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ABSTRACT
This study is focussed on synthesis and characterization of a novel sulphur-reduced graphene
oxide/metal oxides composite for supercapacitor applications. Carbon-based materials have
validated its capability in various applications, especially as electrode materials for energy
storage devices hence become an attention-grabbing to the researchers, however, they suffer
from low specific energy. Thus, further modification is still required for commercial level
applications. Specifically, graphene-based composites materials have displayed immeasurable
feasibility since they can be chemically combined with other carbon-based/metal oxides
materials and with a range of different elements to form strong covalent bonds which improve
their electrochemical properties. Hence, it is essential to study and produce different carbon-
based/metal oxides composites materials by optimizing their morphology and surface
functionalities so as to enhance their electrochemical performance. This study has established
synthesis of sulphur-reduced graphene oxide composites materials which are discussed in
different sections in chapter four. The composite materials were synthesized by Hummers,
hydrothermal and precipitation methods. Some of the composite materials have gone through
freeze drying and annealing process to complete their synthesis. Morphology, structure,
elemental mapping/composition and specific surface area/pore size distribution were analysed
by field emission scanning electron microscope (FESEM), transmission electron microscope
(TEM), energy-dispersive X-ray spectroscopy (EDX), X-ray powder diffraction (XRD),
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), Fourier transform infrared
spectroscopy (FTIR) and Brunauer-Emmett-Teller (BET) techniques. The electrochemical
performance was evaluated using cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD) and electrochemical impedance spectroscopy (EIS) in three and two electrode

configurations.
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The specific capacity of 113.8 mAh g! was obtained for RGO-S at 0.5 A g'! which is much
higher compared to RGO with a specific capacity of 12.5 mAh g'! at the same specific current.
The fabricated hybrid device (RGO-S//C-FP) presented a high specific energy and specific
power of 35.2 Whkg! and 375 W kg'at 0.5 A g'! in an working voltage of 1.5 V, respectively.
A good cycling stability performance with an energy efficiency of 99% was recorded for the
hybrid device for up to 10,000 cycling at 3 A g

Also, an optimization was done by varying mass loading of MnO> (50, 100 and 150 mg) into
the pristine sample (RGO-S) and the 100 mg MnO; was studied as the optimal amount to have
good synergy between the RGO-S and MnO; due to the higher electrochemical performance
demonstrated by RGO-S/100 mg MnO; composite. The RGO-S/100 mg MnO: composite
presented a specific capacitance of 180. 4 F glat 1 A g!'. The assembled device (RGO-
S/MnO»//AC-PS) presented an outstanding specific energy of 71.7 Wh kg! with its
corresponding specific power of 850 W kg-'at 1 A g'!. An outstanding performance was noted
when the device was able to withstand a specific energy of 55.3 Wh kg! at a high specific
current of 5 A g!. The capacitance retention of 94.5 % and columbic efficiency of 99.6 % up
to 10,000 cycles at 5 A g! was recorded. A voltage holding of up to 90 h was attained with an
efficiency of 70.5 %. An exceptional self-discharge of about 1.45 V was recorded within the
first 10 h, and 1.00 V after 72 h out of the initial potential of 1.7 V.

Additionally, an optimized RGO-S/200 mg Co304 composite material showed the uppermost
specific capacity of 171.8 mAh g! at 1 A g'! and an excellent stability of 99.7 % for over 5000
cycles at 5 A g'! in three-electrode configuration. The assembled supercapattery device (RGO-
S/200 mg Co304//AC-PS) demonstrated high specific energy of 45.8 Wh kg! and specific
power of 725 W kg! at I A g! in an operating potential of 1.45 V. The constructed device
retained 83.4 % of its initial capacitance for over 10,000 cycles, with a columbic efficiency of

99.5 % at 8 A g'!. The device maintained an efficiency of 71.6 % over an outstanding floating

X1V



time of 150 h at 10 A g''. The outcomes of this study has established an impressive capability
of sulphur-reduced graphene oxides composites as a novel electrode materials for

supercapacitor applications.
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CHAPTER 1

1.0 INTRODUCTION
In this chapter, a detailed information about the background, motivation and objectives of the

study and arrangement of thesis will be discussed.

1.1 Background and motivation of the study

The increase in technology, change in climate and high consumption of fossil fuel which result
into environmental pollution have countless influence on the ecology and world economy [1].
This has increased the attention to explore and expand renewable energy sources like wind,
hydropower, solar and geothermal [2]. Nevertheless, the energy supplied by these sources is
not always available during the demand since its production varies with occasion and
atmospheric conditions. For example, solar energy can only be produced throughout the
daytime and wind does not blow all the time thus, to have sufficient energy for our daily deeds,
energy storage devices are required. However, the requirement remains on the amount of

energy to be stored by these devices and how fast can be delivered [3].

For decade, batteries (traditional energy storage) with massive weight and larger volume have
been employed as the electrochemical energy storage devices due to their capability to deliver
high specific energy ~ 30 — 300 Wh kg'!. However, toxicity, high maintenance cost, low
specific power and short life span remain as weakness particularly, in the application
demanding high instantaneous power like elevators, airplane emergency doors, and engine car
start [4]. Additionally, the development of high-performance devices like electric vehicles,
portable electronic devices and smart grid also remained as the main need for an alternative

power resources than the traditional energy resources [5].



Thus, recently, supercapacitor has been considered as a supplement for traditional energy
storage like battery hence, become a fundamental matter for many researchers all over the
world. This is due to its unique properties like high cycle life, low maintenance cost, easy
portability, light weight, and high specific power as compared to batteries [6]. However, its
practical applications are limited by low specific energy [7]. In practice, supercapacitor’s

specific energy is the result of half of capacitance and squared working voltage of the
electrolyte (E = ;C V?), thus the approach of increasing energy is mostly emphasis on

increasing both capacitance and voltage [8]. This drives researchers to produce and design
novel electrode materials and optimize an electrolyte which owe wider operating potential so
as to increase supercapacitor’s specific energy. Moreover, this can be achieved through finding
new available electrode material with good corrosion resistance, high conductivity, high
intrinsic capacitance or pseudo-capacitance, fairly low cost, high specific surface area (greater

than 2000 m? g!), controlled pore structure and high energy storage efficiency [9].

Through charge storage mechanism, supercapacitor is categorized into two forms: Electric
double layer capacitor (EDLC) and Faradaic capacitor [10]. The main difference between these
two mechanisms depends on where and how the charge is being stored. In electric double layer
capacitor (EDLC), charges are absorbed physically on the surface of the electrode without any
charge transfer, thus prevent the structure of EDLC from disintegration through insertion and
de-insertion of electrolyte ions during charging/discharging process [11]. This results into
higher stability however they suffer from low specific capacitance which limits their practical
applications [12]. Usually, graphene, activated carbon, carbon nanotube and its forms are the
main materials employed in the fabrication of EDLC electrodes [13][14]. In principal, when
storage of charges appears at the interface between the electrode and electrolyte, the storage is

two dimensional in nature, though when electrode is sufficiently porous and has suggestive



portion of a well distributed micro-pores, the storage is converted to three dimensional. Thus,
once studied at molecular level the storage still remains two dimensional [15]. On the other
hand, Faradaic capacitor stores charge by means of charge transfer which occurs through redox
reaction between the electrode and electrolyte [16]. A particular example of Faradaic capacitor
involve pseudocapacitive materials in which redox reaction occurs and storage mechanism is
silent capacitive. Pseudocapacitor employs transition metal oxides/hydroxides and conducting
polymers as the electrode materials where the redox process occurs within the material and is
fundamentally three dimensional at both macroscopic and molecular levels resulting into
higher specific capacity/capacitance than EDLC materials but still they are faced with low

conductivity and stability [17].

Graphene has brought attention in different applications including EES due to larger specific
surface area, low cost, good electrical conductivity, high corrosion resistance, good mechanical
and chemical stability [18]. However, the synthesis method which involves chemicals that
comprises of oxidation/reduction routes affect the chemical structure of the resulting graphene
(graphene oxide - GO) thus, lower its electrochemical performance [19][20]. This challenge
can be resolved by modifying the surface chemistry via optimizing the oxygen-containing
surface functionalities which results into reduced graphene oxide (RGO) [21]. Furthermore,
the electrochemical performance can be improved by changing morphological properties and
through heteroatom dopants/agents such as boron (B), phosphorus (P), oxygen (O), nitrogen
(N) and sulphur (S) [22][23]. In particular, incorporation of sulphur into reduced graphene
oxide by interstitials or substitutions has great impact due to its ability to create redox active
sites which changes its physical and chemical properties by attracting a greater number of

electrons due to small electronegativity variation of 0.03 (carbon (2.55) and S (2.58)). This will



improve surface properties, wettability, and decrease charge transfer resistance of reduced

graphene oxide [24][25].

Furthermore, the electrochemical performance of reduced graphene oxide can be improved by
producing metal oxide/S-reduced graphene oxide composites. Typically, due to various
oxidation states, different transition metal oxides, namely; manganese (Mn), cobalt (Co), iron
(Fe), tin (Tn) and nickel (Ni) oxides have been explored as electrode materials for
supercapacitors [26][27]. Precisely, manganese dioxide (MnO.) and cobalt oxide (Co304) have
been studied as a promising electrode material due to their high theoretical
capacity/capacitance, high redox reactivity, pseudocapacitive performance, easily tunable
surface properties, abundance in nature, different oxidation state, cost-effectiveness and
environmentally friendly in terms of easy preparation procedure [28][29]. The storage
mechanism can be attained by either eletrosorption or reversible redox reactions in which the
change of valence state might be complemented with charge-discharge process [30]. However,
they suffer from low ionic/electrical conductivity, narrow operating potential and poor
dissolution and aggregation during redox reaction which hold back their capacitive behavior,
particularly at high scan rate consequently result into rapid reduction of specific energy at high
specific power [17][31]. Therefore, to reduce the overall limitations brought by carbon-based
material and metal oxide, formation of composites through integration of the two materials has
been seen as the unique approach to improve their electrochemical performance. This is
because the bond formed by the interaction between carbon-based materials and transition
metal oxides can ease diffusion rate and ionic mobility and hence improve the overall

electrochemical properties of supercapacitors [32].



Therefore, this study emphases on advanced transformations in EES knowledge through
investigation and its progress. It focusses on producing sulphur-reduced graphene oxide
composite material for supercapacitor applications. The important approach is the
demonstration of various hybrid devices formed by making a composite that combines both
either EDLCs materials, EDLCs and pseudocapacitors materials or battery-type into one
device. In this study the following has been explored in detail: The electrochemical
performance of carbon-based material (reduced graphene oxide) has been enhanced by
incorporation of sulphur as heteroatom agent with high redox-active sites. Carbon-based
material (reduced graphene oxide) with high conductivity and long cycling but low capacitance
has been combined with pseudocapacitor material (MnQO>) which offer high specific
capacity/capacitance but poor conductivity and cycling and integrate the behavior of the two
materials into one device with improved electrochemical performance. Also, battery-type
material (cobalt oxide) with low conductivity has been joined with supercapacitor materials
and produce a supercapattery device resulted in a performance comparable to that of a
supercapacitor with extended cycling stability and higher specific energy without comprising

its specific power.

1.2 Objective of the study
The general aim of this study is to develop sulphur-reduced graphene oxide composite
materials with high improvement on the general supercapacitor’s performance. The following
are the specific objectives of this study:

1. Synthesis of sulphur-reduced graphene oxide (RGO-S) by an improved Hummers’

method.



ii.

iil.

1v.

Vi.

Synthesis of sulphur-reduced graphene oxide/manganese dioxide composite (RGO-
S/MnQO3) by an improved Hummers’ method followed by freeze drying process and
hydrothermal method.

Synthesis of sulphur-reduced graphene oxide/cobalt oxide composite (RGO-
S/Co304) by annealing process followed by hydrothermal method.

Analysis of the elemental composition, micrographs, structural and specific surface
area/pore size distribution of the materials using energy-dispersive X-ray
spectroscopy (EDX), scanning electron microscope (SEM), transmission electron
microscope (TEM), X-ray photoelectron spectroscopy (XPS), X-ray powdered
diffraction (XRD), Fourie transform infrared (FTIR) spectroscopy, Raman
spectroscopy and Brunauer-Emmett-Teller (BET) techniques.

Assessment of the electrochemical performance in terms of conductivity, working
potential window and mechanism behavior of the synthesized material in a three-
electrode configuration using cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD) and electrochemical impedance spectroscopy (EIS) techniques.
Fabrication of the full device in order to evaluate the practical applications of the

materials in terms of specific energy and specific power produced.

1.3 Arrangement of the thesis

This thesis is divided into five (5) chapters as summarized below:

Chapter 1

Introduction: This chapter provides a detailed information about the background and

motivation, objectives of the study and arrangement of thesis.



Chapter 2
Literature review: This chapter describes a comprehensive review of energy storage in terms
of theory of the electrochemical energy storage (EES), mechanism behavior, electrode

materials, electrolytes, electrode fabrication, testing and evaluation.

