol-L"' KOH
electrolyte at room temperature. A platinum gauze
electrode and a saturated calomel electrode (SCE)
served as the counter electrode and the reference
electrode, respectively. The cyclic voltammetry (CV)
measurements were conducted at different scan rates
ranging from 10 to 200 mV -s'. Electrochemical
impedance spectroscopy (EIS) data were recorded
from 10 kHz to 100 MHz with an amplitude of +5
mV, the potential for the electrodes was -0.1 V vs.
SCE. Galvanostatic charge/discharge measurements
were run on at different current densities ranging
from 0.5 to 10 A -g"'. The corresponding specific ca-
pacitance was calculated from:

C=1l/[(dE/dt)xm] = I/[(AE/At)xm] (F-g") (1)
where C is the specific capacitance, / is the constant
discharging current, d£/ds indicates the slope of the
discharging curves, and m is the mass of the corre-

sponding electrode material.
2 Results and Discussion

2.1 Microstructures

To evaluate the thermal stability of GO, TGA
was performed in argon atmosphere to characterize
the mass loss with the temperature. As shown in Fig. 1,
an abrupt mass loss of 51% is observed in the tem-
perature range of 70 ~ 300 °C, which indicates that
most of oxygen-containing functional groups bonded
to graphene planes are removed in this temperature
range!"”. A slow and continuous weight loss still oc-
curs above 300 °C, which is attributed to the removal
of the residual oxygen-containing groups on the sur-
faces of GO.

The surface chemical components and the atom-
ic concentrations of GO and T-RGO were evaluated
using XPS analyses, and the high-resolution Cls XPS
spectra of GO, T-RGOs and T-RGOyy, are present in
Fig. 2. Also, the corresponding analytic results are
summarized in Tab. 1. The Cls XPS spectrum of GO
(Fig. 2A) clearly indicates a considerable degree of
oxidation with four different peaks which correspond
to C=C bonds (284.4 ¢V), C—O bonds (286.3 eV),
C=0 bonds (287.5 eV), and O—C=0 bonds (289.0

eV), respectively. After thermal reduction, the intensi-
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Fig. 1 The TGA curve of GO in argon atmosphere

ty of C=C bond increases, but the intensities of all
oxygen-containing bonds decrease obviously, which
reveals that most oxygen containing functional
groups have been removed after reduction. Based on
the TGA and XPS results, we can draw the conclu-
sion that the deoxygenation degree of T-RGO gradu-
ally increases with the increase of the reduction tem-
perature. Therefore, T-RGOsy contains more residual
oxygen-containing groups than T-RGOy.

The XRD patterns of GO, T-RGOy, and
T-RGOy, are shown in Fig. 3. For the GO sample, a

70000

sharp peak at 12° corresponds to the (002) reflection
of stacked GO sheets, suggesting the considerable ox-
idation of the starting graphite and the introduction of
oxygen-containing groups on GO sheets. After ther-
mal reduction, the sharp peak around 12° at the XRD
patterns is fully disappeared, indicating that oxy-
gen-containing groups on GO sheets are removed
during the thermal reduction. For T-RGO;y, a broad
diffraction peak at 23.1° and a small diffraction peak
at 42.8° can be attributed to the graphite-like structure
(002) and (100), respectively. The small shift of (002)
indicates that some residual oxygen-containing func-
tional groups may be present between the graphene
layers. Compared with T-RGOsy, T-RGOyy, displays
a much wider peak centered at 25°, revealing that the
efficient exfoliation of GO and the formation of sin-
gle- or few-layered GNSs.

The SEM images of the GO, T-RGOsy and
T-RGOyy, products are shown in Fig. 4. It can be ob-
served that both GO and T-RGO;, are not efficiently
exfoliated and tend to form dense agglomerates in dry
state. It is owing to the strong van der Waals interac-

tions between the layers of GO. In addition, some

105000
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Fig. 2 Cls XPS spectra of the GO (A), the T-RGOsy, (B) and the T-RGOyy, (C) samples
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Tab. 1 XPS surface characterization of the GO and the T-RGO samples

C=C (C—C) at.% C—OR at.% C=0 at.% —0—C=0 at.%
Sample Cat% Oat% Nat%
(284.4 eV) (286.3+02¢eV) (287.5+02¢eV) (289.0 £0.2¢V)
GO 70.6 29.4 0 36.3 6.9 16.5 10
T-RGOy 88 12 0 65.5 17.2 2.4 2.8
T-RGOyy 96 4 0 83.2 9.3 2.7 0.8
GO such a low temperature is able to drive most oxy-

Intensity/(a.u.)

