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HIGHLIGHTS

RGO-S was synthesized by a modified Hummers method.
Combination of nanosheet, nanorods and nanofibers morphologies were observed.
High specific capacity of about 113.8 mAh g 1 was recorded for the half cell.
The material displayed specific energy and power of 35.2 Wh kg 1 and 375 W kg 1 at 0.5
Ag-1, respectively.
The fabricated material revealed good electrochemical performance for future
supercapacitor applications.

ABSTRACT

In this research, carbon nanorods/fibers material were successfully synthesized from sulphur-doped

reduced graphene oxide (RGO-S) by using an improved Hummers method. Morphological,

structural, compositional and textural characterization of the composite material were obtained via

scanning electron microscope (SEM), energy dispersive x-ray spectroscopy (EDX), transmission

electron microscopy (TEM), X-ray diffraction (XRD), Raman spectroscopy, Fourier transform

infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS), respectively. The

electrochemical performance of the composite sample as a promising supercapacitor electrode

revealed a peak specific capacity of 113.8 mAh g-1 at 0.5 A g-1 estimated via GCD curves in 6 M

KOH aqueous electrolyte. The half-cell could retain a columbic efficiency of about 98.7 % with a

corresponding energy efficiency of about 98.5 % over 2,000 constant charge/discharge cycle at a

specific current of 5 A g-1. Remarkably, an assembled hybrid device with carbonized iron cations
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(C-FP) and the RGO-S composite delivered high energy and power densities of 35.2 Wh kg-1 and

375 W kg-1 at 0.5 A g-1 within a 1.5 V operating potential, respectively. A good cycling stability

performance with an energy efficiency of 99 % was observed for the device for up to 10,000 cycling

at a specific current of 3 A g-1.
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1. INTRODUCTION

Sufficient resources of energy and their adequate effective usage are some major factors crucial to

the growth of our socio-economical modern civilizations. The reliability on the fossil fuel as a

main source of energy is heading to an extinction. In the light of this, there is an urgent call to

source for alternative sources of energy. This challenge remains critical in our everyday life and

thus, requires urgent solutions [1,2]. In order to address this problem, practicable energy storage

technology is required to proffer solutions to the lingering energy problem for immediate future

demand.
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Due to massive effect caused by climatic change and high consumption of fossil fuels, there has

been a great interest in developing alternative improved energy storage systems. Such systems

include supercapacitors, batteries and other energy conversion system like fuel cells and solar cells

[3–8]. Supercapacitor, a device that stores charges by electrochemical process has been considered

a potential candidate for efficient energy storage due to its excellent cycling stability, high power

density and fast charge/discharge ability [9,10].

Supercapacitors can be categorized into three types: I. Electric double-layer capacitor (EDLCs)

which mechanism of charging/discharging is based on the electrostatic process whereby energy is

stored by adsorption of ions on the surface of the electrode. II. Redox capacitor which employs

faradic mechanism occurring on the surface of the electrode that involves charge-transfer from

redox reactions. In redox capacitor the faradic phenomenon involves fast and reversible

electrochemical reactions between the electrolyte and electrode materials. III. Hybrid

supercapacitor combines faradic electrode material and EDLCs to make up hybrid system [4,10–

12].

Normally, carbon based materials such as activated carbon, carbon fibres, graphene, conducting

polymers and metal oxides has been categorized as  some of the materials used for fabrications of

supercapacitors [6,13,14]. However, conducting polymers and transition metal oxide has been

faced with low charge discharge rate and cycling stability [15–18].

Graphene has attracted researchers’ interest due to its worthy mechanical and chemical stability,

high electrical conductivity, larger specific surface area and low cost [3,9,19]. In spite of these

excellent properties of the material, when the graphene as electrode material employed in an

energy storage devices such as supercapacitors, it is still plagued with low specific capacitance

[4,14]. Thus modification of its surface chemistry such as by optimizing the oxygen-containing

surface functionalities, as well as morphological properties can improve electrochemical
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performance of the material [3,8,18–20]. Besides, the introduction of heteroatoms such as sulphur

(S), nitrogen (N), boron (B) and phosphorus (P) had been seen to improve the electrochemical

performance of the material. Integration of heteroatom into carbon materials has improved

electrical and surface properties, decreased charge transfer resistance and improved wettability of

graphene-related materials [5,7,11,21].

