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Abstract. I] this paper, graphe]e oxide  GO) was prepared by the Hummers’ method a]d re-
duced using hydrazine to produce graphene nanosheets (GNS). Physicochemical characteriza-
tions of the prepared materials were performed using XRD, FTIR, TGA, DTA, BET, UV-vis, Raman,
and FESEM techniques. The results elucidate the structure, morphology, mesoporousity and
thermal stability of the prepared samples. Detailed electrochemical studies have been con-
ducted on GNS by CV, galvanostatic and complex impedance measurements indicating some
interesting features. GNS shows a specific capacitance of 140 F g-1 at 0.05 A g-1. GNS shows high
cyclic stability of about 86% over 1100 cycles at a current density of 1 A g-1. The large electrochemi-
cal active surface area suggests that most of the nanosheets are accessible to ions adsorption
in the electrolyte system. Impedance spectra show low resistance of GNS, supporting its suit-
ability for supercapacitor electrode applications.

1. INTRODUCTION

Supercapacitors, also known as ultracapacitors, are
electrochemical energy storage devices with higher
capacity than physical capacitors,furthermore their
charging-discharging rate capability is higher than
that of batteries. Two types of supercapacitors are
known, namely electrochemical double layer capaci-
tors (EDLCs) and pseudocapacitors. The former one
stores energy non-faradically through the accumu-
latio] of charges at the electrode–electrolyte i]ter-
face, whereas the latter stores energy faradically
by the redox reaction [1-4]. EDLCs usually contain
carbon based materials possessing high surface
area as the electrode material, and the capacitance

originates from the charge accumulation at the in-
terface between electrode and electrolyte [5,6]. On
the other hand, pseudocapacitors employ transition
metal oxides [2,3,7-9] or conductive polymers
[10,11] as the electrode material. Though the en-
ergy densities in pseudocapacitors are higher than
that of EDLCs, the faradic reactions within
pseudocapacitors could lead to phase changes and
limit their life time [12].

Graphene is atomically thin two dimensional (2D)
system of sp2 carbon atoms organized in hexago-
nal lattice structure. Graphene has been found to
be of both fundamental interest and suitable for a
wide range of potential applications. The porous
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nature of the electrode material facilities ion trans-
port processes, and therefore improves the perfor-
mance of supercapacitors. Graphene nanosheets
(GNS) represents an outstanding candidate for
supercapacitor electrodes due their large in-plane
conductivity, high specific surface area, strength as
well as both of its major surfaces are exterior sur-
faces ready susceptible for electrolyte ions [13].
Graphene oxide (GO) has been synthized by Brodie,
Staudenmaier, Hummers, and modified Hummers
methods [14],and graphene has been obtained from
GO by chemical [15], electrochemical [16], ther-
mal [17], and solvothermal [18] reductions. The de-
gree of GO reduction depends on the reduction route
and has a significant effect on the physical proper-
ties of the obtained material.

In this work, GO had been prepared from graph-
ite by the Hummers’ method a]d subseque]tly re-
duced by hydrazine to produce GNS. The physico-
chemical properties of both GO and GNS had been
studied by X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), thermal analysis (TGA/
DTA), nitrogen (N

2
) adsorption-desorption technique,

ultra-violet (UV-vis), Raman spectroscopy and field
emission scanning electron microscopy (FESEM).
Detailed electrochemical studies were conducted
by cyclic voltammetry (CV), charge-discharge
galvanostatic tests and electrochemical impedance
spectroscopy (EIS).

2. EXPERIMENTAL PROCEDURES
AND TECHNIQUES

2.1. Sample preparation

In order to prevent incomplete oxidation, graphite
powder (Merck) was pre-oxidized by slowly mixing
20 g of graphite, 10 g of K

2
S

2
O

8
, and 10 g of P

2
O

5

into 30 mL of concentrated H
2
SO

4
, while stirring.