Chapter 3
Synthesis methods and characterization techniques: This chapter explains the experimental
procedures employed during synthesis of the materials, and the associated characterization

techniques applied in evaluation of the performance of the materials.

Chapter 4
Results and discussion: This chapter describes the achieved results after synthesis,
characterization and electrochemical evaluation of sulphur-reduced graphene oxide composite

materials.

Chapter 5
Conclusion and suggestion for further study: This chapter presents the overall conclusion

resulting from this study and suggestion for future work.
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CHAPTER 2

2.0 LITERATURE REVIEW
This chapter presents theory of electrochemical energy storage, classification of
electrochemical energy storage, supercapacitors, electrode materials for supercapacitor,

electrolytes, electrode fabrication, testing and electrochemical evaluation.

2.1 Theory of Electrochemical Energy Storage (EES)

Electrochemical energy storage (EES) is a technique which store electricity by chemical form
in which chemical and electrical energy share electron as a carrier [33]. The history of EES
started from Parthian battery/the Bagdad battery which was discovered by Austrian painter and
director of the Bagdad Museum [34] [35]. It consists of copper tube, ceramic pot and iron rod
in which it was hypothesized by researchers that the object functioned as a galvanic cell. The
iron rod enclosed by a cylinder built of a rolled copper sheet was inserted in the clay jar which
was filled with a vinegar solution. The electricity was generated from the jar and it was about
1.1 to 2.0 V for the purpose of electroplating, pain relief and religious tingle. The real battery
was inverted for the first time by Alessandro Volta in 1800s using alternating discs of copper
(Cu) and zinc (Zn) separated by a cardboard with a brine solution as the electrolyte, and wires
connected to the end to produce a continuous stable electricity [36]. This developed into the
two-electrolyte Daniel cell in 1836 comprising of copper pot full of a copper sulfate solution
in which it was dipped in a porous clay container filled with sulfuric acid and used zinc as
anode and copper pot as cathode [37]. The porous clay pot permits the passage of ions without
allowing the solution to mix, consequently protecting the battery life. The following ground-
breaking was the growth of Leclanche cell in 1866 using zinc as anode and carbon as cathode.
The breakthrough invention was development of rechargeable batteries: Nickel-cadmium

(1899), nickel-metal hydride (1986) and Li-ion batteries (1972) which was commercialized in
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1990s due to advancement in technology through the use of portable electronic devices

accompanied by its light weight and high energy storage [34].

A capacitor is an electric device which store small amount of energy compared to batteries in
the electric field between a pair of closely spaced conductors [12]. Usually, the voltage is
applied to the capacitor and an electric charge of equal magnitude, but opposite polarity builds
on each plate. The invention of capacitor was commenced by Ewald Georg von Kleist in 1745,
by which he invented a glass jar containing a conducting fluid and iron nail inserted inside.
The glass jar was found to preserve charge after being electrified with the friction machine [38§]
[39]. It was followed by another discovery from Pieter van Musschenbroek in 1746 who came
up with the glass jar, which was wrapped inside and outside by a thin metal foil and named as
Leyden jar [40]. In 1876, another capacitor made up by sandwiching of aluminum and tantalum
paper with electrolyte in-between the two metal foils and rolled up tightly into a cylinder was
discovered. It was observed that the current was able to flow in one direction and hence
formation of oxide dielectrics in the opposite direction. This was the first electrolytic capacitor
which was patented in 1896 [41]. It was followed by discovery of other capacitors which were
named based on the source of fabrication, these are; mica dielectric capacitor developed in
1909, the capacitor constructed by polyethylene terephthalate and patented in 1941, and plastic
dielectric capacitors established in the beginning of 1959 [42]. The first capacitor describing
the concept of charge storage through electric double-layer using porous carbon coated on a
metallic current collector in a sulfuric acid solution was discovered by General Electric in 1957
and it was unpractical [38]. In 1971, Nippon Electric Corporation introduced the first
commercialized electric double-layer capacitor (EDLC) filled by a standard oil which was
capable of producing 5.5 V, and hence, it was the beginning of using electrochemical capacitors

in commercial devices [15]. The earliest commercialized EDLC was named as ‘supercapacitor’
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by NEC, Incorporation of Tokyo, Japan and ‘ultracapacitor’ by Pinnacle Research Institute
(USA) though, currently the electrochemical capacitors are mostly denoted as supercapacitors

or ultracapacitors.

2.2 Supercapacitors

Supercapacitor is an electrochemical capacitor that has high specific energy compared to
traditional capacitor. It contains two electrodes separated by a dielectric material (separator)
with sufficient porosity which allow the movement of ions from the electrolyte. The
supercapacitor is charged once the ions are drawn over the electrical double-layer by applying
voltage to the electrodes. However, when discharging the capacitor, they move away from the
layer [43].

Supercapacitors are classified into three types depending on their charge storage mechanisms.
Namely, electric double-layer capacitors (EDLCs), pseudocapacitors and hybrid capacitors

[44].

2.2.1 Electric double-layer capacitors (EDLCs)

EDLC:s store charge on the surface of the electrode through physical adsorption and desorption
of ions within the interface of the electrode/electrolyte when a voltage bias is applied as shown
in Figure 2.1 [45]. This means that the electrode materials do not participate in chemical
reaction throughout the process of charge/discharge. Normally, the whole process of carrying
ions, followed by adsorption/desorption, strike in a second, hence compromising EDLCs with
the fast charge/discharge capability. This permits energy to be stored and delivered at very high
power due to the very low and almost negligible of resistances linked by the charge transfer
reaction existing in batteries [46]. Therefore, the concept of EDLCs relies on the electric double

layer presents at the boundary between the electrodes and its connecting electrolyte medium.
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Figure 2.1: Charge separation of EDLC supercapacitor [45].

The phenomenon of EDLCs was originally revealed by Hermann von Helmholtz and later
enhanced by Gouy-Chapman and Stern as demonstrated in Figure 2.2 [47]. Initially, Helmholtz
gathered the information that when two layers of opposite polarity form at the interface
between electrode and electrolyte, the charged electrodes immersed in the electrolyte medium
repel the co-ions of the charge while attracting counterions to their surfaces. The model
describes the EDLCs as a molecular dielectric which stores charge electrostatically in which,
the stored charges are linearly dependent on the voltage applied, when it’s below the electrolyte
decomposition voltage. Furthermore, this model estimated that a constant capacitance is
independent from the charge density but dependent on the dielectric constant of the electrolyte
solvent and the thickness of the double layer. Helmholtz model considered entirely charges to
be adsorbed at the surface of the electrode without taking into account incorporation/diffusion
of ions in the solution and the interaction between solvent dipole movements and the electrode

[48].

39



The second EDLCs phenomenon was made by Gouy and Chapman who developed Gouy-
Chapman model which spotted capacitance being reliant on the applied voltage and ionic
concentration, and not constant as suggested by Helmholtz [49]. The Gouy-Chapman model
modified the Helmholtz model by taking into consideration the mobility of ions in the
electrolyte medium as a mark of diffusion and electrostatic forces. The charge distribution of
ions versus distance from the metal surface permits Maxwell-Boltzmann statistics to be used
with the electric potential being noted to decrease exponentially away from the surface of the
bulk liquid [50]. The drawback of this model occurs when the idea of ion-ion interaction in the
liquid was ignored, while it plays an important role at higher ionic concentration. Also, the
model fails to account for the extremely charged diffusive layers due to the assumption made,

including, the dielectric constant at the interface between the electrode and the bulk liquid.

The limitations above provided a room to the Stein to modify the Gouy-Chapman model
through joining the Helmholtz model (absorption of ions at the interface of the electrode) and
Gouy-Chapman model (integration of diffusive layer) [51], with their total double layer

capacitance being written as the series combination of the two, which can be expressed as;

1 1 1

1_1.1 (1)

Cr Cy (g
Where; Cr is the total capacitance, Cy represent Helmholtz capacitance and C; stands for

Gouy-Chapman capacitance.

This shows that near the electrodes the Helmholtz model leads while for the bulk liquid the
Gouy-Chapman model dominates. Therefore, Stern model estimated no interaction of ions
from the electrolyte and electrodes, hence properties and concentration of the electrolyte should
remain constant throughout the charge/discharge process which is also applied for an ideal

EDLC:s system.
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Figure 2.2: Double-layer model showing the (a) Helmholtz model, (b) Gouy-Chapman model

and (c) Stern layer [47].

2.2.2 Pseudocapacitors

Pseudocapacitors store energy Faradically through electron charge transfer which occur
between the surface of the electrode and electrolyte. This is accomplished by fast and reversible
redox reactions, intercalation process and eletrosorption [52]. The redox reactions in
pseudocapacitors result from the chemical reaction that contains electrons transfer and occur
on the surface of the electrode between two species, while intercalation occurs when ions are
inserted into the pores of the bulk redox material guided by a Faradaic charge transfer with no
transformation of crystallographic. Eletrosorption in pseudocapacitors appear at the surface of
the electrodes, when ions are detached from the electrolyte medium by the imposed electric

field and adsorbed onto the surface of the electrodes following polarization of the electrodes.
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The Faradaic behavior at the surface of the electrode has supported the energy stored in a
pseudocapacitors by increasing the specific energy at the cost of specific power and cycle life

compared to EDLCs [53].

2.2.3 Hybrid supercapacitors

Hybrid supercapacitors are electrochemical energy storage with high capacitance and high
energy storage ability which resulted from the combined characteristics of EDLCs and
pseudocapacitors. Since the goal of electrochemical energy storage is to fabricate a capacitor
with high specific energy without compromising its specific power, then, the prospect of this
combination creates strong attention to the researchers due to enhanced additional characters
conveyed by the hybrid device (Figure 2.3) [54]. As spotted in Ragone plot (Figure 2.3), the
hybrid supercapacitor fulfils the region of specific energy and specific power compared to other
supercapacitors. Normally, for hybrid device, one half of hybrid supercapacitor perform as
EDLCs while the other half perform as a pseudocapacitors. However, if the final device
revealed mostly EDLCs characteristics than Faradaic behavior then this type of hybrid device
is named as supercapattery while the one with more Faradaic behavior than EDLCs is termed
as supercabattery [17]. These types of device have an improved electrochemical performance

due to incorporation of supercapacitor and battery-type characteristics.
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Figure 2.3: Ragone plot for different energy storage system [55].

2.4 Electrode materials for supercapacitors

Beside the other components of the device, electrochemical performance of supercapacitor is
mostly influenced by the choice of electrode material which determine electrical properties of
the fabricated device. The following properties remain crucial for the electrode material
selection: low cost and environmentally friendly, low ohmic and internal resistance, small pore
size, short diffusion length and high specific surface area, and low volume and weight [56].
Generally, the electrode material for supercapacitors are classified into four: carbon electrode

materials, transition metal oxides/hydroxides, conducting polymers and composites.

2.4.1 Carbon electrode materials

EDLCs materials has displayed a distinctive property which significantly influence the
performance of the device. Generally, carbon-based material comprising of graphene, activated
carbon, carbon nanotubes and so on have been studied as the electrode material for EDLCs due
to their existence in varying forms (nanofibers, nanosheets, aerogels, and powders), broad

working temperature, high chemical stability, high conductivity, availability, cost-
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effectiveness, non-toxicity and high specific surface area [57]. Since, the charge storage
mechanism of EDLCs device occur at the surface of the electrode, the surface property of the
electrode material and pore size adapted from appropriate type of electrolyte plays a significant
role to improve the capacitance of the material. The specific surface area of the carbon materials

can go up to ~ 3500 m? g-!' [58].

Graphene is an allotrope of carbon arranged in a single layer of atoms (Figure 2.4 (a)) in two-
dimensional hexagonal pattern in which one atom forms each vertex and is considered as an
elementary foundation element of all other two-dimensional allotropes of carbon [59].
Graphene hold exceptional features like good chemical and mechanical stability, highly tunable
surface area, (~ 2675 m? g'!), good conductivity, and structural flexibility. These properties
have made graphene to be used in different applications like energy storage devices, chemical,
industrial and medical processes, sensors, and water purification [60]. For a while, more
attention has been given by researchers on the use of graphene for energy storage because of
its tunable surface functional groups, shorter diffusion length and small pore size which is
influenced by the synthesis method, and an extended potential window resulted from the type
of electrolyte used [61]. Graphene has been synthesized by different methods including;
Hummer’s method [62][63], microwave method [64], chemical vapor deposition (CVD) [65],
dispersion method [66] and chemical exfoliation [67]. In fact, the properties of graphene
displayed using these methods does not favor the material to be used for practical application
due to restacking of graphene sheets, high inter-sheet contact resistance and formation of large
number of radical generations [68]. Thus, most researchers have focused on increasing the
electrochemical performance of graphene by doping using heteroatom dopants/agents like
sulphur (S) [25][69], nitrogen (N) [70], boron (B) [71], phosphorus (P) [23] or through

composite formation using oxide/hydroxide [26] or conducting polymer materials [72].
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Between these heteroatom dopants/agents, S has drawn major interest to the researchers due to
lower electronegativity (S - 2.58) which offers ability to form additional redox active sites as
shown in Figure 2.4 (b), which increases capacitance of the graphene. Integration of S into
graphene improve surface properties, conductivity, enhance wettability, and decrease charge

transfer resistance [73].