S g

10 20 30 40 50 60 70 80
20(°)

Fig. 3 The XRD patterns of the GO, T-RGO;y and T-RGOyy

samples

layer-like structures can be observed at the edges of
the agglomerates. In comparison, SEM image of
T-RGOyy, shows catachrestic ultrathin sheets, which
reveals that most of GO are efficiently exfoliated at
900 °C.

Tab. 2 summarizes the textural properties of the
GO, T-RGO;y and T-RGOyy, samples. The BET sur-
face area of GO is only 17.7 m*-g". After thermal re-
duction at 300 °C, the BET surface area and pore vol-
ume increase slightly. It suggests that T-RGOsy, still
remains stacked graphitic layer structure, which is in
agreement with the result of SEM. We believe that

gen-containing groups to flee from the planar GO
sheets, but is not enough to exfoliate GO layers under
an atmospheric pressure. As shown in Tab. 2, for
T-RGOyy, the BET surface area is 313 m?- g and the
pore volume is 1.67 cm®-g'. The values are much
larger than those of GO and T-RGO;y, indicating the
realization of an efficient expansion-exfoliation at
900 °C. In addition, the electrical conductivity of the
GO, T-RGOsy and T-RGOyy, samples was measured
by a standard four probe method, and the results are
shown in Tab. 2 as well. The conductivity of GO is
1.2x10? S -m™", while the conductivity values of
T-RGO;y and T-RGOyy are 574 and 2421 S-m™, re-
spectively.
2.2 Electrochemical Properties

CV and chronopotentiometry measurements
were employed to evaluate the electrochemical prop-
erties and to calculate the specific capacitances of
as-prepared electrodes. Fig. 5A shows the CV curves
of the GO, T-RGOs and the T-RGOyy, electrodes at
the scan rate of 10 mV -s* between -1.0 and 0 V (vs.
SCE) in 2 mol -L"" KOH aqueous electrolyte. It can
be seen that the CV curve of the T-RGOyy, electrode
is close to the ideal rectangular shape, which indi-

Fig. 4 SEM images of GO (A), T-RGO;, (B) and T-RGOyy (C) samples
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Tab. 2 Specific surface areas, pore volumes, specific capacitances and electrical conductivity of GO and T-RGO samples

BET specific surface area/  BJH pore volume/

Specific capacitance/  Electrical conductivity/

sample (- g") (cm’-g) (F-g') (S-m)
O 17.7 0.03 53 1.2x10°
T-RGO;y 18.8 0.07 281 574
T-RGOyy 313.8 1.67 56 2421

cates that the electrochemical behavior based on
T-RGOyy is more like an ideal EDLC. Due to the
very poor electrical conductivity (1.2x10? S-m™) of
GO materials, any additional pseudo-capacitance can
be seen and very obvious polarization appears in the
CV curve of the GO electrode at the two edges of po-
tential window. However, the CV curve of the
T-RGOs electrode deviates from idealized dou-
ble-layer behaviors with a pair of broad, superim-
posed and reversible faradaic surface redox reactions,
behaving as a pseudo-capacitor. It is attributed to re-
dox reactions of the O (pyrone-like) functional groups
on the surface of the T-RGOsy. Moreover, it is clear
that the T-RGO;y electrode exhibits the largest CV
area, indicating the highest specific capacitance com-
pared with the GO and the T-RGOyy. The high spe-
cific capacitance of T-RGO;y results from the simul-
taneous contributions of the EDLCs and the pseu-
do-capacitance obtained from the oxygenated groups
on the surface of GNSs.

Fig. 5B shows the CV curves of the GO,
T-RGO;y and the T-RGOyy, electrodes at the scan rate
of 100 mV -s'. No obvious distortion in the CV

3LA
2 L
Tpl) 1+
< -
= 0r o
5
=l
O ol GO
T'GRO.um
-3 i T-RGO‘)(K]
4l

-1.0 -08 -06 -04 -02 0.0
Potential/V(vs. SCE)

curves are observed as the sweep rate increased to
100 mV -s, suggesting a highly reversible system in
the KOH electrolyte within the potential range em-
ployed. Generally, there are two key factors in deter-
mining the shape of CV curves: electrical conductivity
of the electrode material (which affects the electronic
transport performance of the electrode) and diffusive
resistance of the electrolyte within electrode pores
(which is related to the surface area and pore struc-
ture of the electrode material and affects the ion
transport performance of the electrode). In this paper,
due to the very poor electrical conductivity of GO
materials, polarization of the GO electrode remains
even at high sweep rate. The T-RGO; electrode has
a small delay for the current to reach a horizontal val-
ue near the reversal of the potential sweep, reflecting
a more significant diffusive resistance of the elec-
trolyte in pores. In contrast, T-RGOyy keeps a nearly
rectangle at a high scan rate of 100 mV s because of
its good electrical conductivity, high surface area and
porous structure.