Incorporation of these heteroatoms by either substitutions or replacement into graphene materials

creates defects into graphene as a result of changes in the graphene properties [19,22]. Graphene

doped with sulphur is of specific interest due to charge transfer in C-S bond arising from the slight

difference in electronegativity of S (2.58) and carbon (2.55) [7,23,24]. Also, sulphur can be easily

polarized, thus increase chemical reactivity of the graphene. Yaglikci et al. reported on sulphur

doped activated carbon prepared using microwave and activation at 850 oC and obtained a smaller

pitted shapes with energy and power densities of 20.1 Wh kg-1 and 294.35 W kg-1 respectively, at

1 A g-1 in 6M KOH electrolyte and, energy and power densities of 9.06 Wh kg-1 and 400.10 W kg-

1 respectively,  at  1  A  g-1 in  1M  H2SO4 electrolyte [6]. Nitrogen and sulfur co-doped carbon

nanosheets derived from willow catkin reported by Wang et al. was prepared by pyrolisis and

activation at 850 oC displayed interconnected carbon nanosheets with energy and power densities

of 21 Wh kg-1 and 180  W kg-1 respectively, at 50 A g-1 in 1M Na2SO4 electrolyte [11]. Iqbal et al.

prepared graphene oxide based strontium sulfide using hydrothermal method  and obtain nanorods

like morphology with few bunches indicating an incomplete growth of nanorods that exhibited

energy and power densities of 10.55 Wh kg-1 and 294.35 Wh kg-1 respectively, at 0.5 mAcm-2 in

2M KOH electrolyte [13]. Parveen et al. obtained sulfur doped graphene using electrochemical

exfoliation method and obtained a transparent sheets with a small black dots with energy density of

9.6 Wh kg-1 and power density of 375.7 Wh kg-1 at 5 A g-1 in 3M KOH electrolyte [25]. These

results show that heteroatom doped carbon materials demonstrated synergetic electrochemical

properties due to high electron donating property and charge density enhancement of carbon
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materials. However, in most cases chemical and thermal treatment were used to prepare carbon

based doped material in which it requires high energy, longer reaction time and organic solvents in

order to reduce functional groups in graphene oxide which become problems for mass production

[7].

In this study, we report on the role of morphology control through the addition of sulphur in

enhancing electrochemical performances of graphene-based supercapacitors via an

environmentally friendly and cost-effective synthesis method. The synthesized material was

obtained from sulphur-doped reduced graphene oxide (RGO-S) by using an improved Hummers

method. The as-synthesized electrode was characterized by different techniques and the

electrochemical performance was evaluated in both three and two-electrode systems using 6 M

KOH electrolyte. In a three-electrode setup, the fabricated materials displayed a highest specific

capacity of 113.8 mAh g-1 at 0.5 A g-1 evaluated from the galvanostatic charge-discharge (GCD)

curve. Remarkably, an assembled hybrid device with carbonized iron cations (C-FP) and the RGO-

S composite delivered high energy and power densities of 35.2 Wh kg-1 and 375 W kg-1 at 0.5 A g-

1 at an operating potential of 1.5 V, respectively. The as-synthesized material revealed good

electrochemical properties, which proves its promising potential as electrode material for

supercapacitor applications.

2. EXPERIMENTAL DETAILS

2.1 Preparation of Reduced Graphene Oxide (RGO) Samples

Graphene oxide was prepared by a modified hummer’s method using graphite powder [4,14,26].

Graphite powder (5 g) was added slowly to 100 mL of sulphuric acid (H2SO4) which serve as an

intercalated molecules for the penetrating oxidation of bulk graphite in an ice bath to cool the acid.

Thereafter, 2.5 g each of potassium hydrogen sulphate (KHSO4)  and calcium chloride (CaCl2)
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were added subsequently upon stirring. KHSO4 was used to start up the reaction while CaCl2 used

as a water remover. Effervescence was noticed upon additional of CaCl2. The resulting mixture

was stirred (400 rev/min) for 40 min. at 60 oC, followed by a further addition of 10 g of potassium

permanganate (KMnO4) as an oxidizing agent and additional 50 mL of H2SO4. The solution was

further stirred (250 rev/min) for 2 hours at 60 oC for homogeneity. The dark-grey resulting mixture

was removed from the heating plate and left to cool down to room temperature. Thereafter, 20 mL

of hydrogen peroxide (H2O2 - 30 %) alongside 120 mL of deionized water (DI water) were added