Figure 2.4: Structure of graphene (a) single layer graphene [74] and (b) graphene doped with

sulfur [75].

Activated carbons are forms of carbon derived from carbon-based raw materials such as peanut
shells [76][77], coconut shells [78], wood [79], waste tea leaves [80], and so on through
activations. Thermal or chemical treatment is applied to produce a carbon material with small,
low-volume pores which increase the surface area available for adsorption or chemical
reactions. The activation procedure is classified into two parts namely; thermal activation and
chemical activation. Thermal activation involves pyrolysis of carbon-based material using
oxidizing gases like carbon dioxide, steam, air, ammonia or mixture of these gases at high

temperature range of 500 to 1200 °C. The chemical activation involves the use of activating
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agents like phosphoric acid, sulfuric acid, potassium hydroxide, zinc chloride and sodium
hydroxide at a temperature range of 400 to 850 °C [9]. Surface area, porosity and pore-size
distribution of the resulting carbon material can be controlled by variation of time, temperature,
activating agent and gas environment during activation. These parameters have an influence

on the performance of the produced carbon material.

Carbon nanotube (CNT) is an additional allotrope of carbon achieved by disintegration of a
certain hydrocarbon through chemical reactions by varying synthesis conditions. They have
been studied as a unique electrode material for supercapacitor applications owing to its great
potential contributed by the readily available surface area [81]. CVD [82], laser ablation [83],
arc discharge [84] are some of the approaches used to produce CNTs with good chemical and
mechanical stability, distinctive pore structure and excellent conductivity. CNTs can be
labelled as a single-walled carbon nanotubes (SWCNTSs) and multi-walled carbon nanotubes
(MWCNTs). The former is originated from one dimensional, cylindrical shaped allotropes of
carbon with an approximate dimeter of 1 nm while the latter is derived as a hollow,
cylindrically shaped allotropes of carbon with high length to diameter ratio made by multiple
one-atom-thick sheets of carbon [81]. They can be fabricated directly on the conductive
substrates to be used as electrodes and hence improve the electrochemical performance due to

the available surface area which allow the passage of the electrolyte’s ions.

2.4.2 Transition metals oxides/hydroxides (TMOs/TMOH:s)

Transition metals oxides/hydroxides are studied as a potential material for supercapacitor
fabrication due to high theoretical specific capacity/capacitance from fast redox reactions occur
between the electrode and electrolyte [85]. These materials are considered as a possible

pseudocapacitive due to their very fast reversible reaction with electron transfer without phase
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transformation of the molecules within the electrode material which do not engage in creating
or breaking of chemical bonds. Basically, the de-solvated ions which provides the pseudo-
capacitance in TMOs/TMOHs hold on to the atomic structure of the electrode, and changes are
spread on the surface of the electrode material by adsorption processes. The redox process in
TMOs/TMOHs is faster and more stable over time, however, it leaves traces of reaction
products which produce capacity/capacitance degradation. The pseudocapacitive behavior of a
TMOs/TMOHs result into the charge-dependent and linear capacitive behavior unlike
TMOs/TMOHs in Faradic (batteries) which have charge independent behavior. The
reversibility of these material can be shown by the cyclic voltammetry (CV) curves, which
indicates that symmetric redox peaks are considerably different from the rectangular CV curves
in EDLCs. Different TMOs/TMOHs have been investigated as the electrode material for
supercapacitors applications. These include; cobalt oxide (Co3Os) [86], manganese oxide
(MnO,) [87], cobalt hydroxide (Co(OH)>) [88], nickel oxide (NiO) [89], ruthenium oxide
(RuO2) [90], nickel hydroxide (Ni(OH)> [91] and tin oxide (SnO>) [92]. Precisely, MnO, and
Co0304 as a TMOs has been well-established as the electrode material for supercapacitor
applications due to several oxidation states, high redox reactivity, high specific
capacitance/capacity, high stability, easily tunable surface properties, readily available/cost-
effectiveness, and non-toxicity [93][94]. Conversely, they are encountered with low
conductivity, poor cycling, mechanical degradation and agglomeration of particles at high mass
loading [95]. These drawbacks can be solved by combining the TMOs with highly conductive
EDLCs material like graphene so as to enhance their electrochemical properties by the synergy

effect between the two materials.
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2.4.3 Conducting polymers (CPs)

Conducting polymers are organic polymers that used as electrode material for supercapacitors
and charges are stored and released by redox process. In CPs charges are stored under fast and
reversible redox reactions at the surface and bulk of the electrodes from which ions are
transferred to the polymer by oxidation (p-doping) and released back into the solution by
reduction (n-doping). The electron transfer from polymer to dopants classified as a p-doping is
stronger than n-doping due to high stability which prevent it from degradation [96]. These
materials can be synthesized by chemical polymerization or electropolymerisation of the
corresponding monomers. For supercapacitor applications, the main studied CPs are
polypyrrole (PPy) [97], poly(3.,4 ethylenedioxythiophene) (PEDOT) [98], polythiophene (PT)
[99], and polyaniline (PANI) [100][101]. These materials are characterized by high porosity,
high conductivity, wide potential window, environmentally friendly and low equivalent series
resistance compared to EDLCs materials. These exceptional properties make CPs as a great
potential material which deliver high capacitance consequently high specific energy and
specific power. However, their application in supercapacitor is limited by mechanical stress
experienced during redox reactions and lack of efficient n-doped which results into poor rate
capability and poor cycling stability [101]. Thus, researchers have suggested the addition of
carbon-based materials as the means to retain the stability of the CPs. Beside other CPs, PANI
is the best candidate due to an outstanding conductivity, facile synthesis procedure, easy control

of redox states, and high theoretical capacitance of up to 2000 F g'! [100].

2.4.4 Composites
EDLCs material has high conductivity and store charges on the surface of the electrode at a
constant potential, although they are plagued with low specific capacitance [102]. On the other

hand, redox reactions facilitate the storage mechanism in pseudocapacitive material which
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results into high specific capacitance, however, they are limited with poor charge transfer
ability [94]. Therefore, a composite material is produced by integrating the properties of two
materials being either EDLCs and/or pseudocapacitive in order to make the resulting material
with superior properties. Composites material has several essential features like extended
potential window, high specific surface area, and high conductivity which occur as the result
of the combined synergy effect of the two materials. Among the EDLCs material for instance
conductive graphene can perform as means for charge transfer in pseudocapacitive materials
like TMOs (MnO; and Co0304) and enhance the whole conductivity as a result of improved
electrochemical properties. An introduction of highly conductive and stable matrix like
graphene has been established in the literature as potential materials to enhance the
electrochemical performance of the electrode materials. The incorporation of GF into TMOs
results in a synergistic effect, which facilitates the dispersion of TMOs and serves as extensive
transport platform for electrolyte ions. This in turn robust three-dimensional network,
eliminates particles aggregation and minimizes ion diffusion resistance and adequate

electrode/electrolyte contact [10].

2.5 Electrolytes

Electrolyte is considered as one of the most essential components which influence the
electrochemical performance of supercapacitors. The interaction between electrode and
electrolyte, interaction between ion concentration and solvent, ion type and size play a
significant role on the formation of EDLCs or PCs nature [103]. The selection of electrolytes
depends on the following requirements; high ionic conductivity, wide-ranging working
temperature, low viscosity, wide operating potential window, volatility, accessibility at high
purity, environmentally friendly, cost effectiveness, and high chemical and electrochemical

stability [104]. Each requirement contributes in one way or another on the performance of
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supercapacitor. For example, high ionic conductivity contributes to low equivalent series
resistance (ESR) which strongly influence specific power. Additionally, the highest working
potential window is controlled by the electrochemical stability of the electrolytes, which in turn
limits the specific energy and specific power stored in supercapacitors [105]. So far, the
frequently liquid electrolytes used in supercapacitors are; aqueous, ionic and organic liquid
electrolytes, however, researchers have reported new electrolytes named as solid state and gel
electrolytes [103]. Up to now, there is no perfect electrolyte that meets all the requirements;

hence each has its own advantages and disadvantages as described below.

2.5.1 Aqueous electrolytes (AEs)

Aqueous electrolytes are formed by dissociating solute into water to form ions which results
into a solution with ionic conductivity. They consist of basic (eg. KOH), acidic (eg. H2SO4)
and neutral electrolytes (eg. Na>SO4) which are; easy to prepare, non-corrosive, less expensive,
environmentally friendly and non-flammable. Furthermore, they have high ionic conductivity
which is influenced by pressure, molar concentration and temperature of the solute [106][107].
For example, AEs with high molar concentration consequently will have high ionic
conductivity which supports low ESR, which in turn increases specific power. Generally, the
specific capacitance of EDLCs material is higher in AEs due to high dielectric constant and
small solvated ions. However, the working potential window is limited by electrolysis of water
which results into hydrogen evolution reaction (HER) at low potential (0 V) and oxygen
evolution reaction (OER) at high potential (~ 1.23 V), hence restricts the specific energy.
Additionally, the working temperature range of AEs is limited due to freezing of electrolyte at
low temperature [108]. The AEs can be improved by adding low concentration of surfactant
like tetrapropylammonium (TPAB). This reduces viscosity in the interface of the electrode and

electrolyte, thus allow electrolyte ions to penetrate easily into the pores of the material [109].
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2.5.2 Ionic liquid electrolytes (ILEs)

Ionic liquid electrolytes are molten salt constitute of cations and anions whose melting point is
below 100 °C [110]. These molten salts (like aliphatic ammonium salts, quaternary ammonium
salts) have distinctive ion size due to lack of solvent and related solvation shells. They are
characterized by high electrochemical and thermal stability, non-volatile, wide potential
window (~ 6 V) and low vapor pressure [111]. However, they are limited by high viscosity at
low temperature which reduces its conductivity and then specific capacitance. Furthermore,
ILEs has low ionic conductivity which results into high ESR, thus, affects power output. On
the other hand, due to large variation of anions and cations, ILEs are non-flammable and allow
easily tunable physical and chemical properties. This provides an important improvement so
as to meet certain requirements like working temperature, operating potential window and low

ESR which has influences on the electrochemical performance of supercapacitor [112].

2.5.3 Organic electrolytes (OEs)

Organic electrolytes are formed when conducting salts is dissolved into organic solvents like
butylene carbonate (BC), propylene carbonate (PC) or acetonitrile (ACN) in order to produce
highly conductive electrolytes. They are usually used in commercial applications due to large
working potential window of about ~ 3.5 V normally, water content should be less than 3 — 5
ppm so as to maintain large working potential window [113]. The performance of
supercapacitor in OEs is influenced by the nature of salts and solvents like high conductivity,
electrochemical stability, ion size, low viscosity, and interaction between ions and solvents
[114]. However, toxicity, high flammability, volatility and environmental instability limits
their application in supercapacitor as they require special precautions during operation so as to

avoid explosion and poisoning [115].
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2.6 Electrode fabrication and testing

Electrode fabrication in supercapacitor is done by mixing together active material, conducting
agent and binder using a determined mass ratio of either 8:1:1 or 7:1.5:1.5 or 8:1.5:0.5 for the
three materials. Conducting agent (carbon acetylene black - CAB or carbon black - CB) is used
to enhance conductivity of the active material [116] while binder (polyvinylidene fluoride —
PVDF or polytetrafluoroethylene - PTFE) is used to bind the active material into the current
collector [117]. Then, a small amount of solvent (N-methyl-2-pyrrolidone - NMP) is added to
the mixture to form a homogenous slurry which is pasted onto a nickel foam/carbon paper
which act as a current collector and exposed to drying process. The choice of current collector
depends on the type of the electrolyte used in a specific measurement. Specifically, carbon
paper is usually used with acidic electrolyte like H>SO4, while nickel foam is used with basic
and neutral electrolyte such as KOH, Na>SOs4, and KNOs. Thereafter, the electrochemical
evaluation of the working electrode is achieved using three (half-cell) or two-electrode (full

cell) configuration.

2.6.1 Three-electrode measurements

Principally, the three-electrode set-up is used to establish the primary electrochemical
properties of the working electrode. Specifically, an equivalent series resistance, operating
potential window, specific capacity/capacitance and cycling performance are the main
properties reviewed by three-electrode set-up [118]. The set-up comprises of counter electrode
(CE), reference electrode (RE), working electrode (WE) and electrolyte as displayed in figure
2.5 [119]. Counter electrode is normally from inert materials, like graphite, glassy carbon or
platinum which are very conductive and have very high surface area. CE offers a means of
applying voltage to the working electrode and allow the generated current to flow through

without passing it to the reference electrode. Normally, CE does not participate in the

52



electrochemical reaction. Reference electrode is made up by silver/silver chloride (Ag/AgCl)
or saturated calomel electrode (SCE) or mercury/mercury oxide, which are stable with a well-
known electrode potential. The function of RE is to allow measuring of potential of the working
electrode without passing current through it. Working electrode is the electrode of concern
fabricated from either carbon-based material, metal oxide or conducting polymer, and which

the evaluation is done.