Fig. 6 shows the charge/discharge curves of the
T-RGO;y and the T-RGOyy, electrodes within a

30
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Fig. 5 CV curves of the GO, T-RGOsy and the T-RGOyy electrodes at sweep rate of 10 mV -s™ (A) and 100 mV -s™ (B) in KOH

electrolyte
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potential window of -1.0 to 0 V at a current density of
0.5 A-g'. The inset is the charge/discharge curve of
the GO electrode within a potential window of -0.9 to
0 V at a current density of 2 A-g". It can be observed
that the shape of all the charge-discharge curves for
the electrodes is closely linear and shows a typical
triangle symmetrical distribution, displaying a good
capacitive property. The specific capacitance value of
the GO electrode according to formula (1) is 53 F-g.
After thermal reduction, the specific capacitance val-
ues of the T-RGO;y and T-RGOqy, electrodes are 281
and 56 F- g, respectively.

0.0 ) . 200 1 6o
’ / VT2
—~ \ g
m e
8 -0.2 / \ E0
% \E-(».x‘ N
\
% 0.4+ // \\\ 0 10 z'll'lung/(s' 40 50
E / N
=}
g -0.6F
g // AN
AN
A -0.8F / T-RGOM\ \‘\
/ .
/ T-RGO,,,
1.0k

0 200 400 600 800 1000
Time/s

Fig. 6 The charge-discharge curves of the T-RGOs, and the
T-RGOyy electrodes at a current density of 0.5 A - g’
in KOH electrolyte (Inset is the charge/discharge curve
of the GO electrode within a potential window of -0.
9 to 0 V at a current density of 0.5 A-g™)

It is pointed out that the GO sample which has
the largest amount of oxygen-containing groups
shows the lowest specific capacitance values due to
its poor conductivity. This indicates that the good
electrical conductivity is required for the electrode
materials of supercapacitors. Moreover, the T-RGOyy
material with the highest specific surface area and
pore volume shows a relatively low specific capaci-
tance of only 56 F-g"' due to its free of structural de-
fects and few electrochemical active sites. However,
the specific capacitance of T-RGOsy with low specif-
ic surface area and abundant oxygen-containing
groups is several times larger than that of the
T-RGOyy. This indicates that the surface functional

groups play more significant role than surface area in

determining the supercapacitive performance of
T-RGO.

Furthermore, the charge/discharge curves at dif-
ferent current densities of the GO, T-RGO;y, and
T-RGOyy electrodes were recorded. Fig. 7 reveals
that the values of the specific capacitance for the all
electrodes are strongly dependent on the current den-
sity. Owing to its poor conductivity, the specific ca-
pacitance of GO can not be measured successfully
with the potential window of -1.0 to 0 V and current
density of 0.5 A- g’ or 1 A-g"'(Fig. S1). In detail, the
specific capacitance slightly decreases with the in-
crease of the current density. Up to a relatively large
current density of 10 A - g, nearly 63%, 69% and 68%
of the initial values remain for the GO, T-RGOs and
T-RGOyy, electrodes, respectively. The result also
shows that the T-RGO;y, and T-RGOyy, electrodes are
favorable for the rapid diffusion and migration of
electrolyte ions into the surfaces of graphene sheets
during fast charge/discharge process, ensuring good
rate capability.
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Fig. 7 Specific capacitance as a function of discharging
current density for the GO, T-RGOsy and T-RGOyy