to stop the reaction, which caused a vigorous rise in temperature of the mixture and beard great

potential hazard. Therefore, great caution must be taken during the synthesis of the material. The

resulting mixture called graphene oxide (GO) was allowed to cool down naturally to room

temperature,  and thereafter was re-dispersed into a 100 mL of DI water and sonicated for 2 hours

for further reduction of GO. Sonication uses sound energy to agitate atoms in a solution whereby

it converts an electrical signal into a physical vibration to break materials apart. These disturbances

can mix solutions, accelerate the dissolution of GO into a liquid and remove dissolved gas from

liquids. The mixture was left to settle down for 12 hours, washed several times with DI water and

then centrifuge and dried in a vacuum oven at 80 oC for 6 hours to obtain the final sample named

as reduced graphene oxide (RGO).

2.2 Preparation of Sulphur-doped Reduced Graphene Oxide (RGO-S) Composite

1 g of sulphur powder together with 3 g of sodium sulphide (Na2S) act as a sulphur source were

added into 100 mL of DI water and sonicated until a homogenous solution named ‘A’ was formed.

50 g of L-Ascorbic acid used a reducing agent was liquefied in 12 g of DI water to form a solution

named ‘B’. Thereafter, 3 g of as-synthesized RGO was mixed into solution ‘A’ together with

solution ‘B’ and the resulting mixture was named as solution ‘C’. Subsequently, 2 mL of HCl was

added to the mixture (solution ‘C’) and then stirred for 5 min. The little volume of HCl added to
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the mixture was not to cause a further reaction, but to alter the pH of the mixture as well as for the

purpose of ion exchange, which resulted in effective polarity. Besides, H2S that may be formed in

the addition of the HCl is soluble in water and was not expected to be part of the sulphur in the

rGO matrix. The mixture was sonicated for 2 h and then stirred (400 rev/min.) for 1 h at 40 oC,

centrifuged for 10 min. at 5000 rpm and dried at 80 oC for 12 hours in a vacuum oven. The as-

synthesized sample was named as sulphur doped reduced graphene oxide (RGO-S).

2.3 Preparation of polyaniline (PANI)

The  PANI  material  employed  in  this  study  was  synthesized  as  described  in  our  previous

publication [27]. In brief, 0.2 M aniline hydrochloride was added to 0.25 M of ammonium

peroxydisulfate. The mixture was stirred for 10 minutes, and then left to stand overnight for

polymerization. The supernatant was decanted away and the recovered precipitate was washed

several times with deionized. The resulting sample was dried overnight in an electric oven at 60

oC under ambient condition.

2.4 Preparation of Carbonized Iron Cations Adsorbed onto PANI (C-FP) Material

0.4 g iron (II) nitrate nonahydrate, 0.5 g of polyaniline (PANI), 0.25 g each of polyvinylidene

fluoride (PVDF) and carbon acetylene black (CAB) were mixed together and then completely

dispersed into 20 mL of 99.9 % ethanol. PVDF was used as a binder to bind the material onto

nickel foam while CAB was added as a conducting agent. The mixture was sonicated until it

evaporated to slurry. The slurry was coated into nickel foam and then annealed at a ramping rate

of 17 °C/min until 850 °C in nitrogen (500 cc flow rate) gas environment at a dwell time of 2 h to

obtain iron cations (Fe2+) adsorbed onto the PANI film (C-FP) directly grown onto the nickel foam.

At this temperature of 850 °C, the PANI film decomposed into the nickel foam template on which

the material was coated.  The precursors’ masses were carefully selected to ensure an approximate

weight ratio of 80:10:10 for iron (II) nitrate salt and PANI, CB and PVDF respectively [27].
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2.5 Characterization of the Samples

The transmission electron microscope (TEM) and scanning electron microscope (SEM) equipped

with an energy-dispersive X-ray (EDX) of the as-synthesized samples were obtained from a JEOL-

2100F high resolution transmission electron microscope (HRTEM FEI Tecnai-F30) alongside

200kV acceleration voltage and a Zeiss Ultra Plus 55 field emission scanning electron microscope

(FE-SEM) operated at 1.0 kV and 2.0 kV, respectively. The material’s phase structure was

analyzed by a Bruker BV 2D PHASER Best Benchtop X-ray diffraction (XRD) analyzer with

reflection geometry at 2  values (5–90°)  with a  step size of  0.005 °,  operating with a  Cu K 1

radiation source (  = 0.15406 nm) at 50 kV and 30 mA. A WITec alpha 300 RAS+ Confocal micro-