The reaction mixture was heated up to 80 °C using
an oil bath with continuous stirring for 6 h. The mix-
ture was then diluted with distilled water, filtered and
washed until the filtrate became neutral in pH. The
washed powder was dried overnight in a vacuum
oven at 60 °C. The pre-oxidized graphite powder was
oxidized by the Hummers’ method as follows: 20 g
of the pre-oxidized graphite powder was added to
460 mL of concentrated H

2
SO

4
 in an ice bath. 60 g

of KMnO
4 
was then slowly added while stirring. The

mixture was heated up to 35 °C for 2 h before 1 L of
distilled water was added. The stirring was contin-
ued for 15 min and additional 3 L of distilled water
and 50 mL of 30% H

2
O

2
 were added into the mix-

ture. The mixture was filtered, washed with 1:10
aqueous HCl and dried overnight at 60 °C in vacuum

to obtain dry graphite oxide. Exfoliation of graphite
oxide was done by sonicating graphite oxide dis-
persion (2 gL-1) at 200 W for 30 min. The dispersion
was later centrifuged at 6000 rpm for 10 min, to
remove the unexfoliated graphite oxide. The homo-
geneous yellow brown supernatant was obtained as
GO dispersion. GNS was prepared by adding 0.34
mL of hydrazine monohydrate into 50 mL of GO
dispersion and the pH was adjusted to 10. The mix-
ture was refluxed at 95 °C for 24 h, dried by vacuum
filtration, washed with distilled water and finally dried
overnight in vacuum.

2.2. Sample characterizations

The crystal structure was analyzed using a Rigaku
X-ray diffractometer (Miniflex II with Cu-K  radiation
at 40 kV, 30 mA,  = 1.5406 Å) withi] the 2 range
of 5° to 80° at a sca]]i]g rate of 0.02  s-1 with a
step time of 2 s. The functional groups were exam-
ined using a Perkin Elmer (Spectrum 100) infrared
spectrophotometer over the range of 400-4000
cm-1. The thermal stability was tested with a TA In-
struments  Q500) thermal a]alyzer up to 900 °C at
a heati]g rate of 10 °C min-1 in air and N

2
 environ-

ments. The GO reduction was confirmed using a
Thermo Scientific (Genesys 10S) UV spectropho-
tometer at room temperature. Raman spectra were
obtained using Raman Microscope (Invia, Renishaw,
UK) with 532 nm laser excitation. The surface mor-
phology was monitored by a JEOL (JSM-7800F) field
emission scanning electron microscope (FESEM).
Specific surface area and pore size distribution of
the samples were measured by N

2 
adsorptio]–des-

orption technique (NOVA-3200, USA). The samples
were degassed at 250 °C for 3 h before analysis
and the N

2
 isotherms were obtai]ed at -196 °C. The

specific surface area was calculated using the
Bru]auer–Emmett–Teller  BET) method. The pore
size distributions were determined by applying the
Barrett–=oy]er–Hale]da  B=H) model to the N

2 
des-

orption branches.

2.3. Electrochemical studies

The electrode was made by mixing GNS with 5 wt.%
polytetrafluoroethylene (PTFE) and 15 wt.% carbon
black. The electrochemical tests were performed
using a two-electrode system, in which two elec-
trodes are electrically isolated from each other by
porous membrane pre-soaked with 5 M KOH elec-
trolyte. The data were collected using an electro-
chemical workstation (Autolab/PGSTAT M101)
equipped with a frequency response analyser. Cy-
clic voltammetry tests were performed between 0
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Fig. 1. XRD patterns of graphite, GO, and GNS.

and 1 V with scan rates range from 5 to 100 mV
s-1. Charge-discharge galvanostatic tests were per-
formed at current densities up to 1 A g-1. Impedance
data were collected from 50 kHz to 0.01 Hz with ac
amplitude at 10 mV.

3. RESULTS AND DISCUSSION

3 1  X–Ray diffraction

Fig. 1 compares the XRD patterns of graphite, GO
and GNS. For graphite, the major (002) peak ap-
pears at 26.5° with a d-spaci]g of 3.35 Å, a]d other
minor peaks at 44.6°, 54.7°, and 77.5° are observed
and indexed according to ICDD 00-023-0064 card
[19,20]. The main (002) peak of GO is located at
9.8° with a d-spaci]g of 9.43 Å. The large expa]-
sion of d-spacing of GO compared to graphite is
usually ascribed to the insertion of oxygen-contain-
ing groups and H

2
O molecules [19]. Two other peaks

at 23° and 43° are detected and could be ascribed
to the limited ordering of few-layers in GO and

Fig. 2. FTIR spectra of graphite, GO, and GNS.

turbostratic band of disordered carbon materials,
respectively [21]. GNS shows diffraction peaks at
24.86° and 43.10° related to the (002) and (100)
crystallographic planes of its structure, respectively
[22]. Disappeara]ce of the 9.8° peak i] GNS i]di-
cates that graphite oxide is typically reduced to
graphene.