— ——— Electrode connections

Holes for degassing
or reagent addition

- [ — Teflon cap
/— Glass solution reservoir

——— Electrolyte solution

Working electrode

\ — Reference electrode
Counter elctrode

Figure 2.5: Schematic illustration of a three-electrode set-up with a working electrode (WE),

counter electrode (CE) and reference electrode (RE) [119].

2.6.2 Two-electrode measurements

Two-electrode set-up is used to evaluate the electrochemical properties of the working material
for practical applications in supercapacitor. Some of the properties evaluated are specific
energy, specific power and cycling stability [ 120]. The set-up consists of positive and negative

electrode, separator, electrolyte, spring, spacer, and positive and negative case as shown in
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Figure 2.6. The positive and negative electrode are sandwiched by a separator and electrolyte
in between, then, squeezed by spring and spacer to maintain a tight contact of the device. The
positive and negative electrodes might be of the same materials which results into symmetric

device or different materials hence asymmetric device [15][54].

The symmetric device is made up by the same material in both negative and positive electrodes
whereby both electrodes have the same capacity/capacitance. The specific capacity and

capacitance are calculated from the following expressions respectively [121] [122]:

Qs =" [mAhg'] @)
__ At xlg -1
Co =" [Fg'] (3)

where; I, indicates the applied specific currents (A g'), At signifies the discharge time (s), AV
stands for operating potential (V), Q, represents specific capacity and C; presents specific

capacitance.

For a linear charge/discharge profile, the specific energy (E;) can be evaluated using the
following equation [123]:

Cs X AV?
7.2

Eq = ZCAV? = [Whkg'] (4)

Whereas, for non-linear charge/discharge profile, the specific energy (E;) can be estimated as

[124]:

I

3.6xm

E; = [Vdt [Whkg'] (5)

where, [ is the applied current (mA), [ Vdt is the area under discharge curve, m (mg) is the

total mass of the active electrode and Ej; is the specific energy.
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The following expression can be applied to evaluate the specific power (Py) of the device as

shown below:
Py ==2x 3600 [Wkg'] (6)

where, E; is the specific energy and At presents the discharge time.

For the asymmetric device, the negative and positive electrodes have same/different materials
hence both electrodes demonstrate different capacity/capacitance, whereby one of them is
higher than the other. Since the working voltage window of the asymmetric device depend on
the capacity/capacitance of the working material in each electrode, then the mass balance plays
an important role so as to balance the charge of each electrode. For the asymmetric device with
one electrode displaying linear charge/discharge curve, and the other electrode displaying non-
linear charge/discharge curve, the mass balance on each electrode should be evaluated

differently [125].

For both positive and negative electrodes with linear charge/discharge curve, the charge
balance equation, @, = Q_ can be used to balance the mass of each electrode with the charge
stored on each electrode being stated as [126]:

Q = C; xmAV (7

From the above, the mass balance of each electrode can be determined as

my Cs— AV_

= G- AV ®)

m-_ CS+ AV+
For positive electrode with non-linear charge/discharge profile and negative electrode with

linear charge/discharge profile, the mass on each electrode can be evaluated using the charge

balance equation, as described below [15]:
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m_ _ 3.6 XQs4

Q:=Q. = m, x3.6Q,, =m_XAV_XC;_ = e = Ao Co

©)
where; Q, and Q_: charge stored on the positive and negative electrode, respectively, Qg,:
specific capacity for positive electrode, C;_ specific capacitance for the negative electrode,
AV_: potential window for the negative electrode, m, and m_ stands for masses (mg) for the

positive and negative electrodes.

RE & CE

Positive Case Reference & Counter electrode

Cathode - I Anode

Separator

Anode

Spacer

Spring

Working electrode

WE

Negative Case

Figure 2.6: Schematic design of a two-electrode set-up

2.7 Electrochemical evaluation

The cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and electrochemical
impedance spectroscopy (EIS) are the main test techniques frequently used to evaluate the
electrochemical performance of the working electrode in supercapacitors. Additionally,
another test known as stability test which involves charge/discharge cycling, voltage holding,
and self-discharge is used to provide more understanding on the performance of supercapacitor
[120]. On the other hand, current, voltage and time are the basic essential parameters measured
by these techniques regardless of either the measurement is done in three or two electrode

configurations.
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2.7.1 Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is the most unique technique applied in electrochemical
measurements to evaluate the performance of the working electrode in three and two electrodes
set up. It offers the description about the reversibility of the electrode and the reaction
mechanism (adsorption-controlled or diffusion-controlled process) occurring at the surface of
the working electrode [127]. For example, Figure 2.7 [128], illustrate the mechanism behavior
displayed by the working electrode, through which the EDLCs materials are presented by the
rectangular shape (Figure 2.7 (a) - red line) without redox peak indicating the ideal capacitive
behavior. However, the twist of the rectangular shape to parallelogram (Figure 2.7 (a) - black
line) indicates the resistivity of the material. The pseudocapacitive materials are presented by
either rectangular CV curve, quasi-rectangular CV curve or CV curve with highly reversible
and significantly broadened peaks (Figure 2.7 (b)). Hybrid materials presents the CV shape
indicating combination of either one or both the EDLCs, pseudocapacitive or battery type
behavior. Normally, the hybrid device with EDLCs behavior displays rectangular shape, while
the one with combination of supercapacitive and battery-like behavior shows a moderately
quasi-rectangular CV with hump for the redox peaks. The CV curve (Figure 2.7 (c)) of the
battery type material is demonstrated by the distinct redox peaks signifying the Faradic
behavior of the material. The CV curve measures the current of the working electrode as the
function of the applied potential/voltage and the resulting current response can be plotted as a
function of potential/voltage. This is performed at different scan rates (rate of change of
potential/voltage with time) so as to explore the behavior of the working electrode from low to
high scan rate [129]. Additionally, the CV measurement is commonly applied for EDLCs
material to investigate the stability of the working potential/voltage window in a specific
electrolyte. The resulting capacitance from the CV curve is known as gravimetric specific

capacitance, and is estimated using the following equation [130]:
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¢, = 102240 [ oo (10)

where; I, — gravimetric specific current (A g'), v — scan rate (mV s') and AV — working

potential (V).

Current (i)

Potential (V)

Figure 2.7: Schematic sketch of CV curves for (a) EDLC, (b) Pseudo-capacitor and (c) Faradic
material [128].

2.7.2 Galvanostatic charge/discharge (GCD)

The galvanostatic charge/discharge is the best technique used to evaluate and predict the
working conditions of the practical supercapacitor. The variation of potential/voltage as
function of time is recorded from the GCD curve when a constant current is applied to the
working electrode, and the electrode is charged and discharged between the boundaries of the

two potential/voltage [131]. Furthermore, normally the outer surface of the working electrode
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contributes to the charge/discharge process at high current while at low current both outer and
inner sites will be accessed by the electrolyte ions. Corresponding to CV curve, EDLCs,
pseudocapacitive, hybrid and battery systems present a distinctive response in a GCD curve
(Figure 2.8) [132], with voltage increasing and decreasing linearly as the current flows for
EDLCs and some pseudocapacitive materials (Figure 2.8 (a)). On the other hand, certain
pseudocapacitive and hybrid materials present non-linear GCD curve with one or more small
slanted potential/voltage plateau regions (Figure 2.8 (b)) while battery material reveal
prolonged potential/voltage plateau with a clear redox peak on the GCD curve (Figure 2.8 (c)).
Besides, the GCD measurement is used to assess the working potential/voltage, stability limit
of the electrode and electrolyte, specific capacitance, specific capacity, specific energy, specific
power, rate capability and efficiency of the working electrode [133]. For example, the working
potential/voltage can be established by increasing the potential/voltage gradually (charging
process) till a spike is spotted then change to discharging process so as to conserve the stability
of the working electrode. This is because during charging process, the plateau observed at high
potential/voltage indicates that the current is consumed by the decomposition of solvent.
Therefore, the optimum working potential/voltage is an essential component in determining
the electrochemical performance of the working electrode and reducing the negative impact of

the decomposition of electrode and/or electrolyte [134].
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Figure 2.8: Schematic sketch of GCD curves for (a) EDLC, (b) Pseudo-capacitor and (c)

Faradic material [128] [132].

2.7.3 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy is a fundamental technique for evaluating the
impedance of a working electrode in dependency of the AC potentials frequency or open circuit
potential. It measures the impedance of a working electrode as a function of frequency at a set
potential/voltage. EIS response provides information about the structure, interface and reaction
taking place within the working electrode [128] [135]. Generally, a small amplitude sinusoidal
potential (mV) superimposed is initiated over a broad range of frequency (mHz to kHz) and

the resultant impedance is recorded as a function of modulation frequency. The displayed
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signals of an EIS report is properly denoted as a Nyquist plot (imaginary versus real part of the
impedance) or Bode plot (magnitude and phase response versus frequency). The report can be
applied to evaluate the solution resistance (Rg)/equivalent series resistance (ESR), charge

transfer resistance (Rcr), and double layer capacitor (Cpr) of the working electrode [136].

The Nyquist plot is normally represented as the imaginary part (Z (w)’’) versus real part (Z

(w)’) of the impedance and is classified into three sections which are; low, medium and high-

frequency regions as shown in Figure 2.8 [137][138].

_Zfl 4

Figure 2.8: Schematic illustration of imaginary impedance (Z’”) versus real impedance (Z)

[139].

At low frequency region (< 1 Hz), the impedance plot signifies features of a pure capacitive
behavior in which a straight line parallel to the imaginary (Z’) x-axis is noticed (i.e. double
layer capacitor (Cpr) has very high impedance). However, this is not always the case as the
performance of the working electrode is influenced by other factors like ion diffusion process
which make the straight line to shift slightly about 45° to 90°. Therefore, the impedance

contribution at the point where the right end of the semi-circle would hit the 0 of the y-axis is
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a solution resistance (Rq) plus charge transfer resistance (Rct) (Rq + Ret). Hence, R and Rer
can be easily obtained by reading the value from semicircle. Moreover, the double layer
capacitor (Cpr) can be estimated from the frequency at the maximum point of semi-circle as

follows [140]:

1
Cpp =7
ReT2T fmax

(11)
The medium frequency region (10 Hz — 1 Hz) displays charge transfer resistance linked to the
porosity of the working electrode in pseudocapacitive material. At high frequency region (>
10* Hz), the intercept of the real (Z’) x-axis in the impedance plot provides information about
equivalent series resistance (ESR)/solution resistance (Rg). Normally, the presence of small
semicircle at high-frequency region is contributed by the charge transfer resistance (Rct) and

mass transport within the working electrode [141].

Furthermore, by varying frequency in the EIS, it generates sufficient performance on different
conduction pathways in an equivalent circuit. This implies that physical and chemical
properties of the working electrode can be modified by varying frequency so that, it can
perform like pure capacitor or resistor. This analysis can be done by fitting the experimental
data to an appropriate equivalent circuit model (see Figure 2.9 as an example). The equivalent
circuit should be simple to provide the best corresponding impedance model and experimental
impedance. Frequently circuit elements used in equivalent circuit models are capacitance (C),
resistance (R), constant phase element (CPE) and Warburg coefficient (W) [142]. Usually,
capacitance involve double layer capacitance (CprL) which appear as ions from the electrolyte
stick between the surface of the working electrode and electrolyte. Furthermore, the resistance
consists of charge transfer resistance (Rcr) which appear on the surface of the electrode in the

electrochemical double layer; polarization resistance (Rp) which results from an open-circuit
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when the potential of an electrode is forced away from its value; ohmic resistance (Rq) occur
as a result of a potential drop between working electrode and reference electrode; and
equivalent series resistance (ESR)/solution resistance (Rg) which comprises of contact
resistance between the working electrode and the current collector, and the interface resistance
of the working electrode and ions from the electrolyte [123]. Constant phase element (CPE) is
used to model the double layer behavior, and it arises when the capacitor behaves as a pure
capacitor or pure resistor or Warburg element. The Warburg coefficient (W) is connected with
CPE which describes the diffusion element that can be applied to model semi-infinite linear

diffusion.

R VA

ct w

Figure 2.9: Schematic drawing of an equivalent circuit model for EIS analysis [143].

The Bode plot displays the magnitude and phase response versus frequency of the working
electrode [138]. In a Bode plot, the capacitor in parallel to a resistor is noted easily as the peak
in the phase shift. The ion diffusion mechanism between the ideal capacitive ion diffusion and
Warburg diffusion has developed a Bode plot with a crooked line with regard to the real x-axis
with the angle of 45° < 6 < 90°. The capacitance can be evaluated from the linear part of Bode

plot as shown below [138]:

_ 1
2nf|z"|

(12)
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2.7.4 Stability test (charge/discharge cycling, voltage holding, and self-discharge)

The galvanostatic charge/discharge cycling (GCDC) is a regular technique employed to
evaluate the electrochemical performance and cycle life of the working electrode in a three-
and two-electrode configurations. Normally, the working electrode is exposed to a number of
charged/discharge cycles, whereby the cycling performance relies on the working
potential/voltage boundary, electrolyte, current applied, and temperature [144]. For EDLCs,
the discharge time of each cycle divided by the charging time multiply by 100 % present the

columbic efficiency (Ck- %) as shown in the equation below:

Ce = 2 x 100 % (13)

c
where; t., tp, and Cg (%) are times for charging and discharging times with the same current,

as well as the columbic efficiency, respectively.