Raman microscope operated at 532 nm laser wavelength was used to characterize the as-prepared

sample with a spectral acquisition time of 150 s and laser power of 5 mW on the sample to avoid

sample heating. Fourier transform-infrared (FTIR) analysis was achieved via a Varian FT-IR

spectroscopy in a range of 500 – 4000 cm-1 in wavenumber. An X-ray photoelectron spectroscopy

(XPS) analyzer (Versa Probe 5000 spectrometer activated with a 100 m monochromatic Al-K

exciting source) was employed to analyze the electronic states of surface elements present in the

composite sample.

2.6 Electrochemical Characterization

The three- and two-electrode systems were used to carry out the electrochemical measurements.

For the three-electrode system, the working electrode was prepared by mixing 80 % of the active

material with 10 % each of conductive carbon acetylene black (CB) and Polyvinylidene fluoride

(PVDF) as a binder to form a homogenous slurry by addition of few drops of 1-methyl 2-

pyrollidone (NMP). The slurry was pasted onto a clean nickel foam cut into 1.0 x 1.0 cm2 serving

as current collector for three-electrode and then dried in an oven at 60 oC for 12 h. The capacitive

performance of the electrodes was carried out with the aid of a Bio-Logic VMP300 potentiostat
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(Knoxville TN 37930, USA) controlled by EC-Lab V1.40 software in a three-electrode set-up. The

electrochemical measurements in three electrode configuration were carried out using glassy

carbon as a counter electrode, Ag/AgCl as a reference electrode, carbon nanorods/fibers as the

working electrode in 6 M KOH aqueous electrolyte. The cyclic voltammetry (CV) of the as-

prepared samples were performed at different scan rates ranging from 5 to 100 mVs-1 within a

potential window ranging from 0.0 to 0.45 V vs. Ag/AgCl. The galvanostatic charge-discharge

(GCD) was performed at various specific currents ranging from 0.5 to 20 A g-1 in a potential

window range of 0.0 V to 0.45V. The single electrode specific capacity,  (mAh g-1) was obtained

via a GCD profiles using equation 1 below [4]:

=  × 
.

       (1)

where  is the specific capacity, Id is specific current in A g-1, and  is time in seconds taken for

a complete discharge cycle. The energy efficiency,  (%)  was  calculated  from the  following

relations:

=  x 100 %       (2)

,  and  are charge energy, discharge energy and energy efficiency from the integral of the

area under the charge-discharge curve of the electrode respectively.

The columbic efficiency CE was calculated according to the following relation [13]:

= × 100%        (3)

where ,  and CE (%) are times for charging and discharging times with the same current, as

well as the columbic efficiency respectively.
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An open circuit potential of a frequency range from 10 mHz – 100 kHz was used to measure the

electrochemical impedance spectroscopy (EIS) of the samples.

The two electrode asymmetric hybrid device was assembled by using the as-synthesized RGO-S

nanorods/fibres as positive electrode and C-FP material as negative electrode with a thickness and

diameter of 0.2 and 16 mm, respectively  in a standard 2032 grade coin cell using Watman Celgard

paper-based separator and 6 M KOH as electrolyte. The charge balance  =  was used to

balance the mass of each electrode. Since the RGO-S shows a Faradic behaviour the specific

capacity ( ) was calculated by integrating the area under the GCD curve as shown in equation

(1) above. The specific capacity was then written as a function of mass, specific current and

discharge time as shown below [27,28]:

( ) ( )= ( ) ( )        (4)

Since the same specific current was used, equation 4 can be simplified as:

 = ( )

( )
       (5)

where, m+ and m- are the positive and negative electrode masses respectively, Id(+) and Id(-) are

positive and negative electrode specific currents respectively and ( ) and ( ) are the discharge

time for the positive and negative electrode respectively.

The fabricated cell could operate in a wider potential window of 1.5 V based on the operating

potential of respective electrodes that made up the device. The specific capacity,  of the hybrid

device was calculated following equation 1, while energy and power densities of the device with

respect to the specific current were calculated according to the following equations:

 =
.

  [Wh kg-1]               (6)
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= × 3600  [W kg-1]        (7)

where, I is the applied current (mA), is the area under discharge curve of the device, m (mg)

is the total mass of the active electrode, t is electrode discharge time in seconds, and are

the energy and power densities, respectively, with their specified units [7,18,19,27].