3.2. FTIR spectra

Fig. 2 shows the FTIR spectra of graphite, GO and
GNS. Presence of the vibrational bands due to car-
boxyl (1410 cm–1), epoxy (1220 cm–1), as well as
bands attributable to alkoxy (1060 cm–1) confirms
the oxide functional groups situated at the edges of
the GO [1,14,19,23]. The absorption band at 1740
cm–1 is due to the C=O stretching in COOH groups
[17]. The disappearance of this band in GNS con-
firms the reduction of the carbonyl groups in GO
structure.  The band at 1610 cm–1 which appears for
all samples is attributed to C–C stretchi]g vibratio]
[23]. The characteristic absorption bands of oxy-
ge]–co]tai]ed groups, such as the i]te]se ba]d of
O–H groups of adsorbed water appears for all
samples at 3440 cm–1.

3.4. Thermal analysis

Thermal gravimetric analysis (TGA) and differential
thermo gravimetric analysis (DTA) curves for GO and
GNS in air and N

2 
atmospheres are shown in Fig. 3.

For GO in atmospheric air, 18% water loss occurs
at temperatures less than 100 °C. The second
weight loss stage of 42% occurs at around 200 °C,
and corresponds to the decomposition of labile oxy-
gen groups such as carboxylic groups [24]. GO is
fully decomposed in air above 750 °C. On the other
hand, GO exhibits lower weight loss value in N

2
 at-

mosphere. The three weight loss stages correspond
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to the three DTA peaks observed at 70 °C, 200 °C,
and 650 °C, respectively. The results are consis-
tent with the fact that GO is thermally stable in air
only up to 600 °C, by virtue of the reduced van der
Walls forces [24,25]. GNS shows two weight loss
stages in atmospheric air, stage I, 10% at around
50 °C and stage II, 80% at around 600 °C. These
stages are related to the removal of adsorbed sur-
face water and GNS structural decomposition, re-
spectively. Simultaneously, two DTA peaks are ob-
served at around 70 and 550 °C. No weight loss
occurs at 300°C, i]dicati]g that the oxyge]–co]-
taining groups in GNS had been completely re-
duced. The results also show that GNS structure
has less amount of absorbed water than GO. In N

2

atmosphere, GNS shows two weight loss stages
that sum up to about 40%, close to that reported by
other authors [26], indicating that GNS structure
does not decompose under N

2 
environment.

3.3. N2 adsorption–desorption
technique

Fig. 4 shows the N
2
 adsorption-desorption isotherms

of GO and GNS, and the insets show the pore size
distribution. The isotherms exhibit type IV curves
characterized by hysteresis loops confirming the
mesoporous structures of both GO and GNS [13].
Pore size distribution curves show that the pore size
ranges from 2 to 4 nm for GO and from 2 to 6 nm for
GNS. It also shows that GNS has larger pore size
and volume, which can be attributed to appearance

Fig. 3. TGA and DTA curves for GO, and GNS.

of more pores via removal of functional groups in the
GO. These mesopores play an important role in
enhancing the adsorption of ions during the electro-
chemical measurements. The specific surface area
obtained are 47.7 and 124.1 m2 g-1 for GO and GNS,
respectively. The smaller value obtained for GNS as
compared to the theoretical value of 2600 m2 g-1 for
graphene could be due to the incomplete exfolia-
tion of GO and agglomerations of graphene layers
during the reduction process [27].

3 4  UV–vis absorption and Raman
spectra

Further insights to the electronic conjugation of GO
a]d GNS ca] be obtai]ed from UV–vis absorptio]
spectra as shown in Fig. 5a. The main absorption
peaks located at 230 and 268 nm refer to GO and
GNS, respectively [28,29]. The spectrum of GO dis-
persion presents two characteristic features: a maxi-
mum at 230 nm corresponding to / * transitions of
aromatic C–C bo]ds a]d a hump at arou]d 303 ]m
assigned to n/ * transitions of C=O bonds. The 268
nm peak indicates the restoration of  conjugation
within graphene sheets [16,26].