Usually, the columbic efficiency of the ideal supercapacitor remains at 100 %, however it’s not
always the case for normal supercapacitor due to different factors like conductivity and
decomposition of the electrode and electrolyte. For pseudo-capacitor and/or Faradic efficiency

(Me - %) is applied to study the cycling performance of the device as indicated below [145]:
ng =2 x100 % (14)

E., Eq and ng are charge energy, discharge energy and energy efficiency, respectively.

Voltage holding/floating test (VH/FT) is the best technique compared to normal stability test
as it provides more information about the decomposition of the material which might occur
during stability test [146]. Usually, the device is charged and discharged for few cycles and the
specific capacitance is monitored. Thereafter, the device is held at a maximum voltage for a

specified interval of time, then subjected to charge and discharge again for few cycles and left
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at that fixed potential for the next specified interval of time. The process is repeated until the

device shows dissimilar performance within the specified period [147].

Self-discharge (SD) is the voltage drop of a fully charged device without load after a certain
period of time in an open circuit. This behavior is caused by an efficient thermodynamic driving
force which manages to move charges into the equilibrium state. SD is used to assess the energy
loss in the device over a certain period of testing and measure the reduction in capacitance and
voltage. Normally, the device is charged for several hours to a maximum voltage, and then left
to discharge in an open circuit in without of load connection [148]. Generally, SD process
occurs under one/combination of these mechanisms; charge redistribution, parasitic Faradic

reaction and ohmic leakage of current between the electrodes [149].
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CHAPTER 3

3.0 EXPERIMENTAL DETAILS AND CHARACTERIZATION TECHNIQUES

This chapter provides a detailed explanation about the experimental methods and procedures
applied throughout the preparation of the material and the associated techniques used for
characterization. Also, the description of some instruments used for preparation and

characterization of the material are presented.

3.1 Preparation of the materials

3.1.1 Production of graphene oxide by Hummer’s method

The Hummer’s method is the chemical route which was developed in 1958 by Hummers and
Offeman as a risk-free, quicker, and more effective way of making graphene oxide [63]. The
method was introduced to combat the problems of Staudenmaier-Hofmann-Hamdi method
which includes adding potassium chlorate to the combination of concentrated sulphuric acid,
nitric acid and graphite at a temperature above 98 °C for one week. The resultant was hazardous
due to the explosion developing from the mixture, time consuming and produced very little
amount of graphene oxide [150]. Thus, Hummers method appeared as a substitute to suppress
the hazardous caused by the Staudenmaier-Hofmann-Hamdi method. Hummer’s method is
completed by adding potassium permanganate into the solution of concentrated sulphuric acid,
sodium nitrate and graphite which is less hazardous. The whole process is completed under 45
°C with less than two hours and more quantity of graphene oxide is produced [151][152]. The
method appeared to be distinctive following the invention of graphene in 2004 [153]. Since
then, a high quantity of graphene oxide with high quality has been produced by many
researchers through modification of the Hummers method. In this thesis, the graphene oxide
and reduced graphene oxide was produced from graphite powder as the basic precursor via a

modified Hummers method.
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3.1.2 Freeze-drying technique

Freeze-drying is the procedure which use sublimation technique to remove water or other
solvent from a frozen material which are placed under vacuum. Sublimation develops once a
frozen liquid changes to the gaseous state without passing through the liquid phase. Therefore,
freeze drying works by freezing the material, subsequently decreasing the pressure and adding
heat to allow the frozen water in the material to sublimate [154]. It involves three stages,
namely; freezing (pre-freezing), sublimation (primary drying) and adsorption (secondary
drying) [155]. Freezing of the material is done rapidly using large ice crystals which can be
produced by slow freezing or annealing, then increasing the material temperature which allow
crystals to grow. Annealing is applied for the materials which tend to precipitate. Thereafter, it
is followed by a slow process which involves lowering of pressure and adding heat for water
to sublimate from the material. The last stage is the adsorption whereby the bonds between the
material and water molecule are broken and removed by raising temperature above the
sublimation phase. This technique produces high quality material because of the low processing
temperature and maintains the porous structure of the material. The technique has been reported
to produce various energy storage materials including carbon and metal oxides [156]. Figure

3.1 presents an illustration of freeze-drying process.
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Figure 3.1: Representation design of a freeze-drying process [157].

3.1.3 Preparation of graphene oxide (GO) and reduced graphene oxide (RGO) samples

A modified Hummer’s method was applied to produce graphene oxide by utilizing graphite
powder as the starting precursor [62][158]. Briefly, 5 g of graphite powder was added slowly
to 100 mL of sulphuric acid (H>SO4) which works 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 (CaCly) were added subsequently
upon stirring. KHSO4 was used to start up the reaction while CaCl used as a water remover.
Effervescence was noticed upon additional of CaCly. The resulting mixture was stirred at 400
rev/min for 40 min. at 60 °C, followed by a further addition of 10 g of potassium permanganate
(KMnOg4) as an oxidizing agent and 50 mL of H>SO4. The solution was further stirred (250
rev/min) for 2 hours at 60 °C 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 (H20:> - 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 bore great

potential hazard. Therefore, great cautions must be taken during the synthesis of the material.
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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 freeze dried for 12 hours to obtain the final sample

named as reduced graphene oxide (RGO), as shown in figure 3.2.

In brief it can be noted that: in concentrated H>SOs, KMnOs reacts to form manganese
heptoxide (Mn20O7), where a strong oxidant and permanganate ion participate in graphene
oxidation. The oxidant mixture has access to the spaces between the graphene layers due to the
intercalation of graphite with H>SOs. In that case, it will react with graphene and enhancing
the functional groups such as hydroxyl (-OH), epoxide (—O-), and carboxylic acids (—COOH)
to form GO. Through various situations the oxidation process might not result into a full
transformation of graphite to graphite oxide, thus a pre-oxidation phase can be included prior
to the common oxidation (e.g. through utilizing KHSO4 in H>SO4). An essential process was
observed when the reaction was stimulated with water and H>O> in which HMnO4 was formed
by the reactions between water and potassium heptoxide, and efficiently stopping the oxidation
reaction. Furthermore, the H>O; reacts with manganese oxides in the mixture and reduce them
to manganese ions. It follows that, manganese ions, under oxidized graphite, unoxidized
graphite and other ions in the mixture were removed and the recovered mixture was named as
graphene oxide (GO). Next, the graphene oxide was exfoliated to single-layered or few-layered
of GO. Generally, it was achieved by mechanical process through sonication and resulted into

reduced graphene oxide (RGO).
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Figure 3.2: Synthesis procedure of RGO sample.

3.1.4 Synthesis of sulphur-reduced graphene oxide (RGO-S) composite

The synthesis of RGO-S composite sample was done as follow: A homogenous solution
labelled ‘A’ was formed by mixing 1 g of sulphur powder and 3 g of sodium sulphide (Na,S)
(act as a sulphur source) into 100 mL of DI water and sonicated. Next, a solution marked ‘B’
was formed by dissolving 50 g of L-Ascorbic acid in 12 g of DI water. Afterward, 3 g of as-
synthesized RGO was mixed into mixture of solutions ‘A’ and ‘B’ and the resultant mixture
was named ‘C’. Subsequently, 2 mL of HCI was added to solution ‘C’ and then stirred for 5
min. The purpose of adding a small volume of HCI is to enhance the ion exchange and
modifying the pH of the mixture, which give rise to an effective polarity. Furthermore, addition
of HCI might produce H>S which is not anticipated to be part of the sulphur in the RGO matrix
since it is soluble in water. The mixture was sonicated for 2 h and then stirred (400 revs/min.)
for 1 h at 40 °C, centrifuged for 10 min. at 5000 rpm and freeze-dried for 12 h. The as-
synthesized sample was named as sulphur doped reduced graphene oxide (RGO-S). Figure 3.3

below is the representation of the synthesis of RGO-S composite sample.
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Figure 3.3: Schematic diagram of the synthesis of RGO-S.
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3.1.5 Hydrothermal process

Hydrothermal/solvothermal method is the chemical reaction method based on solution which
used to produce several chemical compounds and it operates in a closed system. During
synthesis, the precursors are dissolved in either water-based medium (hydrothermal method)
or nonaqueous/organic compounds medium (solvothermal method) [159]. Under normal
conditions some materials like sulphides, silicates, among others, are basically insoluble in
water or nonaqueous medium, thus the method provides ability to dilute them at high
temperature and pressure [160][161]. Normally, the reaction medium is carried out into an
airtight Teflon-lined stainless-steel autoclave or glass autoclaves or quartz autoclaves which is
subjected under different conditions. Teflon-lined (Figure 3.4) is one of the mostly used
autoclaves due to its ability to sustain higher temperature and pressure. Besides, it’s easy to
regulate properties of the resulting materials like morphology, structure and size of the
nanoparticles through hydrothermal/solvothermal method. This can be done by varying
reaction conditions like temperature, concentration, time, and initial pH of the medium [162].
The benefit of hydrothermal/solvothermal method over others is that; it can produce
nanomaterials which are not stable at higher temperatures; nanomaterials with high vapor

pressures can be produced with minimum loss of the materials, it is also capable of making
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high purity and homogeneous product; and the composition can be controlled well through
liquid phase or multiphase chemical reactions. However, it is limited by high cost equipment
like autoclave and inability to control crystals during growth process [163]. In this study,

manganese dioxide and sulphur-reduced graphene oxide/manganese dioxide composite were

produced by a hydrothermal method.

Stainless steel
kettle body

=
S

Teflon liner  Stainless steel lid

. ‘.“- .
Stainless steel  Teflon cup Stainless steel Wstainless
chassis gland

steel rod

Figure 3.4: Schematic design of a Teflon-lined stainless-steel autoclave.

3.1.6 Synthesis of manganese dioxide (MnO3)

0.5 g of KMnOy4 (source of manganese) was dissolved into 60 mL of DI water and stirred at
150 revs/min for 10 min. Afterward, 2 mL of HCI was added dropwise and stirred for 10 min
in air. HCI act as a mild reducing agent to reduce KMnOj4 to form MnO; whereby it is oxidised
to free chlorine gas when heated with permanganate salt. The solution was transferred into 100
mL autoclave and heated in the oven at 130 °C for 1 h. The processes were repeated at different
dwell times of 2 h, 5 h, 8 h and 11 h respectively. The solution was left to cool down naturally

and then washed several times with the mixture of DI water and ethanol to remove the
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impurities. The sample was dried in the oven for 12 h at 60 °C. Figure 3.5 shows the synthesis

route used to produce the MnO; sample.

KMnO, HCI (dropwise)

Hydrothermal
130°C for1 h

5-(7» a »g»

$ ) < C 2, Autoclave

Stirring for 10 min . .
Stirring for 10 min Recovered MnO,

Figure 3.5: Synthesis route of MnO; sample.

3.1.7 Synthesis RGO-S/MnO; composite sample

1 g of RGO-S was dispersed into 80 mL of DI water to form a solution which was stirred at
200 revs/min for 10 min for homogeneity. Thereafter, 50 mg of MnO> prepared for 1 h was
added into the solution and then stirred for 5 min. The process was repeated by varying masses
of MnO; synthesized for 1 h (100 mg and 150 mg). The suspension was transferred into the
autoclave and then heated in the oven at 150 °C for 1 h. The solution was left to cool down to
room temperature, washed several times with DI water and then dried in the oven for 12 h.
Figure 3.6 displays a representation design of the experimental process for synthesizing

sulphur-reduced graphene oxide/manganese dioxide composite.

Hydrothermal
150°C for 1 h

Figure 3.6: Schematic figure of the synthesis of RGO-S/MnO, composite sample.
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3.1.8 Precipitation method

Precipitation method is the procedure of transforming solution into solid by converting the
substance into insoluble form. The chemical reaction that occurs between the soluble metal
compounds and the precipitating reagent converts the ionic metals to an insoluble particle,
whereby, settling and decantation is applied to remove the particle produced by this reaction
[164]. Precipitation is influenced by precipitant, concentration and type of ionic metals existing
in the solution, reaction conditions like pH of the mixture, and existence of additional
components which might prevent the precipitation reaction [165]. For example, the commonly
attained chemical precipitation is the hydroxide precipitation (OH precipitation) through a
precipitant known as sodium hydroxide or calcium hydroxide which is applied to form metal
hydroxides. Normally, metal hydroxides progressively soluble equally at low and high pH
values. Thus, the optimal pH for precipitation of some metal might trigger other metal to
soluble or start going back into solution because every liquefied metal contains a unique pH
value through which the targeted hydroxide precipitation develops. Compared to other method,
precipitation has an elevated degree of refinement due to its option of removing a specific
component without removing other materials. However, this method results into agglomeration

and randomness of particle size [166][167].