3. RESULTS AND DISCUSSION

3.1. Morphological, structural and composition characterization

The surface morphology of the synthesized samples was characterized by SEM and the results are

shown in Fig. 1. Reduced graphene oxide (RGO) was observed to have a sheet like structure (Fig.

1(a and b)). The sulphur doped reduced graphene oxide (RGO-S) showed a morphology, which

comprises a combination of nanorods and nanofibers that is attributed to a chemical reaction that

occurred between the RGO and sulphur (Fig. 1(c and d)). With an improved Hummers method,

nanorods/fibres of different nanometers in length of ~150 nm were formed. It was revealed that,

the technique can attain a homogenous blend of the reactants in solution whilst maintaining the

reaction condition like temperature and concentration [4,29]. The improved Hummer’s method as

narrated in the experimental section (section 2.1) was completed by sonication and magnetic

stirring, which resulted in nanorods/nanofibers formation without the use of external devices or

apparatus. Throughout synthesis, the sonication and uniform stirring rate provide active sites for

initiation of sulphur which act as a seed for the growth of nanorods/fibers which was not observed

for RGO pristine sample. Similar morphology was obtained by Iqbal et al. and Oyedotun et al.

whereby hydrothermal and refluxing method with the help of reflux set up was used to initiate the

formation of nanorods [4,13]. Therefore, this study reveals that the same morphology can be

obtained by addition of sulphur and constant stirring of the solution and sonication which prevents
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sedimentation and force the close mixing, thus ensuring the occurrence of a homogenous reaction

for the growth of nanorods/fibers like structure without hydrothermal or reflux set up. The

observed SEM images in Fig. 1 (a-d) were further confirmed by the TEM micrographs in Fig. 1.

(e and f) for both the RGO and RGO-S samples, respectively.

Fig. 1: (a, b) SEM images of RGO and (c, d) RGO-S at low and high magnifications, respectively, (e, f)

TEM images of RGO and RGO-S, respectively.



13

The phase-structure analysis of the as-synthesized samples was investigated by adopting XRD

according to the matching card no. JCPDS N34-0941 [30]. Fig. 2 (a) represents the XRD spectra

measured within the angular range 2  = 5o – 90o, showing a crystalline structure for both samples.

The appeared diffraction peaks at around 2  = 11.4 oC, 15.3 oC, 23 oC and 31.1 oC are due to

sulphur doping, while the rest of the peaks belong to RGO. The broadness of some peaks such as

25.8 oC and 42.7 oC may be caused by the formation of defects arising from the heteroatom doping

[9].

Fig. 2: (a) XRD pattern with a matching card no. JCPDS N34-0941, (b) Raman spectrum, (c) EDX

spectrum and (d) FTIR spectrum of RGO and RGO-S samples, respectively.
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Fig. 2(b) shows the Raman spectra of the materials, revealing four major distinct peaks at 1344

cm-1, 1586 cm-1, 2699 cm-1 and 2930 cm-1 corresponding to D, G, 2D and 2D’ bands, respectively.

The appearance of D bands corresponds to A1g lattice distortion mode. The G band was due to

vibrational mode in the plane E2g of the sp2 hybridized carbon [31]. 2D and 2D’ is a second-order

two-phonon process that displays a strong frequency dependence on the excitation laser energy.

This is due to double resonance transition resulting from generation of two opposite phonon

momentum which indicates the number of layers in the graphene structure [32]. The degree of

defects evaluated by intensity ratio of D and G band peaks (Id/Ig) was estimated to be 0.97 and 1.1

for RGO and RGO-S, respectively. The former displayed low value owing to the reduction in the

number of defects and functional groups while the latter indicated higher value which shows that

sulphur doped atom create defects in the graphene sheet due to the larger atomic size of sulphur

than carbon [15,33].

Fig. 2(c) represents the EDX spectrum for sulphur-doped reduced graphene oxide sample. It was

observed that the synthesized sample contains C, S and O as the major elements confirming the

successful incorporation of sulphur into the matrix of RGO material. The inset to Fig. 2(c) shows

EDX spectrum and inset to the figure a description of percentage weight composition of the

elements in the RGO-S material. The presence of Na in the EDX spectrum is ascribed to the use

of Na2S during synthesis of the material which shows that Na was not completely removed during

cleaning.

