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ARTICLE INFO ABSTRACT

Keywords: We synthesized Graphene oxide (GO) using the modified Hummers method and further reduced to reduced
Energy storage graphene oxide (rGO) using hydrazine monohydrate and ammonia solution. The prepared materials were
Graphene

interrogated using different characterization techniques to determine which of them is more suitable for
supercapacitor application. High resolution scanning electron microscopy (HRSEM) revealed a sheet-like
morphology of separated thin sheets and wrinkled edges for GO, whereas rGO consist of thinner sheets with
smaller pores than GO. The structural studies as elucidated from X-ray diffraction (XRD) shows that the GO has
more interlayer spacing due to a higher oxygen content as compared to the rGO. The oxygen containing func-
tional groups seen in GO either disappear or are greatly reduced in intensity in rGO as evidenced from the Fourier
transform infrared spectroscopy (FTIR) of the materials. The electrochemical studies indicate that the rGO gave a
higher current response compared to GO and a specific capacitance of 105.3 and 56.7 F g’1 respectively was
delivered by rGO and GO at a scan rate of 10 mV s~ in a three-electrode set-up. Asymmetric supercapacitor cells
using GO and rGO as positive electrodes and activated carbon as the negative electrodes gave the highest specific
capacitance value of 94.3 F g1 for the AC//rGO cell and 59.6 F g~* for the AC//GO cell at a current load of 0.25
A gL The specific capacitance obtained from the AC//rGO is comparable to most recorded values for rGO
electrodes. A high specific power of 6411.7 W kg~ ! was obtained at a specific energy of 22.6 W h kg ! while at a
specific energy of 25.7 W h kg™, a specific power of 700.1 W kg ™! was obtained for the AC//rGO. This is due to
the more porous and thinner sheet of the rGO. The overall results showed that the rGO gave better super-
capacitive properties than the GO.

Graphene oxide
Reduced graphene oxide
Supercapacitor

1. Introduction

The energy challenges brought by increased population growth and
the concomitant increase in the energy requirements of modern society,
global warming and unfolding ecological concerns has made it pertinent
that new, cost effective, flexible and environmentally benign energy
storage systems be developed [1]. Supercapacitors are energy storage
devices with very high power and moderate energy densities with low
inner resistance that can accumulate and supply energy at compara-
tively higher capacities when in comparison to batteries. This is because

the technique of energy storage involves a simple charge separation at
the electrode-electrolyte interface [2,3]. The advantages of super-
capacitors when compared with other energy storage devices include
but are not limited to extended life, elevated power, pliable packaging,
extensive stable thermal range (—40 to 70 °C), little maintenance cost
and low weight [4]. However, supercapacitors are challenged with small
energy density, low voltage per cell as well as elevated self-discharge.
The active material of an electrode is appraised as one of the most
salient components of supercapacitors. Developing new electrode ma-
terials to overcome the obstacle of low energy has become paramount
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[5]. The most promising materials for supercapacitors today are carbon
materials (carbon nanotubes, carbon black, graphene, carbon aerogels,
and activated carbon and carbon ink), metal oxides, conducting poly-
mers and a combination of each which gives a composite [6,7]. Carbon
materials are used due to high specific areas, lower cost, and more
developed and traditional fabrication techniques in comparison to other
materials [8,9]. Metal oxides are used because of their higher derivable
specific capacitance in addition to their low resistance making them
facile for high energy and power supercapacitors. Conducting polymers
use the mechanism of redox reactions to store and release charge
[10-13]. Currently, researchers’ focus is on the development of tech-
niques to enhance the energy density while sustaining the intrinsic high
power density and fast charge/discharge for supercapacitors [14].