electrodes

To further investigate the influence of thermal
reduction temperature on the performance of the
T-RGO, the supercapacitive performances of the
T-RGOyy, T-RGO5y and T-RGO4y, electrodes are also
been systematically explored. Fig. 8A shows the CV
curves of the T-RGO,y, T-RGO;y and the T-RGO,y
clectrodes at the scan rates of 10 mV -s' and 100
mV -s! between -1.0 and 0 V in 2 mol -L"' KOH
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aqueous electrolyte. It is clear that the T-RGO,y elec-
trode exhibits the largest CV area, indicating the high-
est specific capacitance compared with the T-RGOs
and the T-RGO,y It is mainly due to that the
T-RGOyy contains more residual oxygenate groups
than T-RGO;y and T-RGO,y. Fig. 8B shows the CV
curves of the T-RGO,, T-RGO;y and T-RGO,, elec-
trodes at a high scan rate of 100 mV -s'. Owing to its
poor conductivity, an obvious distortion in the CV
curve of T-RGO,, is observed, while the CV curves
of T-RGO;y and T-RGO,, still keep nearly rectangle,
and T-RGO;y has the larger CV area. As shown in
Fig. 8C, the specific capacitance values of the
T-RGO,y, T-RGO;, and T-RGO,y, electrodes are
288, 281 and 159 F- g, respectively, at the discharge
current density of 0.5 A -g'. However, when the dis-
charge current density increases up to 10 A -g”, near-

ly 59% and 69 % of the initial values are remained

4
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for the T-RGOy and T-RGOsy, electrodes, respec-
tively. Compared with T-RGO,y, T-RGO; electrode
has a higher capacitance retention at large current
density. Taking its high capacitance, low energy-con-
sumption and large current stability into considera-
tion, thermal reduction at 300 °C is the best choice to
obtain T-RGO as a supercapacitor electrode material.

The complex plane plots of the AC impedance
spectra for the T-RGOyy, T-RGOsy and T-RGO.y
electrodes are shown in Fig. 8D. Internal resistance
(which is equal to R, including the intrinsic resis-
tance of the electroactive material, the resistance of
KOH aqueous solution and the contact resistance at
the interface between the electrode and current col-
letor) can be obtained from the crossover point of the
high frequency with the real part of the impedance of
the Nyquist plots. The R, values are estimated to be
0.65, 0.46 and 0.44 Q for the T-RGO,u, T-RGOsy
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Fig. 8 CV curves of the T-RGO,y, T-RGO; and T-RGO,y electrodes at sweep rates of 10 mV +s' (A) and 100 mV -s* (B) in
KOH electrolyte; C. The specific capacitance as a function of discharging current density for the T-RGO,y, T-RGOsy and
T-RGOyy electrodes; D. Complex-plane impedance plots of the T-RGO,y, T-RGO;y and T-RGO,, electrodes (The inset

is an equivalent circuit)
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Fig. 9 Cycle life of the T-RGOsy electrode at the current
density of 2 A-g"' in KOH electrolyte

and T-RGOy, electrodes, respectively. The semicircle
in the high frequency range associates with the sur-
face properties of the porous electrode, which corre-
sponds to the faradic charge transfer resistance (R.).
At the lower frequencies, a straight sloping line rep-
resents the diffusive resistance (warburg impendence,
W) of the electrolyte in electrode pores and the pro-
ton diffusion in host material. As seen in Fig. 8D, the
conductive performances increase in the sequence of
T-RGO, < T-RGOsp < T-RGOyy. These observa-
tions are strongly correlated with the result of large
current stability test (Fig. 8C). The results of complex
plane plots and Tab. 2 indicate that the electrochemi-
cal conductive performances are enhanced signifi-
cantly with the increase in the temperature of thermal
reduction.

The cycle life of the T-RGO;y electrode was
monitored by a chronopotentiometry measurement at
2 A-g'in 2 mol -L"' KOH electrolyte. As shown in
Fig. 9, the specific capacitance of the T-RGOj;y elec-
trode decreases gradually with the increase of the cy-
cle number. After a continuous 2000 cycling, the spe-
cific capacitance remains 90% of the initial value.
This demonstrates that the oxygen functional groups
in the surface of T-RGO;y, are relatively stable for
electrochemical systems, and within the voltage win-
dow -1.0 to 0 V, the repeating charge-discharge be-
haviours seem not to induce a significant structural
change for the T-RGOsy electrode. The long-term
stability implies that the T-RGO;y is an excellent
electrode material for supercapacitors.

3 Conclusions

An investigation of the supercapacitance of
T-RGO materials was carried out. Three aspects of
surface area, electrical conductivity and surface func-
tional groups are discussed. The result shows that it is
not necessary for T-RGO with higher specific surface
area and better electrical conductivity to achieve larg-
er specific capacitance. The T-RGOsy, with a low spe-
cific surface area of 18.8 m?-g' possesses the maxi-
mum specific capacitance of 281 F -g'. It indicates
that a certain amount of oxygen-containing functional
groups on T-RGO surfaces play a very important role
in determining the electrochemical capacitance.
Thus, it probably gives a new insight for designing
and synthesizing graphene-based electrode materials

for supercapacitors and other energy-storage devices.
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