Fig. 5b shows the Raman spectra of GO and
GNS exhibiting D and G bands at 1347 cm-1 and
1586 cm-1, respectively. The appearance of D band
is a sign of disorder in the carbon lattice. The inten-
sity ratio of D and G bands (I

D
/I

G
) is a measure of

disorder, representing the sp2/sp3 carbon ratio. The
I
D
/I

G
 ratio for GNS was 0.99 which is larger than
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Fig. 4. N
2
 adsorptio]–desorptio] isotherm of GO a]d GNS, the i]sets arethe pore size a]d volume distribu-

tions.

Fig. 5. UV–vis absorptio]  a) a]d Rama]  b) spectra of GO a]d GNS.

0.95 found for GO due to the reduction effect [21].
These findings indicate that the in-plane sp2 domains
of GNS are smaller in size than those of GO, but
more numerous in number as a result of oxygen
removal by reduction [26].

3.5. FESEM

Figs. 6a and 6b show FESEM images for GO and
GNS, respectively. The inset shows an image of
higher magnification for GNS. GO shows agglom-
eration of the non-exfoliated platelets, where as that
of GNS shows exfoliated nanosheets resulted from

the removal of carbonyl, hydroxyl and carboxylic
groups by reduction. The nanosheets structure of
GNS supports the BET findings of high surface area
and large pore size.

3.6. Cyclic voltammetry and
galvanostatic charge-discharge

Fig. 7 shows cyclic voltammetry curves at different
sca] rates for GNS. CV curves exhibit recta]gular–
like shapes and symmetrical around zero with no
any obvious redox peaks, which reveal the ideal
capacitive behaviour. Fig. 8a shows the charge-dis-
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charge curves for GNS in 5 M KOH solution in the
range from 0 to 1 V for representative current densi-
ties between 0.05 A g-1 and 1 A g-1. Linear charge

Fig. 6. FESEM images of (a) GO and (b) GNS.

Fig. 7. Cyclic voltammetry curves at different scan
rates for GNS.

Fig. 8. Galvanostatic charge-discharge curves at different current densities (a) and specific capacitance as
a function of current density (b), for GNS.

and discharge curves with neglected iR drop of about
2.1% at 0.25 A g-1 is obtained, indicating that the
electrodes have low internal resistance which lead
to better EDL performance. The specific capacitance
for single GNS electrode can be calculated by the
equation reported elsewhere [6,30-32]. The specific
capacitance of GNS was found to be 140 F g-1 at
0.05 A g-1 (see Fig. 8b), which is higher than 80 F
g-1 at 0.025 A g-1 [33] and  the reported value for
chemically modified graphene in aqueous electro-
lytes [12].

The long life stability is a very important factor in
supercapacitor applications. As shown in Fig. 9 (left
vs. bottom), GNS shows high cyclic stability reach-
ing 86% of its original values at 1 A g-1 over 1100
cycles. It also shows a high columbic efficiency of
about 88% over all cycling range. The inset of Fig. 9
shows that the charge-discharge curves remain lin-
ear for all stability cycles, indicating insignificant
change in the specific capacitance.



41Structural and electrochemical characteristics of graphene nanosheets as supercapacitor electrodes

Fig. 9. Cycle life stability curves (left vs. bottom) and columbic efficiency (right vs. bottom) at 1 A g-1 current
density for GNS, the insets show the charge-discharge curves for different cycles.

Fig. 10. Ragone plot for GNS.

Fig. 11. Nyquist plot (a) of GNS at OCP, the insets are the high-frequency region of the plot at different
operating voltages and the equivalent circuit and (b) real and imaginary parts of the capacitance as func-
tions of the frequency, the solid line is the fitting data.

The energy (E) and power (P) densities can be
calculated from charge-discharge data using the
equations as reported in reference [13]. The Ragone
plot for GNS is shown in Fig. 10, showing that the
energy density ranges from 5 to 4 W h kg–1 and
power density ranges from 135 to 2818 W h kg–1 for
discharge current that ranges from 0.05 and 1 A g- 1.