Graphene and graphene oxide have recently received rapidly
growing attention in supercapacitor applications due to their excep-
tional properties. Graphene is a single layer of graphite and promises to
be a good supercapacitor material due to its intrinsic properties. It
possesses a large theoretical specific surface area of 2600-2675 m? g%,
high intrinsic mobility of 200 000 cm? V™! s7!, elevated Young’s
modulus ~ 1.0 Pa, thermal conductivity of ~ 5000 Wm™! K1, optical
transmittance of ~ 97.7% and outstanding electrical conductivity [9,
15]. These properties deserve attention for transparent conductive
electrode applications [15]. In view of the agglomeration of graphene
nanosheets, the practical surface area of graphene is usually much
reduced than the theoretical one and its derivable specific capacitance is
largely in the range of 100-200 F g~! [16]. Graphene oxide (GO), a lone
sheet of graphite oxide is one of graphene’s derivatives. It consists of a
large range of reactive oxygen functional groups [17]. The atomic sheets
of GO usually involves phenol epoxy and epoxide groups on the basic
plane and easily ionizing carboxylic acid groups all over the edges. It has
superior electrical, enhanced mechanical strength, stable thermal
properties and elevated surface area which makes it amenable for use in
polymer composites, as energy-related materials, in sensors, as
‘paper’-like materials, in field-effect transistors (FET) and in biomedical
applications [18]. GO is advantageous due to its easy dispersibility in
water and other organic solvents as well as in other matrixes [19]. This
advantage derives from the presence of the oxygen functionalities. GO is
hydrophilic due to its polar functional groups. It is well dispersible in
water and can be exfoliated in many solvents. Dispersions of GO flakes
can be produced by stirring and more commonly by ultrasonicating of
GO in solvents [20].

The colloidal dispersions of GO are chemically reduced by various
reducing agents such as hydrazine, hydroquinone, sodium borohydride
and ascorbic acid [21] to get reduced graphene oxide (rGO). Other
methods of reduction such as reduction via thermal treatment and
electrochemical reduction are also considered to be very effective [22].
Reduction via thermal treatment has not only been reported to be effi-
cient and cost effective but produces material with high BET surface area
in the range of 600-900 m? g’1 [23]. Electrochemical reduction has
been reported as an effective method to get rid of the oxygen func-
tionalities of GO [24]. The exfoliation of graphite into GO by chemical
procedure, accompanied by tractable reduction of GO (with reducing
agents such as hydrazine hydrate) into rGO is considered and taken to be
one of the most efficient and cost effective methods [27,28] and the
schematic is as shown in Fig. 1. Though individual rGO sheets are in
many instances agglomerated to a limited extent into particles whose
diameters are approximately in the range of 15-25 pym during the
reduction process, products with enhanced specific surface areas of up to
a few hundred m?g ™! can be achieved. The rGO sheets are therefore,
potential electrode materials for efficient energy storage device appli-
cations [27].

There have been some contentions in the literature between GO and
rGO which constitute a better electrode to be used in supercapacitors.
While some authors show that GO is better in terms of the specific
capacitance obtained, others indicate that rGO is better especially if the
electrical conductivity and stability is of importance [28,29]. Gao and
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Fig. 1. XRD patterns of (i) GO and (ii) rGO.

Georgalilas et al., observed that GO possesses less stacking stability and
poor conductivity, therefore when used alone as a carbon material, it
does not serve as a superior electrode material for supercapacitors [25,
30]. Based on the value of the specific capacitance obtained by Xu et al.,
they were of the opinion that GO may be a better electrode material than
graphene for supercapacitors [31]. However, Rai et al., [32] showed
that because the lattice spacing in rGO is reduced due to the removal of
the oxygen-based functional groups, defect density and the number of
stacking in rGO is reduced and this resulted to an increase in the specific
capacitance of rGO in comparison to GO. Yang et al., also observed that
reduction modification of GO is needed to optimize its electrochemical
performance [33]. Therefore, it is necessary to properly investigate
which one to use between GO and rGO in the construction of electrodes
for supercapacitors. Hence in this paper, we determined which is more
proper to use in supercapacitors; GO or rGO.

2. Experimental details
2.1. Chemicals and sample preparation

Analytical grade chemicals were utilized as procured with no addi-
tional purification process. Graphite (1-2 um), hydrochloric acid (HCI)
(>37%), sodium nitrate (NaNOgs), sulphuric acid (H2SO4) (> 98%),
potassium permanganate (KMnO4) (> 99%), hydrogen peroxide (>
30%), acetone (>99.9%) and hydrazine monohydrate, reagent grade
(98%) were all procured from Sigma-Aldrich, Cape Town, South Africa.