In this study, precipitation was applied to produce cobalt hydroxide from cobalt nitrate
precursor then followed by annealing to complete the reaction (cobalt oxide). Annealing is the
heat controlling procedure which modifies the microstructure of the materials by changing its
physical or chemical properties. Generally, the physical development in the material can be
accomplished by a steady cooling. This process can be attained after exposing the material to
a temperature over its recrystallization temperature, and then retained at a particular

temperature for a certain period for uniformity [168]. This activity can be achieved with the
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support of atmospheric pressure chemical vapor deposition system (APCVD). The materials to
be annealed are positioned at the central part of the reactor chamber in air, constant gas or
combination of gases run at a certain temperature. The technique is simple, economical and
consistent hence, appropriate for making uniform, good quality, and significant mass
production of the materials [169]. Figure 3.7 displays the APCVD system applied in this thesis

for annealing cobalt hydroxide in air in order to produce cobalt oxide.

Figure 3.7: The APCVD system used for annealing in this thesis.

3.1.9 Synthesis of cobalt oxide (C0304) sample

Co304 sample was produced by precipitation method and then followed by annealing as
displays in figure 3.8 below. 8 g of CoNO; was dissolved into 400 mL of DI water and stirred
for 15 min, then 56 mL of 1 M NaOH was added dropwise into the mixture which changed the
color from pink to dark greenish color. CoNOj3 precursor was used as a source of cobalt while

1 M NaOH was used for polymerization and to maintain the pH of 10 of the mixture while
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stirring for 2 h. The achieved mixture of cobalt hydroxide was decanted, and then DI water was
used to wash the sample several times before centrifuging at 10,000 revs/min for 10 min
following drying in the oven at 60 °C for 12 h. The dried sample was later annealed in air for
2 h at 800 °C (5 °C/min) using APCVD to remove the OH group and any possible impurities.

Equation 15 and 16 below show a complete reaction to obtain Co3O4,

CO(NOg)Z(S) + ZNCI.OH(I) + HZO(l) - CO(OH)Z(S) + 2NaN03(aq) + HZO(l) (15)
annealed in air
3CO(OH)2(S) _— 60304(5) + 2H20(g) + Hz(g) (16)
CoNO; 1M NaOH (dropwise)
N ' Co(OH),
oo [ C D 800 °C (5 °C/min) for 2h
< & < &, o’

Stirring for 15 min  Stirring for 2h Recovered Co30,

Figure 3.8: Schematic of the synthesis process of Co304 sample.

3.1.10 Synthesis of RGO-S/C0304 composite sample

The RGO-S/Co0304 composite sample was prepared through adding 1 g of RGO-S and 100 mg
of Co304 into 100 mL of DI water and sonicated in 1 h for homogeneity (Figure 3.9).
Afterward, the mixture was transferred into a Teflon-lined autoclave and heated in the oven at
150 °C for 1 h. The process was repeated by altering the mass of Co3O4 between 200 mg and
300 mg. Thereafter, the mixture was let to settle down for easy separation and then washed

several times with DI water. Afterward, an oven set at 60 °C was used to dry the sample for 12

h.
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Figure 3.9: Synthesis procedure of RGO-S/Co304 composite

3.1.11 Synthesis of polyaniline (PANI)

In this thesis, the utilized PANI material was produced as explained in our previously published
work [170]. Briefly, 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 collected precipitate was washed
several times with deionized water. The resulting sample was dried overnight in an electric

oven at 60 °C under ambient condition.

3.1.12 Synthesis of Carbonized Iron Cations Adsorbed onto PANI (C-FP) Material

0.5 g of polyaniline (PANI), 0.4 g iron (II) nitrate nonahydrate, 0.25 g of polyvinylidene
fluoride (PVDF) and carbon acetylene black (CAB) were mixed together and then completely
dissolved into 20 mL of 99.9 % ethanol (Figure 3.10). The mixture was stirred for 5 minutes
and then sonicated until a slurry was formed. The slurry was then pasted into a nickel foam and
annealed at a ramping rate of 17 °C/min until 850 °C in nitrogen (500 ccm flow rate) gas
environment at a dwell time of 2 h to obtain iron cations (Fe**) 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’
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masses were carefully selected to ensure an approximate weight ratio of 80:10:10 for iron (II)

nitrate salt and PANI, CAB and PVDF, respectively.

Iron (Il) nitrate nonahydrate

PANI
PVDF

AB
. )

=)

2H (17°C/min)

- 8secc
-

“ @ °
Sonication Ethanol  Sample coated Annealing

on Ni-foam

Figure 3.10: Schematic design of the synthesis of carbonized iron cations adsorbed onto

PANI (C-FP) sample.

3.1.13 Synthesis of activated carbon from peanut shell waste (AC-PS)

The activated carbon nanostructure applied in this thesis was prepared as reported in our
previous work [77]. In brief, two steps at high temperature were followed in the preparation of
the material. First, the raw material from peanut shell waste (source of carbon) was pyrolyzed
using argon gas at 600 °C for 2 h. After that, a mass ratio of 1:4 corresponding to peanut shell
waste and potassium hydroxide (KOH) as a raw material and activating agent, respectively
were mixed together and then activated at 850 °C for 1 h. The attained sample was labelled as

activated carbon from peanut shell waste (AC-PS).

3.2 Characterization of the materials

3.2.1 X-ray Photoelectron Spectroscopy (XPS)
X-ray Photoelectron Spectroscopy (XPS) is an instrument utilized to analyse the elemental

compositions covering the surface of the material and how they bonded to each other, their
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chemical states, electronic structure and density of the electronic states present within the
material through the application of photoelectric effect [171]. XPS is affiliated to the group of
photoemission spectroscope where a beam of X-rays are irradiated into the material in order to
acquire the electron occupant’s spectra. The process is achieved by exciting a sample surface
with mono-energetic X-rays generating photoelectrons to be emitted from the sample surface
and the energy of the emitted photoelectrons (Figure 3.11) is evaluated by the electron energy
analyser. The spectrum of the photoelectrons produced can be plotted as the number of
electrons emitted against a specific binding energy of the electron detected. A set of distinctive
peaks which matches with the arrangement of the electron in the materials (ie. 1s, 2s, 2p, 3s,
etc) are generated by each element [172]. A characteristic set of XPS peaks are produced by
each element at a particular binding energy values which classify each element that occurs on
the surface of the material being analysed. The binding energy can be evaluated by the work
of Ernest Rutherford as follows:

B.E=hv—E,— W (17)
where, B.E is the energy of emitted electron, hv present the energy of the X-ray photons being
used, E . stands for kinetic energy of the emitted electron as measured by the instrument and
Wy is the work function of the material.

In this thesis, the electronic states of the surface elements existing within the composite sample
was analysed by a Versa Probe 5000 spectrometer XPS analyser activated with a 100 pm

monochromatic Al-Ka exciting source.
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Figure 3.11: Schematic representation of the working principle of XPS

3.2.2 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive method that offers comprehensive details
concerning phases of the materials, crystallographic structure and preferred orientations, and
other structural parameters like crystallinity, grain size, crystal defects and strain [173]. The
XRD technique comprises of X-ray detector, X-ray tube and sample holder. XRD spectra are
produced in a cathode ray tube by heating a filament to generate electrons, then the electrons
are accelerated towards the target (constructed by copper or cobalt) by employing voltage and
bombarding the target material with electrons. Therefore, the spectra are generated once the
electrons gain sufficient energy to remove inner shell electrons of the target material. These
spectra contains several components filtered to produce a monochromatic beam of X-rays
through a constructive interference. Therefore, from each set of the lattice planes, the X-rays
scattered at a definite angles within the material and fulfill the Bragg’s law [174]:

niA = 2d sinf (18)
where, A presents the incident ray wavelength, d represents the spacing among the planes in

the atomic lattice, 8 shows the incident angle and n is an integer value (1, 2, 3,4, ....).
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The angle between the projection of the x-ray source and the detector is 26 (Figure 3.12) which
shows that the law correlates with the wavelength of the electromagnetic radiation to the
diffraction angle and the lattice spacing in a crystalline sample. Due to random orientation of
the powder materials, the diffraction directions of the lattice can be achieved by scanning the
material in the range of 20 angles. Thus, X-ray characteristics spectra of various wavelengths
are generated based on the target used (Co-A = 1.7890 A or Cu- A = 1.5406 A) in which the

peak intensities are determined by the atomic positions inside the lattice planes [175].

______
’’’’’

X-ray 3 X-ray
source 2 detector

g )26

-
~ -
———————

Figure 3.12: Representation of the working principle of X-ray diffraction.

From the XRD peak, the crystallite sizes of the materials can be evaluated by utilizing Scherer’s
formula as follows:

kA
- BcosO (1 9)

where, D presents average crystallite size in nanometer, k is the Scherer’s constant and
equivalent to 0.89, 4 is the X-ray wavelength,  is full width half maximum (FWHM) of XRD
peak in radian and 6 is XRD peak position (one half of 26). However, this equation is
applicable only for spherical particles.

In this thesis, the phase structures of the material was analysed by X-ray diffraction (XRD -

Bruker BV 2D PHASER Best Benchtop); (PANalytical BV, Amsterdam, Netherland) with
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reflection geometry at 26 values (5 - 90°) using Cu K,,, radiation source (4 = 0.15406 nm) in

a step size of 0.005° at 30 mA and 50 kV.

3.2.3 Raman spectroscopy

Raman spectroscopy is a non-destructive method employed to detect the rotational, vibrational,
low frequency modes and chemical structure of the molecular system within the material by
using the interaction of light with material [176]. Raman spectroscopy is built on the Raman
effect that involves light scattering procedure. When light interacts with the molecules in solid,
liquid or gas it includes both; elastic (Rayleigh) scattering with similar wavelength to incident
light, and inelastic (Raman) scattering at different wavelengths, due to molecular vibrations
[177]. A Raman spectra can be evaluated when a particle scatters incident light of a laser light
source at a high intensity. The polarization of the molecular electron cloud is induced by the
oscillating electromagnetic field of the photon. This transfers the energy of the photon to the
molecule and make it to stay in a higher energy density state. The number of peaks features by
the Raman spectrum is indicated by the Raman scattering light showing its intensity and the
wavelength position. Distinct peak matches a particular molecular vibration comprising of
individual bonds and/or groups of bonds. The energy variation linking the incident light and
scattered light is known as Raman shift which is displayed by the resultant spectrum
representing the intensity of the scattered light versus wavelength of the Raman shift (cm™).
The shift at wavelength higher and lower than that of the incident light is characterized as
Stokes and ant-Stokes scattering, respectively. The former develops when the molecule
acquires energy from the photon during scattering, and the scattered photon loses energy which
increases the wavelength, while the latter occurs when the molecule loses energy by resting at
the lower vibrational level, and the scattered photons get the matching energy which decreases

the wavelength [178]. Mostly, higher-intensity Stokes scattering peaks are utilized for analysis,
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in spite of anti-Stokes peaks which are rarely used. This is because quantum mechanically,
Stokes and ant-Stokes are correspondingly possible processes, through an ensemble of
molecules the bulk of molecules will be in the ground vibrational level (Boltzmann
distribution). Thus, Stokes scatter is statistically more likely process [179]. For example, Figure
3.13 illustrates the Raman spectrum of sulphur measured using the excitation wavelength of
532 nm (green laser) in which the Stokes scattering is noticed in the lower wavenumber (longer
wavelength) region and anti-Stokes scattering in the higher wavenumber (shorter wavelength)

region [180][181].

Rayleigh Scattering
Ex
v
Raman Scattering — Stokes Raman Scattering — Anti-Stokes
A A
7~ = - S

_JDULJ d A

Raman Shift (cm™)

Wavelength (nm)

Figure 3.13: Raman spectrum of sulphur [182].

In this thesis, A WITec alpha 300 RAS+Confocal micro-Raman microscope (Ulm, Germany)
displayed in Figure 3.14 was utilized to analyse the synthesized samples. To avoid sample
heating, the system was operated at laser power of 5 mW and wavelength of 532 nm in a

spectral acquisition time of 150 s.
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Figure 3.14: A WITec alpha 300 RAS+Confocal micro-Raman microscope (Ulm, Germany)

employed for samples characterization in this thesis.