3.7. Impedance spectra

Fig. 11a shows Nyquist plot obtained in 5 M KOH
for the freque]cy ra]ge 50 kHz–0.01 Hz at ope]
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circuit potential (OCP) of 4 mV.  The insets are the
equivalent circuit and the zoomed view of the high-
frequency region for data measured at OCP and
other applied potentials. The Nyquist plot shows a
semi-circle in the high frequency region and a verti-
cal line (84°) at low frequency, in accordance with
Warburg diffusion related to the diffusion of electro-
lyte within the pores of the electrode. The near-ver-
tical slope at the low frequency region indicates good
capacitor behaviour of the cell. The equivalent cir-
cuit is composed of a solution resistor (R

s
), an elec-

trode-electrolyte interfacial charge transfer resistor
(R

ct
), a constant phase element (CPE), a Warburg

diffusion element (W), and a faradic capacitor (C
dm

).
R

s 
value was obtained from the fitting as the inter-

cept on the real axis of the high frequency range
and R

ct
 was estimated from the diameter of the semi-

circle. R
s
, R

ct
, and other fitting parameters are sum-

marized in Table 1. R
s
 and R

ct 
for GNS at OCP were

found to be 0.39 and 3.61 , respectively. The R
s

was almost the same for different applied poten-
tials, where as R

ct 
decreases with increasing the

potential.
The electrochemical active specific surface area

(S
E
) can be calculated as S

E
=C

dl
/C

d
, where, C

d
 is a

constant value of 20 F cm-2 [34], C
dl
 was obtained

from impedance data in low frequency (0.01 Hz)
according to the equation C

dl
=1/(2 f m Z’’), f is the

frequency, ZSS is the imaginary part in the imped-
ance, and m is the mass of the active material. The
calculated value of S

E 
at OCP was found to be 161.3

m2 g-1, which is 30% higher than that obtained from
BET (124.1 m2 g-1). Moreover, S

E
 was found to in-

crease with increasing applied voltage.
The complex model of the capacitance was stud-

ied to show the dependence of the specific capaci-
tance on frequency. The cell capacitance can be
expressed as real (C’)and imaginary (C’’) parts ac-
cording to the following equations [6,30-32]: C’ ) =
-Z’’ )/ |Z( )|2 and C’’ )=Z’ )/ |Z( )|2, where,

=2 f. Plots of C’and C’’as functions of frequency
are shown in Fig.11b. The relaxation time ( =1/f

0
)

was calculated from the frequency (f
0
) correspond-

ing to the maximum energy dissipation in Fig. 11.

Potential R
s
( ) R

ct
( ) CPE(mF) C

dm
(mF) W( ) S

E
(m2 g-1) (s)

0 0.44 4.14 0.82 186 0.28 128.8 8.1
OCP 0.38 3.60 0.72 216 0.38 161.3 5.9
0.5 0.39 2.51 0.61 236 0.50 174.9 5.9
1 0.39 1.73 1.66 255 0.46 199.1 4.3

Table 1. Fit parameters of the experimental complex impedance data.

The  values were found to be 5.9 s, indicating good
electrochemical supercapacitance properties, and
fast charge–discharge characteristic respo]se. The

value distinguishes the transition between resis-
tive and capacitive behaviors, as it defines predomi-
nantly resistive behavior at frequencies above 1/
and capacitive behavior below 1/ . The t of the
present sample is lower than 8 s found for activated
carbon-based electrodes and is very close to 4.9 s
obtained for carbon nanotubes [6,30-32].

4. CONCLUSION

Various techniques have been used to characterize
the structure and morphology of the graphene
nanosheets synthesized by the reduction of a graph-
ite oxide. The mesoporous structure of the
nanosheets was confirmed by FESEM and N

2
 ad-

sorption-desorption measurements. The specific
capacitance of graphene nanosheets was 140 F
g-1 at 0.05 A g-1. Graphene nanosheets show a high
cyclic stability of about 86% over 1100 cycles at 1
A g-1. Lower solution resistance and charge transfer
resistance were obtained by analysing the imped-
ance spectra, indicating good electrochemical prop-
erties of these graphene nanosheets. The electro-
chemical active specific surface area was found to
be 161.3 m2 g-1 which is 30% higher than that ob-
tained from BET measurements. Finally, such char-
acteristics support the suitability of the present
material for supercapacitor electrode applications.
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