2.2. Synthesis of GO and rGO

Graphene oxide (GO) was prepared utilizing a modified Hummers
method. The details of the procedure is contained in our previous work
[34]. The prepared GO was reduced to rGO by using hydrazine mono-
hydrate as the reducing agent. 100 mg of GO was diffused in 200 mL of
deionized water and ultra-sonicated for three hours by which the bulk
GO powders were modified into GO sheets. The obtained brown pre-
cipitation/dispersion was centrifuged at 3000 rpm for 30 min to get rid
of any excess un-exfoliated GO. A volume of 200 pL of hydrazine mon-
ohydrate and 3 mL of ammonia solution were then added to the solution
of GO. The mixture was stirred energetically for 10-20 min and refluxed
at 80 °C overnight in an oil bath. The final product was then centrifuged
or filtered, washed with deionized water and dehydrated under vacuum
overnight [35,36].
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2.3. Characterizations of the GO and rGO

We used Nicolet Evolution 100 UV-Visible spectrophotometer
(Thermo Electron, UK) to measure the absorption characteristics of the
prepared GO and rGO over a wavelength range of 200-800 nm. Fourier
transform infrared (FTIR) spectra showing the functional groups and
bonds in the materials were recorded on a Perkin Elmer FTIR model 100
spectrophotometer, between 400 and 4000 cm™'. The high-resolution
scanning electron microscopy micrographs (HRSEM) of GO and rGO
were imaged using a Ziess Auriga SEM operating at 50 kV. The crystal
structures of the samples were ascertained from the x-ray diffraction
patterns gotten from a D8 Advanced diffractometer manufactured by
Bruker AXS in Germany. Raman spectroscopy was taken with a
Renishaw Invia Raman Microscope made in Germany and a Class 1 Laser
product was used. Electrochemical measurements were obtained in both
three and two-electrode cells on a VMP-300 potentiostat from Bio-Logic
instruments (Knoxville, TN, USA).

2.4. Fabrication of the electrode

The electrodes were developed by blending the active materials in a
mortar with a conductive agent (carbon black) and a binder (poly-
tetrafluoroethylene) in the ratio 7:2:1 utilizing a little quantity of
anhydrous N-methyl-2-pyrrolidone to obtain a homogeneous paste.
0.5 x 1 cm? dimension of nickel foam as well as 20 mm diameter of
coin-shaped ones were cut and ultrasonicated in 1 M solution of HCl for
15 min to remove any surface oxide layer that may be present. The
nickel foam substrates were further rinsed by ultrasonication in absolute
ethanol and deionised water separately for 15 min each and finally
dehydrated at 90 °C for 12 h. The electrode paste was deposited on the
nickel foam substrates using a spatula and then dried at 80 °C for 12 h.
Ag/AgCl served as the reference while Pt wire was used as the counter
electrode, in a three-electrode study of the electrode materials. For two-
electrode cell analysis, the homogenous paste was deposited on the
20 mm diameter coin-shaped nickel foam and assembled in a Swagelok
using the nanosheets of GO and rGO as the positive electrodes while
activated carbon served as the negative electrode. Cyclic voltammetric
(CV) curves were obtained in a potential range of — 0.3-0.3 V at various
scan rates while the electrochemical impedance measurements were
acquired at a frequency range of 0.1 MHz —100 kHz at room tempera-
ture. Cyclic voltammetric experiments, galvanostatic charge-discharge
(GCD) curves and the cycling performance of the supercapacitor cells
were all acquired in 1 M KOH electrolyte at a voltage of 1.4 V.

The specific capacitance (F g~1) of the GO and rGO electrode ma-
terials was calculated from the CV and GCD curves for a 3-electrode cells
according to Egs. (1) and (2), respectively.

1 v
b= I 1
gt w

—v

Ixt

= (V= 1Ray)

@

where m, v, and V, denotes the active mass of the electrode (g), the scan

rate (V s’l), and the potential window (V) respectively. ff‘;/ Idv is the
total charge (A s) for the electrochemical reaction, obtained by inte-
grating the positive and negative CV curves, IR4yop is the voltage drop/
equivalent series resistance (V), I depicts the applied current (A) and t
denotes the charge/discharge time (s).

The specific capacitance (F g~1) of GO and rGO based supercapacitor
(2-electrode) cells was calculated from GCD curves using Eq. 3.

4xt

Cr = v

3

where m is the entire mass of both the positive and negative electrodes
(g), V is the highest voltage, while other parameters are as described
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above.