Fig. 2(d) presents the FTIR analysis of both the RGO and RGO-S samples. The FTIR peak at C=S

(1124 cm-1) confirms the formation of carbon-sulphur covalent bond. The existence of

characteristics bands around 823 cm-1 is assigned to the stretching mode of C-S bonds, showing

that sulfides were successfully inserted within the graphite layers forming C-S bonds. Other

stretching vibrations include 1424 cm-1, 2363 cm-1 and 2682 cm-1  which correspond to C-H, CO2

and =C-H bands, respectively [34–36].
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Fig. 3 (a-d) reveals the result of XPS analysis conducted to determine the types of oxygen, carbon

and sulphur bonds that are present in the as-synthesized RGO-S sample. The XPS survey scans

(Fig. 3(a)) of the RGO-S reveals a complete surface elemental composition with predominant

peaks of O 1s, C 1s and S 2p. The Na observed in trace for the material is due to the Na2S salt

adopted in the synthesis of the RGO-S material [37]. As shown in Fig. 3(b) the strong peaks

observed for O=S (530.1 eV), C=O (531.7 eV), C-OH (533.6 eV) and O=C (535.4 eV) were

assigned to O 1s [38–41]. The existence of oxide species like C-OH is thermally unstable and can

be removed by intensive drying. The high resolution C 1s spectra in Fig. 3(c) shows the formation

of three peaks corresponding to C=C (284.6 eV), C-S/C-H/C-O (284.9 eV) and C=O (288.3 eV)

[7,39,42]. The presence of C=C and C-S bonds in the C 1s spectra reflect the reduction of graphene

oxide and successful doping of sulphur atoms. According to Fig. 3(d) sulphur bonding peaks

assigned to thiol S-2p3/2 (C-S-C, 163.8 eV) and S-2p1/2 (C=S, 164.9 eV) are due to spin – orbit

coupling [5,43,44]. The presence of thiol 3/2 and 1/2 shows that sulphur doped atoms were directly

bonded to carbon atoms and reveal the defects of graphene. Furthermore, the presence of metal

sulfides X2S (159.4 eV), S2- (161.2 eV) and metal sulphate X-SOn (165.0 and 167.9 eV) are due to

the oxidation of S2- which occurs in graphene oxide by the reduction and substitution reaction

between the functional groups present in graphene oxide and sulphur atoms in Na2S and S during

synthesis [5,9,43]. The chemical compositions values were C 52%, O 26%, S 19% and Na 3%

respectively. The compositions values were in a good agreement with EDX values in Fig. 2(c).
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Fig. 3: (a) XPS survey spectra, core level spectrum of (b) O 1s, (c) C 1s and (d) S 1s of RGO-S of as-
synthesized sample, respectively.

3.2 ELECTROCHEMICAL MEASUREMENTS

3.2.1 Three-electrode measurements

The electrochemical performance of the as-synthesized samples was first evaluated in a three-

electrode system using 6 M KOH electrolyte. Fig. 4 (a, b) shows the cyclic voltammetry (CV)

curves at a scan rate of 50 mVs-1 in both positive and negative potential windows range of -0.45

to 0.0 V and 0.0 to 0.45 V for RGO and RGO-S samples, respectively. The CV curves in the

positive potential window displayed a Faradaic behavior while in the negative potential window

displayed pseudocapacitive behaviour. This might be linked to the presence of functional groups
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in the material and the concentration of KOH electrolyte which produces the OH- in the positive

potential window and K+ in the negative potential window [45]. Fig. 4 (c, d) represents the

galvanostatic charge/discharge (GCD) curves at a current density of 0.5 Ag-1 in both positive and

negative potential windows for RGO and RGO-S samples, respectively.  It was observed that the

GCD curve is nonlinear with a potential plateau in the positive potential window and semi-linear

in the negative potential window for both samples, which corresponds well with the CV curves

observed in Fig. 4 (a, b). The observed oxidation peaks at 0.292 V and 0.285 V and reduction

peaks at 0.180 V and 0.166 V for RGO and RGO-S, respectively in the CV curves in the positive

potential window are due to the electrochemical redox reactions arising from the presence of

functional groups which have high redox reactivity characteristics in the positive potential window

[46]. From the results, it is observed that the current response and discharge time for the RGO-S

in both the CV and GCD profiles were higher compare to that of RGO in both negative and positive

operating potentials respectively. This is ascribed to addition of sulphur heteroatom into the matrix

of the material [7,31] which increases electrochemical performance of RGO through increase in

electrical conductivity of RGO and also plays important role in increasing capacity of RGO due to

additional redox reactions. It is also clear that the positive potential window electrochemical

performances are far higher than those in the negative potential window.
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Fig. 4: (a, b) CV curves at a scan rate of 50 mVs-1 in both positive and negative potential windows, (c, d)
GCD curves at a current density of 0.5 Ag-1 in both positive and negative potential windows for RGO and
RGO-S sample in 6 M KOH, respectively.