3.2.4 Fourier transform infrared (FTIR) spectroscopy

The FTIR spectroscopy is a technique developed to attain an infrared spectrum of transmission,
absorption or emission of solid, liquid or gas molecules by assembling the high-spectral
resolution data through a broad spectral range [183]. It employs the mathematical process
(Fourier) to interpret the raw data (interferogram) into the actual spectrum. FTIR spectroscopy
is acquired to identify different functional groups within the materials. Usually, the bonds
between various elements absorb lights at different frequency and then, the light is measured
using an infrared spectrometer which creates the output of an infrared spectrum. The vibration
characteristics of the chemical functional groups in the sample are detected by Infrared
spectroscopy. Once the infrared light interacts with the material, it makes the chemical bonds
to stretch, contract and bend. Consequently, it allows the chemical functional group to adsorb
infrared radiation in a particular wavenumber range irrespective of the structure of the rest of

the molecule. Therefore, the relationship between the band wavenumber location and the
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chemical structure is applied to determine the functional group within the material. The specific
molecular groups dominant in the materials will be established via a spectrum data in the
automated software of spectroscopy subject on the infrared absorption frequency range (4000
— 400 cm™') which will be presented as the infrared light absorbance/reflectance/transmittance
versus frequency (wavelength) [184]. The standard FTIR spectrometer (Figure 3.15) consists
of detector, sample cell, amplifier, A/D convertor, computer and source of radiation. The
radiation from the source passes via interferometer to get to the detector in which the signal is
magnified and changed to a digital signal by the A/D convertor and amplifier, thereafter, the
signal is communicated to the computer [185]. The FTIR attained via a Varian FTIR
spectroscopy ranging 400 - 4000 cm™! in wavenumber was employed to determine the

functional group of the material in this thesis.
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Figure 3.15: A schematic design of FTIR spectrometer [186].

3.2.5 Scanning electron microscope (SEM)

The scanning electron microscope (SEM) is an instrument utilizing a high-energy beam of
electrons to scan the surface of a material in order to produce a high-resolution image which
display information about topography and materials surface composition [187]. When

electrons interact with the materials, they generate variety of signals such as: Secondary
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electrons (SE — which produce SEM images), backscattered electrons (BSE), photons
(characteristics X-rays applied for EDS analysis), diffracted backscattered electrons (EBSD —
utilized to determine crystallographic structures and orientations), visible light and
bremsstrahlung which are collected by one or more detectors to form images displayed on the
computer screen [188]. SE and BSE are normally used for imaging the material whereby, the
former is applied for presenting morphology and topography on the samples while the latter is
used to demonstrate rapid discrimination of phases in multiphase samples based on mean
atomic number. X-ray production is generated by electron rearrangement in the energy levels
of the electronic structure in different shells in which characteristics X-rays are applied to
classify composition and elements presents within the material. Generally, SEM consists of an
electron gun/source, anode (accelerator), electron beam, magnetic lenses, detector and sample
holder [189]. When an electron gun releases electrons, they become accelerated by the applied
voltage where the magnetic lenses converge the stream of electrons into a focused beam which
then hits the sample surface in a particular spot. The electron beam then scans the surface of
the material in a rectangular raster and magnification can be amplified by decreasing the size
of the scanned area on the sample. The equivalent signals are measured, and the values are
mapped as variations in brightness on the image display. The SE are more frequently used as

the read-out signal.

Energy dispersive X-ray spectroscopy (EDS) is the standard method applied to recognize and
quantify the elemental compositions and/or chemical characterization present within the
material [190]. The EDS set-up is linked with SEM system whereby the analysis is performed
concurrently. In EDS, the atom within the material are determined by SEM’s high-energy beam
of charged particles like protons or electrons that hits the material and excite the emission of

characteristics X-rays from an inner shell. This shows that, the developed electron vacancies
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are occupied by electrons from higher-energy shell, and the emitted X-ray is used to balance
the difference in energy between the higher energy shell and the lower energy shell of the
electron. Therefore, the atoms on the surface of the materials are excited by the electron beam
which emits specific wavelengths of X-rays energy which are representative of the atomic
structure of the elements [191]. The X-ray emission can be evaluated by utilizing energy
dispersive detector which distinguishes among X-ray energies via spectrum. The characteristic
spectrum attained permits the elemental identification through matching with the reference
spectra. Hence, relevant elements are allocated revealing the composition of the atoms on the
materials surface [192]. Figure 3.16 display the scanning electron microscope (SEM-Zeiss
Ultra Plus 55 field emission scanning electron microscopes; Akishima-shi, Japan) run at 2.0
kV and fitted out with an energy dispersive X-ray spectroscopy (EDS) functioned at 20 kV
which was employed to study the morphology and elemental composition of the synthesized

samples.
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Figure 3.16: High-resolution field emission scanning electron microscope (SEM-Zeiss

Ultra Plus 55).

3.2.6 Transmission electron microscopy (TEM)

A transmission electron microscope (TEM) is a method employed to study the sample
morphology in transmission mode by giving much higher resolution of the material than SEM
through using electron magnification [193]. The electron gun which is a part of a TEM
accelerate electrons to pass through the material and drawn toward one end of the anode. After
the electrons leave the electron gun, they enter the condenser scheme that comprises of one or
two electromagnetic lenses which produce a magnetic field that narrows the electrons into a
thin beam. Next, the electron beam enter the image generating scheme where at the start of the
scheme is the sample being imaged. When electron beam is transmitted through the sample

some electrons are detained or bounced as they try to pass through the sample. The transmitted
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ones then become focused as an enlarged image onto a fluorescent screen, which emit light
when knocked by these charged particles to create image [194]. Thus, the way image is
produced in TEM shows the difference between TEM and SEM, where SEM images are
created by electrons that are emitted from the surface which gives surface image of the sample
unlike TEM which acquires image of the internal composition of the material. TEM display
various features of the sample, such as high magnification image of the internal structure like
morphology and crystallization and stress. Most TEM systems have a resolution of less than
0.05 nm, thus, the specimen has a very thin tube less than 100 nm in order to allow the electrons
to pass through [195]. Figure 3.17 shows a high-resolution transmission electron microscope
(HRTEM FEI Tecnai-F30 JEOL 2100F; built-in with LaB6 filament, a Gartan U1000 camera
of 2028 x 2028 pixels; Akishima-shi, Japan) functioned at 200 kV which was applied to study

the internal structure of the synthesized samples in this thesis.

Figure 3.17: High-resolution transmission electron microscope (HRTEM FEI Tecnai-F30

JEOL 2100F).
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3.2.7 The N; gas adsorption/desorption analysis

The gas adsorption/desorption technique is grounded on the gas adsorption theory on solid
surfaces. The varying curve of equilibrium adsorption under a certain pressure is named as
adsorption isotherm. The specific surface area (SSA), pore size distribution and average pore
volume can be evaluated by analyzing the adsorption isotherm. The nitrogen adsorption on
solid surface depends on the nitrogen-relative pressure (P/Po; 0.05 — 0.1) where P is the partial
pressure of the nitrogen and Po is the saturated vapor pressure of nitrogen under temperature
of liquid nitrogen. In this thesis, the N, adsorption/desorption isotherms were measured by
NOVA Touch LX® version equipped with a quanta-chrome Touch-Win software analyzer. The
specific surface area was calculated using Brunauer-Emmett-Teller (BET) method from the
adsorption/desorption curve while pore size distribution was evaluated by using DFT method.
All samples were degassed at 80 °C for 10 h under high vacuum environment in order to remove
the remaining moistures. Thereafter, the samples were loaded into analysis chamber under
liquid nitrogen at a low temperature (77 K) and pressure. It was monitored by treating the
samples with a certain amount of gas and followed by evacuation of the gas to obtain the
amount of gas adsorbed by the samples over a relative pressure range (P/Po; 0.01 < P/Po <
0.2).

The adsorption isotherms are categorized depending on the molecular interactions between the
gas and the adsorbed surface. The five types of isotherm were firstly reported by Brunauer et
al. (1940) [196] followed by six isotherm types reported by International Union of Pure and
Applied Chemistry (IUPAC) (1985) [197]. Later, Gregg and Sing provided details on the
differences among the classifications of isotherms with additional adsorption and desorption
hysteresis [198]. Figure 3.18 (a) presents different types of isotherms. The adsorption on the
microporous structure is presented by type I isotherm which is termed as Langmuir type. The

strong and weak interactions correspond to microporous showing type II and III, respectively.
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The weak interactions of mesoporous structure are characterized by type V. Type VI is a typical
stepwise of layer-by-layer adsorption on the microporous surface. The adsorption/desorption
hysteresis loop is categorized into four classes specifically, H1, H2, H3 and H4 as displayed in
figure 3.18 (b). H1 is ascribed to the small distribution of related cylindrical-like pores, H2
indicates a complex pore structure, while H3 and H4 matching the collections of slit-shaped
pores, and complex materials comprising of both microporous and mesoporous structures,

respectively.
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Figure 3.18: (a) The IUPAC classification of adsorption/desorption isotherms for gas-solid

equilibria and (b) the adsorption/desorption hysteresis [197].

3.4 Electrochemical characterization
The electrochemical characterization of the synthesized sample in this thesis was conducted by
a Biologic VMP300 potentiostat (Knoxville TN 37930, USA) controlled by EC-Lab V1.40

software as shown in Figure 3.19 [199]. The working electrode was prepared by adding few
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drops of 1-methyl 2-pyrollidone (NMP) in a mixture contains 80 % of the active material and
10 % each of conductive carbon acetylene black (CB) and Polyvinylidene fluoride (PVDF) to
make a slurry. The slurry was pasted onto a clean nickel foam used as a current collector and
then dried in an oven at 60 °C for 12 h. The capacitive performance of the electrodes was
conducted in the three- and two-electrode measurements systems. The electrochemical
measurements in three electrode configuration were carried out using synthesized sample as
the working electrode, Ag/AgCl as a reference electrode and glassy carbon as a counter
electrode in aqueous electrolytes. For two-electrode, the device was fabricated by sand
witching the synthesized material with a filter paper as a separator in a coin cell configuration.
The cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical
impedance spectroscopy (EIS) in a frequency range of 0.01 Hz to 100 kHz at open circuit

potential were measured in both configurations.

Figure 3.19: A Biologic VMP300 potentiostat used in this thesis.
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CHAPTER 4

4.0 RESULTS AND DISCUSSION

This chapter presents the discussion of the results achieved from the synthesis, characterization
and electrochemical measurements of all the materials synthesized through different methods.
All the results presented in this chapter are author’s original research work that have been

published and some are still under review as articles in peer-reviewed journals.

4.1 Introduction

This study is motivated on developing sulphur-reduced graphene oxide composite materials
for high performance in supercapacitor applications. Hummer’s method, hydrothermal and
precipitation method were employed in the synthesis of the materials. During synthesis, sodium
sulphide and sulphur powder both act as a source of sulphur were introduced into reduced
graphene oxide in order to enhance the overall electrochemical performance of the reduced
graphene oxide (see section 4.2.1 and 4.2.2). Sulphur element is an appealing material for
electrochemical energy storage devices due to its high theoretical capacity (1672 mAh g'!) and
specific energy (2600 Wh kg™!), which can improve the whole reaction between sulphur and
electrolyte ions to produce sulphide ions [200][201]. Furthermore, the comparatively small
electronegativity (S - 2.58) that describe its capability to generate extra redox active sites, has
been seen to improve capacity/capacitance of the material by forming strong bond between
carbon/metallic surfaces [202]. Previously, only one precursor was used as a source of sulphur
which limit the content of sulphur produced as most of them produced sulphide gases. In this
study, a combination of two precursors (sodium sulphide and sulphur powder) were utilized so
as to increase the sulphur amount. Thus, addition of sulphur content in this study facilitated
more redox reaction leading to an increase in the overall capacity/capacitance. Moreover,

sulphur is recognized for cost-effectiveness, non-corrosive, readily available and it has good
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eco-friendly effect as an electrode material for supercapacitor [201]. Therefore, sulphur-
comprising composite materials display reasonably high capacity and high charge/discharge
cycle stability developing from the enhanced electrical conductivity, wettability and surface
properties of the electrode materials [73]. In this chapter, the synthesis, characterization and

the electrochemical results of RGO-S, RGO-S/MnO; and RGO-S/Co0304 are discussed.

4.2: Sulphur-reduced graphene oxide composite with improved electrochemical
performance for supercapacitor applications

4.2.1: Summary of the study

In this study, two materials were synthesized; reduced graphene oxide (RGO) and sulphur-
reduced graphene oxide (RGO-S) by using a modified Hummer’s method. First, RGO (pristine)
sample was synthesized by using graphite powder as the main precursor, then, during synthesis
sulphur (S) was introduced to enhance the electrochemical performance of RGO through
forming a composite (RGO-S). The introduction of S to the composite material has
demonstrated a huge effect on the overall performance of the composite compared to pristine
(RGO) sample. The material was characterized by SEM, TEM, EDX, SPS, XRD, FTIR and
Raman spectroscopy. A 6 M KOH was used as electrolyte to evaluate the electrochemical
characterization. Attached below is the publication reporting the synthesis procedure,

characterization and the electrochemical results for these materials.
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Energy density
Capacity retention

specific current of 5 A g~'. Remarkably, an assembled hybrid device with carbonized iron
cations (C-FP) and the RGO-S composite delivered high energy and power densities of
35.2Whkg ' and 375 W kg ' at 0.5 A g " 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 *.
© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

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.

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 electro-
chemical process has been considered a potential candidate
for efficient energy storage due to its excellent cycling stabil-
ity, 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 in-
volves charge-transfer from redox reactions. In redox capacitor
the faradic phenomenon involves fast and reversible electro-
chemical reactions between the electrolyte and electrode ma-
terials. III. Hybrid supercapacitor combines faradic electrode
material and EDLCs to make up hybrid system [4,10-12].