The specific energy in W h kg ™! and specific power in W kg~! of the
supercapacitor cells at various current densities were calculated using
Egs. 4 and 5 respectively.

E =1/2C,xAVx1/36 4
P = E/At3600 5)

where Cs, depicts the specific capacitance (F g1, AV is the applied
potential (V), and At is the discharge time (s).

3. Results and discussion
3.1. Structural properties of GO and rGO

Fig. 1(i) shows the XRD patterns of GO, revealing a very sharp
diffraction peak (001) appearing at 20 = 11.08° with a d spacing of
0.905 nm. This peak indicates that AB stacking exists in GO with larger
interlaying spacing as compared to graphite (0.336 nm) due to the
presence of oxygen containing functional groups in the layers [37,38].
The position of this diffraction peak is a function of the preparation
method as well as the number of layers of water in the interplanar space
of the material. The GO was reduced in the presence of hydrazine
monohydrate to obtain rGO and the XRD pattern (Fig. 1 (ii)) shows a
broad peak centred around at 25.5° due to (002) reflection of the rGO
and having a d spacing of 0.36 nm. This band is very broad indicating
the poorly ordered free graphene nanosheets and that significant portion
of GO has been greatly reduced [39]. Furthermore, the broad nature of
the reflection in rGO indicates poor orderly arrangement of the sheets
along the stacking direction [26]. This implies that the rGO could have
been entirely exfoliated to consist mostly of a single layer, a few layers
and/or even loosely stacked layers [40].

Fig. 2 displays the FTIR spectra of GO (i) and shows the vibrational
bands of O-H stretching vibrations at 3431 cm’l, C=O0 (carboxylic acid
and carbonyl moieties) at 1731 cm ™! and the graphitic domains of C=C
at 1644cm™' and O=C-O at 1394cm™. The band from
980 — 1250 cm ™! consists of the C-O (1059 cm_l) and the CO-H
(1227 ecm™?) deformation, respectively, of carboxylic acid groups [20],
[41][42]. The characteristic bands of GO’s functional groups confirm
the oxidation of graphite [42]. The band found around 1644 cem ! re-
sults from the vibration of the aromatic C=C bond of the sp? unoxidized
network [43,44]. The FTIR spectrum of rGO (Fig. 2ii) reveals that the
oxygen bands either disappear or are greatly reduced in intensity while a
new peak that appears at 656 cm ! is attributed to C-C bonds that are
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Fig. 2. FTIR spectra of GO (i) and rGO (ii).
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due to thermal annealing [45]. The hydroxyl group was also drastically
reduced in the rGO, hence the chemical reduction process could serve as
an effective means to remove the hydroxyl functionalities [38].

Raman spectroscopy was used to elucidate the internal structural
properties of the GO and rGO. The technique is used widely to analyze
carbon based materials, because conjugated and C—=C bonds result to
elevated Raman intensities [46]. In GO and rGO, the Stokes phonon
energy shift originated by laser excitation produces two main bands (D
and G) in the Raman spectrum [42]. GO (Fig. 3.) shows a D band
(1347 em™); a second-order overtone of a dissimilar in-plane vibration
that correlates to defects within the sp2 network, a G band (1595 cm™1)
and a 2D band (2679 cm™!) attributed to primary in-plane vibrational
mode [47,48]. In rGO (Fig. 3.), the D band and G band are shifted to
higher frequencies due to the incomplete defect healing and because of
additional forces from the interplay between the layers of AB-stacked
graphene that increases the graphitic domain compared to GO. The
spectrum changes from that of single-layer graphene as the number of
rGO layers increases, [49]. This therefore splits the 2D band into more
number of modes that can merge resulting to a broader, smaller intensity
but elevated frequency band [50]. The G band increased while the D
band reduced in the rGO and this indicates the increase in the sp2
graphitic domain and the reduction of defects respectively in rGO as
compared to GO. The ratio of ID/IG is higher in GO and indicates higher
order. The number of layers are derived from the band intensities IG/I2D
ratio in addition to the position and shape of these bands for the
AB-stacked rGO [51]. The graphene layers (as calculated from the ratio
of IG/12D) reduced while the in-plane crystallite size (calculated from La
(nm)= 4.4IG/ID) increased (Table 1). These showed that the layers
reduced while and the in-layer crystallite sizes increased indicating the
successful reduction of GO to rGO.