Fig. 5 (a, b) reveals Columbic efficiency and energy efficiency for RGO and RGO-S electrode

over a 2000 charge and discharge cycling test at 5 A g-1. The half-cells could maintain 98.5 % and

98.7 % cycling stability with an energy efficiency of about 98.1 % and 98.5 % after 2000 cycles

for both RGO and RGO-S respectively. It was revealed that RGO-S has high cycling stability and

energy efficiency compared to RGO. This might be due to the redox reaction facilitated by sulphur

doping, which enhanced the electrochemical performance and stability of the sample.
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Fig. 5: (a) Cycling performance, (b) energy efficiency, (c) specific capacity against specific current and

(d) EIS Nyquist plot for RGO and RGO-S sample in 6 M KOH, respectively.

Fig. 5 (c) is a representation of specific capacities against specific currents evaluated from GCD

profiles using equation 1 for both RGO and RGO-S electrode materials in the positive potential

window. A maximum value of 12.5 mAh g-1 and 113.8 mAh g-1 was recorded for RGO and RGO-

S electrode, respectively at a specific current of 0.5 A g-1. This better performance observed for

the RGO-S was ascribed to the improved Hummers method adopted in the material’s synthesis as

well as the introduction of heteroatom (sulphur nanoparticle) into the graphene-based material,

which resulted in a unique morphology, improvement in electrical conductivity and additional
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redox reactions. The introduction of heteroatom can change the electronic state of graphene sheets

and facilitate transportation of electrolyte’s ions [3].

The EIS Nquist plots in Fig. 5(d) display characteristics frequency response of RGO and RGO-S

corresponding to an AC impedance spectrum. Remarkably, low equivalent series resistance (RS)

value of about 0.43  was observed for RGO-S compared to 0.65  of RGO. This lower Rs value

of RGO-S electrode accounts for the material’s improved conductivity compared to the RGO.

Also, RGO-S shows very short diffusion length compared to RGO which also indicates a great

electrochemical improvement of RGO due to presence of S heteroatoms.

Fig. 6: (a) CV curves and (b) GCD curves of RGO-S sample in 6 M KOH, respectively.

From the above discussion, it was revealed that RGO-S performed better than RGO in terms of

CV, GCD, cycling performance, energy efficiency, specific capacity and EIS Nyquist impedance.

Since it was further shown that CV and GCD of RGO-S displays higher specific current and

discharge time in the positive potential window than in the negative potential window, therefore,

RGO-S was selected as a positive electrode material for a full cell device. Fig 6 (a) shows the CV

curves of RGO-S at different scan rates ranging from 5 to 100 mV s-1 in a potential window range
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of 0.0 – 0.45 V. Fig. 6 (b) represents the GCD curves at different specific currents from 0.5 to 20

A g-1. It was observed that the GCD curves agrees well with the peaks displayed by the CV curves

in Fig. 6 (a). The CV and GCD curves show the redox peaks contributed by the faradaic reaction

which has resulted in enhanced specific capacity of the material as shown in Figure 5 (c).

3.2.2 Two-electrode evaluations of asymmetric RGO-S//C-FP cell

The electrochemical performance of RGO-S nanorods/fibres electrode was evaluated further in a

two-electrode system. For further electrochemical analysis, an asymmetric cell designated as

RGO-S//C-FP was assembled using RGO-S and C-FP as positive and negative electrodes

respectively. Using equation (5), a mass balance ratio of 1.0:1.6 was evaluated, corresponding to

a mass of 2.0 and 3.2 mg for RGO-S and C-FP electrode, respectively, resulting in a total mass of

5.2 mg/cm2 for the asymmetric cell. The set up was completed in a standard 2032 grade coin cell

sandwiched with a filter paper as the separator and 6 M KOH as electrolyte.