3.1.1. Morphological properties of GO and rGO

High-resolution scanning electron microscopy (HRSEM) was used to
determine surface morphology of the GO and rGO materials. Both the
GO and rGO were efficiently exfoliated into separated thin sheets and
wrinkled to form porous structures as shown in Fig. 4(a) and (b) [42].
HRSEM image of GO shows an absorbent network that resembles a loose
sponge like structure due to the well-defined and interlinked
three-dimensional graphene sheets, [31,52]. In comparison, the rGO
consists of thinner sheets and smaller pores than GO as was also reported
by Drewniak et al., [53]. The GO nanosheets exhibit to some extent the
stacking structure with a sheet-like morphology of large thickness,
smooth surfaces and wrinkled edges in agreement with earlier reports
[35,54,55] while rGO shows thin layered structure of minimum sheet
thickness [56]. This is further corroborated in the side view shown in
Fig. 4c and d for GO and rGO respectively.

rGO
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G (1601, 9023)

2D (2688, 2807)

G (1595, 10147)

D (1347, 10592)

Counts (a. u)

2D (2679, 2463)

—GO

0 500 1000 1500 2000 2500 3000 3500
Raman shift (cm'1)

Fig. 3. Raman spectroscopy of GO and rGO.
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Table 1
The bands and the respective Raman Shifts in GO and rGO.
Material Band  Raman Shift ID/ 1G/ La (nm) = 4.4
Ls B 1G 2D I1G/ID
Position Intensity
(cm’l) 1
GO D 1346.98 10591.55 1.04 4.12 4.22
G 1594.69 10147.29
2D 2678.64 2462.66
1GO D 1356.59 7699.77 0.85 3.52 5.65
G 1601.74 9022.63
2D 2687.98 2806.73

The TEM images as shown in Fig. 5 indicates that the GO nanosheets
are flat with some wrinkles and the bends were due to the numerous
defects and functional groups of sp® hybridized carbon atoms during the
oxidation process (Bhattacharya et al., 2017). In general, GO nanosheets
tend to be assembled with each other and forms multilayer agglomer-
ates. The rGO appears with less wrinkles compared to the GO.

3.1.2. Optical properties of GO and rGO

GO has unique optical properties that can be integrated to different
applications. UV-Vis spectra of aqueous GO solutions are shown in Fig. 6
(i) at increasingly concentrated aqueous solutions. Two types of typical
features were distinguished in these spectra to identify GO. The first is a
shoulder band at ~311 nm, which corresponds to an n-n * plasmon
band. The shoulder bands observed for all the samples are similar.
Another typical feature appears at 227 nm, and is related to a
n-n * plasmon band [57,58]. From the UV-Vis spectroscopic studies, it
can be deduced that the optical absorption of GO is dominated by the
n-n * plasmon band near 227 nm [59]. The n-n * plasmon band depends
on nanometer-scale sp? clusters and from linking chromophore units
such as C=C, C=0 and C-O bonds [20,60].

The UV-Vis spectrum of rGO (Fig. 6 ii) shows a typical band at
264 nm, demonstrating the restoration of the extensive conjugated sp>
carbon network [61,62]. The absorption band shifts to lower absorption
wavelengths due to the reduction of oxygen functional groups and an
enhancement in the aromatic rings leading to easy excitation of elec-
trons to a lower frequency [63].

3.2. Electrochemical properties of GO and rGO

3.2.1. Cyclic voltammetric (CV) studies

CV curves were obtained at scan rates of 10 — 150 mV s~ at a po-
tential window of —0.3-0.3V. The CV curves displayed near
rectangular-shaped voltammograms as shown in Fig. 7(a), with a min-
imum change in shape, indicating good capacitive behavior. Fig. 7(a)
shows the CV profiles of GO and rGO compared at 20 mVs™ . rGO ex-
hibits a higher current response over GO, depicting better charge
propagation due to less agglomeration of the rGO nanosheets and faster
diffusion of ions within the structure. The specific capacitance values of
GO and rGO calculated from the CV curves using Eq. 1 are plotted in
Fig. 7(c). 1GO delivered a specific capacitance of 105.3Fg~! at
10 mV s}, which decreased to 15.6 F g~ at 150 mV s}, while GO
showed a specific capacitance of 56.7 F g~ at 10 mV s~, which also
decreased to 12.4 F g at 150 mV s~ '. The decrease in the specific
capacitance with increasing scan rate can be attributed to a diffusion-
controlled charge storage mechanism, whereby at lower scan rates,
the electrolyte has enough time to go through the electrode pores
resulting to a higher specific capacitance [64]. Contrariwise, movement
of ions at the electrode-electrolyte interface is faster at higher scan rates,
resulting in only the outer surface of electrode material being in contact
with the electrolyte.

3.2.2. Galvanostatic charge-discharge (GCD) studies
GCD curves of GO and rGO nanosheets are shown in Fig. 8. The rGO
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Fig. 5. TEM images of (a) GO, (b) rGO.

nanosheets presented almost linear GCD profiles with a small IR drop,
indicating a fast current-voltage response. The specific capacitance
values obtained from the GCD curves according to Eq. 2 are displayed in
Fig. 8(c). rGO nanosheets delivered a specific capacitance of 69.1 F g~
at 0.75 A g~!, which is about twofolds higher than the Csp of GO
(32.47 F g71) obtained at 0.75 A g~'. This could be associated with
more porous and thinner rGO nanosheets structures observed in HRSEM
studies, which facilitated the ion diffusion within the host material [65].

3.3. Electrochemical impedance spectroscopic (EIS) studies

EIS was used to probe the interfacial properties of GO and rGO

electrode materials. The EIS data was recorded at open circuit voltage at
a frequency range of 0.1 MHz to 100 kHz at 6 points per decade. The
Nyquist and Bode plots of GO and rGO electrode materials are displayed
in Fig. 9(a) and (b), respectively. The Nyquist plots consist of semicircles
at the high frequency region, which represent the charge transfer
resistance (R¢) and an inclined line in the mid to low frequency region
associated with the Warburg diffusion (W,) within the electrode mate-
rials. The circuit model used to fit the EIS plots using Zview is displayed
as the inset in Fig. 9(a). The internal resistance and wettability of the
materials (Rg) is obtained from the intercept of the semicircle on the X-
axis. As shown in Table 2, Ry is observed to decrease from GO to rGO,
indicating the improved wettability and lower internal resistance of rGO
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[66]. rGO showed a smaller semicircle with a lower charge transfer
resistance of 15.04 Q compared to 22.88 Q for the GO electrode, indi-
cating better charge mobility in rGO than in GO. A lower Warburg
component in rGO (0.36 Q) over GO (0.41 Q) also suggests shorter ion
diffusion pathways in the latter than in the former [67].

3.4. Electrochemical performance of GO and rGO as supercapacitor
electrodes

The potential application of GO and rGO in supercapacitors was
investigated by assembling asymmetric supercapacitors cells using GO
and rGO as positive electrodes and activated carbon as the negative
electrode. To maximize the performance of the supercapacitor cells, the

mass loading of the positive and negative electrodes was adjusted ac-
cording to the mass-charge balance equation, Eq. 6 below [69].

. i
M - (ﬂ) ©
M C; xAV+

The total mass of the AC//rGO supercapacitor cell was adjusted to
6.09 mg. The mass of the positive electrode was at 3.20 mg while the
mass of the negative electrode was at 2.89 mg. Similarly, the total mass
of the AC//GO cell was 7.77 mg, with 5.12 mg for the positive electrode

and 2.51 for the negative electrode.
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Fig. 9. Nyquist plots of GO and rGO (a) and the equivalent circuit used for curve fitting as the inset. Bode plots of GO and rGO (b).
bl cell and 59.6 F g ! for the AC//GO cell were obtained at a current load
Table 2 . - . . of 0.25A g !. It was observed that the specific capacitance of both
EIS data obtained from curve fitting the plots using Zview. . . .
supercapacitor cells decreased as the current load increased. This can be
-1
Electrode Ry/Q CPE/WF  Ra/Q Wo/Qs '/  Phaseangle ascribed to lower ionic migration into the electrode surface at higher
material 2 /°
current loads.
GO 0.84 0.73 22.88 0.41 52.8
rGO 0,76 0.75 15.04 0.36 51.2