Fig.  7  (a)  presents  the CV curves of  C-FP and RGO-S nanorods/fibres  materials  employed as

negative and positive electrodes, respectively. The C-FP electrode displayed an ideal rectangular

shape, indicating a reversible capacitive behavior, while the RGO-S electrode displays presence

of redox peaks attributed to ongoing electrochemical oxidation and reduction reaction arising from

the presence of oxygen and sulphur [3,15].

The CV curves for the asymmetric RGO-S//C-FP evaluated at different scan rates from 5 to 100

mV  s-1 displayed a nonlinear pseudocapacitive curves as shown in Fig. 7 (b). The fabricated

asymmetric cell was able to operate in a higher potential window of about 1.5 V which is a result

of synergy between the positive and negative electrode materials that made up the cell. This result

shows that the combination of RGO-S//C-FP improves the electrochemical performance by
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facilitating the charge carriers which improve the potential window and increases the current value

at the same scan rate.

Figure 7 (c) presents GCD profile of the fabricated asymmetric cell at different specific currents

ranging from 0.5 to 20 A g-1. The quasi linear GCD curves displayed the faradic contribution via

redox reaction from RGO-S//C-FP which corresponds with the CV curves in Fig. 7 (b). This

indicates that C-FP has rationalized the purely faradic behaviour of RGO-S to pseudocapacitive

behaviour. This combined characteristics of faradic and EDLC is called supercapattery behavior

[27,45]. Fig. 7 (d) displays the specific capacity versus specific currents of the RGO-S//C-FP cell

obtained using equation (1) from GCD curves displayed in Fig. 7 (c). At a specific current of 0.5

A g-1, the maximum specific capacity of about 112.7 mAh g-1 was recorded. Fig 7 (e) shows a

capacity retention of about 85.13% for the cell and a corresponding columbic efficiency of about

99 % over 10, 000 cycles at 3 A g-1, which proves an excellent long-term electrochemical stability

of the asymmetric cell. Fig. 7 (f) displays the EIS before and after cycling. It was observed that an

equivalent series resistance was reduced from 3  to 2.5  after 10, 000 cycling at 3 A g-1. This

could be due to wettability and also the material became more accessible to the ions after it has

been exposed to a quite number of cycles [5,21].

The Ragone plot was shown in Fig. 7 (g) to compare the energy and power densities in this work

and some other similar materials recently reported in the literature. From Fig. 7 (g) the energy and

power densities of the fabricated cell were calculated using equations (6) and (7), respectively.

Remarkably, a high energy density of 35.2 Wh kg-1 corresponding to a power density of 375 W

kg-1 at a specific current of 0.5 A g-1 was recorded. These values were found to be in the same

range and also superior to other works in the literature reporting the similar devices which have

been stated in the introduction section [6,11,13,19,25].
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Fig. 7: (a) CV curves in both negative and positive potential windows, (b) CV curves, (c) GCD curves, (d)
specific capacity versus specific current (e) cycling performance versus capacity retention, (f) EIS Nyquist
plot before and after cycling and (g) Ragone plot of RGO-S //C-FP, respectively.

4. CONCLUSION

Sulphur-doped reduced graphene oxide (RGO-S) was successfully synthesized using an improved

Hummers method. The characterization of the material revealed the formation of carbon

nanorods/fibers material without an addition of any device or apparatus for influencing the

formation/growth of nanorods/fibers like structure. This shows that sulphur was successfully

incorporated into graphene oxide by the formation of C-S bond. This was further confirmed from

the material’s crystalline structure showing composition of S, C, O and Na. The fabricated three-

electrode material displayed a highest specific capacity of 113.8 mAh g-1 at 0.5 A g-1. The half-cell

could retain a columbic efficiency of about 98.7 % with corresponding energy efficiency of about

98.5 % over 2,000 constant charge/discharge cycle at a specific current of 5 A g-1. Remarkably, the

fabricated hybrid device with carbonized iron cations (C-FP) and the RGO-S composite delivered

a specific capacity of 112.7 mAh g-1 , high energy and power densities of 35.2 Wh kg-1 and 375 W

kg-1 at  0.5  A  g-1 within a 1.5 V operating potential, respectively. A good cycling stability

performance with an energy efficiency of 99% was observed for the device for up to 10,000 cycling
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at  a  specific  current  of  3  A g-1. The fabricated sample revealed good electrochemical properties

which offer the materials in question as for supercapacitor application.
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