3.4.1. Galvanostatic charge discharge studies

Fig. 10 (a) and (b) shows the GCD curves of GO and rGO based
supercapacitor cells with activated carbon in 1 M KOH at a voltage
window of 1.4 V. The AC//GO and AC//rGO supercapacitor cells dis-
played almost linear GCD profiles, which were also observed in the three
electrode characterizations. Fig. 10 (c) displays the variation of the
specific capacitance values obtained from the GCD curves with the
various current load. A maximum value of 94.3 F g~! for the AC//rGO

3.4.2. Cycling stability

The stability of the GO and rGO based supercapacitor cells was tested
at a voltage window of 0 — 1.4 V over 5000 GCD cycles. Fig. 11 (a) shows
the retention capability of the specific capacitance of AC//GO and AC//
rGO supercapacitor cells after 5000 cycles at a current load of 0.75 Ag ™"
The AC//rGO cell maintained a good capacitance of 73.5% and an
excellent coulombic efficiency of 99.8% (Fig. 11 (b)) over 5000 cycles.
While the AC//rGO cell exhibited a capacitance retention of 54.4% and
a coulombic efficiency of 99.3%. The excellent coulombic efficiency of
both the AC//rGO and AC//GO cells demonstrates the good reversibility
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Fig. 11. Cycling stability (a) and Coulombic efficiency (b) of AC//GO and AC// rGO supercapacitor cells over 5000 cycles.

of the supercapacitor devices. The initial decrease in capacitance may be
ascribed to the preliminary change of functional groups on the conju-
gated carbon backbone as electrolyte ions are adsorbed into the pores
during the repeated charge discharge process [68].

3.4.3. Specific energy and specific power

The practical energy storage application of the AC//GO and AC//
rGO cells is presented in the Ragone plot (Fig. 12). The specific energy
and specific power of the cells were calculated according to Egs. 4 and 5
[69,70]. The AC//rGO supercapacitor cell achieved a specific energy of
25.7 Whkg™! at a specific power of 700.1 Wkg™! and was able to
retain a specific energy of 22.6 Whkg™! at a specific power of
6411.7 W kg~ !. This rate capability can be ascribed to efficient charge
storage inside the porous networks of rGO. These results are comparable
to other reported rGO based supercapacitor cells presented in Table 3.

4. Conclusion

In summary, graphene oxide (GO) was auspiciously synthesized
using the modified Hummers method and was reduced using hydrazine
to obtain reduced graphene oxide (rGO). The morphological, structural
and electrochemical properties of these two materials were compared to
determine the better candidate for supercapacitor electrode. The oxygen
based functional groups such as the epoxide in GO was drastically
reduced in the rGO resulting in the reduction of the interlayer spacing in
the rGO compared to the GO. We expected the GO to give more specific
capacitance because of the additional pseudocapacitance effect
emanating from the oxygen-containing functional groups, however it
seems that the enhancement in the conductivity observed in rGO
overshowed the additional pseudocapacitive effect expected from GO. It
is also worth mentioning that the method used to obtain the GO and rGO
plays a significant role in the derivable capacitance from them. This is
because the quantity of the oxygen containing functional groups, the
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Table 3
Electrochemical performance of some reported rGO based supercapacitor cells.

Cell Electrolyte Cop/F  Cycle life Specific energy/  Ref
components g ! (capacitance Whkg' &
retention) corresponding
specific power/
WKg!
rGO//1GO 6 M KOH 168.5 5000 (87.5%) 5.85 & 100 [71]
PMMA/ 1MH,S0, 88 - 29.46 & 235 [72]
rGO//
PMMA/
1GO
Alternated 6 M KOH 103 1000 (94%) 8.3 & 360 [73]
rGO//
alternated
1GO
rGO/Co/Al 6 M KOH 83.5 6000 (90%) 35.5 & 875 [74]
LDHs//
rGO/Co/
Al LDHs
3D porous 1M 84 4000 (93%) 46.7 & 100 [75]
carbon// NaySOy4
MnO,/GO
C-WS; 1 M KFSI/ - 5500 (81.4%) 180.4 & [76]
@CNFs// EC-DMC 399.6
ACNFs
AC//rGO 1M KOH 94.3 5000 (73.6%)  25.7 & 700.1 This

work

number of the stacking as well as the defect density which affects the
performance of the materials is a direct function of the method used in
the synthesis. It has been shown that exfoliated GO perform better while
rGO obtained from the exfoliated GO is more desirable.
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