Normally, carbon based materials such as activated car-
bon, 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 sur-
face functionalities, as well as morphological properties can
improve electrochemical performance of the material
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[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]. Sulphur-reduced graphene composites are 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 in-
crease chemical reactivity of the graphene. Yaglikci et al. re-
ported on sulphur doped activated carbon prepared using
microwave and activation at 850 °C and obtained a smaller
pitted shapes with energy and power densities of 20.1 Whkg™*
and 294.35 W kg respectively, at 1 A g ' in 6 M KOH elec-
trolyte and, energy and power densities of 9.06 Wh kg~* and
400.10 W kg~ respectively, at 1 A g~! in 1 M H,S0, electrolyte
[6]. Nitrogen and sulphur co-doped carbon nanosheets derived
from willow catkin reported by Wang et al. was prepared by
pyrolisis and activation at 850 °C displayed interconnected
carbon nanosheets with energy and power densities of 21 Wh
kg~ and 180 W kg respectively, at 50 A g * in 1 M Na,SO4
electrolyte [11]. Igbal 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 and 294.35 Wh kg!
respectively, at 0.5 mAcm ? in 2 M KOH electrolyte [13].
Parveen et al. obtained sulphur doped graphene using elec-
trochemical exfoliation method and obtained a transparent
sheets with a small black dots with energy density of 9.6 Wh
kg~ ' and power density of 375.7 Whkg 'at5A g ' in 3M KOH
electrolyte [25]. These results show that heteroatom com-
posite carbon materials demonstrated synergetic electro-
chemical properties due to high electron donating property
and charge density enhancement of carbon materials. How-
ever, in most cases chemical and thermal treatment were
used to prepare carbon-based 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
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method. The synthesized material was obtained from
sulphur-reduced graphene oxide (RGO-S) composite by using
an improved Hummers’' method. The as-synthesized elec-
trode 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 at 0.5 A g ! 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 * and 375 W kg *at 0.5 A g * 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.

Experimental details
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 (H,SO,4) which serve as
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 (KHSO,) and calcium chloride
(CaCl,) were added subsequently upon stirring. KHSO, was
used to start up the reaction while CaCl, used as a water
remover. Effervescence was noticed upon additional of CaCl,.
The resulting mixture was stirred (400 rev/min) for 40 min at
60 °C, followed by a further addition of 10 g of potassium per-
manganate (KMnO,) as an oxidizing agent and additional 50 mL
of H,S0O,. The solution was further stirred (250 rev/min) for 2 h
at 60 °C 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 (H,0, -
30%) alongside 120 mL of deionized water (DI water) were added
to stop the reaction, which caused a vigorous rise in tempera-
ture of the mixture and beard great potential hazard. Therefore,
great caution must be taken during the synthesis of the mate-
rial. 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 h 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 h, washed
several times with DI water and then centrifuge and dried in a
vacuum oven at 80 °C for 6 h to obtain the final sample named
as reduced graphene oxide (RGO).

Preparation of sulphur-reduced graphene oxide (RGO-S)
composite

1 g of sulphur powder together with 3 g of sodium sulphide
(Na,S) act as a sulphur source were added into 100 mL of DI
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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 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, H,S 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 °C, centrifuged for
10 min at 5000 rpm and dried at 80 °C for 12 h in a vacuum
oven. The resulting as-synthesized sample was designated as
sulphur-reduced graphene oxide (RGO-S) composite.

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 ani-
line hydrochloride was added to 0.25 M of ammonium per-
oxydisulfate. The mixture was stirred for 10 min, 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 °C under ambient condition.

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 son-
icated 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 (Fe’*) 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].

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 200 kV
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
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diffraction (XRD) analyzer with reflection geometry at 2¢
values (5-90°) with a step size of 0.005°, operating with a Cu
Ko, radiation source (4 = 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 ach-
ieved via a Varian FT-IR spectroscopy in a range of
500-4000 cm ™' in wavenumber. An X-ray photoelectron
spectroscopy (XPS) analyzer (Versa Probe 5000 spectrometer
activated with a 100 um monochromatic Al-K« exciting
source) was employed to analyze the electronic states of
surface elements present in the composite sample.

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 cm? serving as current
collector for three-electrode and then dried in an oven at 60 °C
for 12 h. The capacitive performance of the electrodes was
carried out with the aid of a Bio-Logic VMP300 potentiostat
(Knoxville TN 37930, USA) controlled by EC-Lab V1.40 software
in a three-electrode set-up. The electrochemical measure-
ments 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~! 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 ' in a potential window
range of 0.0 V to 0.45 V. The single electrode specific capacity,
Qs (mAh g ) was obtained via a GCD profiles using equation
(1) below [4]:

Ia x 4t
i o

where Q; is the specific capacity, I4 is specific current in A g",
and 4t is time in seconds taken for a complete discharge cycle.
The energy efficiency, n; (%) was calculated from the following
relations:

ne = B4 % 100% @
E.
E., E4 and n; are charge energy, discharge energy and en-
ergy efficiency from the integral of the area under the charge-
discharge curve of the electrode respectively.
The columbic efficiency Cg was calculated according to the
following relation [13]:

Ce =12 x 100% °)
L9
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where t., t, and Cg (%) are times for charging and discharging
times with the same current, as well as the columbic effi-
ciency respectively.

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 assem-
bled 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 Q, = Q_ was used to balance the mass of each elec-
trode. Since the RGO-S shows a Faradic behaviour the specific
capacity (Q;) was calculated by integrating the area under the
GCD curve as shown in equation (1) above. The specific ca-
pacity Q; was then written as a function of mass, specific
current and discharge time as shown below [27,28]:

Mg Aoy = M Iy Ay (4)

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

m, 4y,
m_ Ay,

®)

where, m, and m. are the positive and negative electrode
masses respectively, l4(;) and Iq(-) are positive and negative
electrode specific currents respectively and 4,,, and 4,,_, 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, Qs 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:

Eie “;m / vit [Whig!| ®

_E
Py=—1 x 3600 [Wkg ] @)

where, I is the applied current (mA), [Vdt is the area under
discharge curve of the device, m (mg) is the total mass of the
active electrode, At is electrode discharge time in seconds, E4
and P; are the energy and power densities, respectively, with
their specified units [7,18,19,27].

Results and discussion
Morphological, structural and composition characterization

The surface morphology of the as-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 RGO-S composite showed a
morphology, which comprises a combination of nanorods and
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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 condi-
tion like temperature and concentration [4,29]. The improved
Hummer's method as narrated in the experimental section
(section Preparation of Reduced Graphene Oxide (RGO)
Samples) was completed by sonication and magnetic stir-
ring, 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 Igbal

110X0) (i
=

etal. 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 sedimentation and force the close mixing,
thus ensuring the occurrence of a homogenous reaction for
the growth of nanorods/fibers like structure without hydro-
thermal 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.

The phase-structure analysis of the as-synthesized sam-
ples 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 26 = 5° — 907,

)

4

/

200%mm

\

OO m
-

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.
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showing a crystalline structure for both samples. The
appeared diffraction peaks at around 20 = 15.3 °C, 23 °C and
31.1 °C and 34.3 °C are due to sulphur, while the rest of the
peaks belong to RGO. The broadness of some peaks such as
25.8°C and 42.7 °C may be caused by the formation of defects
arising from the heteroatom doping [9].

Fig. 2(b) shows the Raman spectra of the materials,
revealing four major distinct peaks at 1344 cm™?, 1586 cm ™%,
2699 cm ! and 2930 cm ™ corresponding to D, G, 2D and 2D
bands, respectively. The appearance of D bands corresponds
to Ay, lattice distortion mode. The G band was due to vibra-
tional mode in the plane E,; of the sp” hybridized carbon [31).
2D and 2D’ is a second-order two-phonon process that dis-
plays 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 (l4/I;) 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 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 RGO-S composite
sample. It was observed that the synthesized sample contains

— RGO
e RGO-S

()

Intensity (a.u)

20 (degree)

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 a description of percentage weight
composition of elements in the RGO-S material. The presence
of Na (~6.6 wt %) in the EDX spectrum is ascribed to the Na,S
adopted during synthesis of the composite material.

Fig. 2(d) presents the FTIR analysis of both the RGO and
RGO-S samples. The FTIR peak at C=S (1124 cm™?) confirms
the formation of carbon-sulphur covalent bond. The existence
of characteristics bands around 823 cm™* 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 ' and 2682 cm ' which correspond to C—H, CO,
and = C—H bands, respectively [34-36].

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 Na,S salt adopted in the synthesis of the RGO-S material
[37]. As shown in Fig. 3(b) the strong peaks observed for 0=S
(530.1eV), C=0 (531.7 eV), C—OH (533.6 eV) and O=C (535.4 eV)
were assigned to O 1s [38-41]. The high resolution C 1s spectra
in Fig. 3(c) shows the formation of three peaks corresponding

RGO
= RGO-S

(b)
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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. 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.

to C=C (284.6 eV), C-S/C~H/C-0O (284.9 eV) and C=0
(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 suc-
cessful incorporation 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 atoms were directly bonded to carbon atoms and
reveal the defects of graphene. Furthermore, the presence of
metal sulfides X,S (159.4 eV), S*~ (161.2 eV) and metal sulphate
X-SO, (165.0 and 167.9 eV) are due to the oxidation of S*-
which occurs in graphene oxide by the reduction and substi-
tution reaction between the functional groups present in
graphene oxide and sulphur atoms in Na,S 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).

Electrochemical measurements

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 and b) shows the cyclic
voltammetry (CV) curves at a scan rate of 50 mVs~* in both
positive and negative potential windows range of —0.45 to
0.0 Vand 0.0-0.45 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
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displayed pseudocapacitive behaviour. This might be linked to
the presence of functional groups 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 and d) represents the galvanostatic
charge/discharge (GCD) curves at a current density of 0.5 Ag™
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 and 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 electro-
chemical redox reactions arising from the presence of func-
tional 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-Sin 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 heteroat-
om 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 electro-
chemical performances are far higher than those in the
negative potential window.



13196 IN

TERNATIONAL JOURNAL OF HYDROGEN ENERGY 4§ (2020 vl[ip*l 201
= @) @50mvs” —RGO b 50mvs' =——RGO
o 40 —roos| =~61® . ——RGOS
< -
~ < 4
- S
€ 20- -
o € 2.
[ e
=1 -
o 0- 3 04
%) o
E O
S 20 & 24
a 4
» ‘g-"‘
40+ &)
80 01 82 03 B4 08 s aas A4y 42 A1 a8
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)
05
s C ~—RGO S — RGO
o () ~—RGO-S o 0.0-(d) e RGO-S
D 0.4-
< 0.4 @05Ag" 2 @05Ag"
o 5 -0.1-
< <
0.3+
' '
; > .02
< 0.2- 2
3 S 03
c c
% 0.1 8
o S 04
0.0 . | . . " . 3 . s : r
0 100 200 300 400 500 600 700 0 10 20 30 40 50

Time (s)

Time (s)

Fig. 4 — (a, b) CV curves at a scan rate of 50 mVs * in both positive and negative potential windows, (c, d) GCD curves at a
current density of 0.5 Ag™ in both positive and negative potential windows for RGO and RGO-S sample in 6 M KOH,

respectively.

Fig. 5(a and b) reveals Columbic efficiency and energy ef-
ficiency for RGO and RGO-S electrode over a 2000 charge and
discharge cycling test at 5 A g~*. 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 incorporation of
sulphur, which enhanced the electrochemical performance
and stability of the sample.

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 * and
113.8 mAh g ' was recorded for RGO and RGO-S electrode,
respectively at a specific current of 0.5 A g~*. This better per-
formance observed for the RGO-S was ascribed to the
improved Hummers' method adopted in the material’s syn-
thesis as well as the introduction of heteroatom (sulphur
nanoparticle) into the graphene-based material, which resul-
ted in a unique morphology, improvement in electrical con-
ductivity and additional 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
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resistance (Rs) value of about 0.43 Q 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 elec-
trochemical improvement of RGO due to presence of S
heteroatoms.

From the above discussion, it was revealed that RGO-S
performed better than RGO in terms of CV, GCD, cycling per-
formance, 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 'ina
potential window range of 0.0-0.45 V. Fig. 6 (b) represents the
GCD curves at different specific currents from 0.5t0 20 A g *. It
was observed that the GCD curves agree 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 ma-
terial as shown in Fig. 5 (c).

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
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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.

0.5 =
” (a) =—5mvs’ ~  |(b) —05Ag
60{ =———10mVs" o —1Ag"
——20 mVs" D0.4 —2Ag"
<401 —somvs < —3Ag’
E 5] —somvs’ - g —4Ag’
- ——100 mVs" w03 —5Ag"
S o > —10Ag"
‘5- 202 —15Ag"
20 = 0 —20Ag"
©
= 40 £
2 0.1
-604 g
-80 0.0

00 01 02 03 04 05
Potential (V vs Ag/Cl)

0 100 200 300 400 500 600 700
Time (s)

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

further electrochemical analysis, an asymmetric cell desig-
nated 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, corre-
sponding 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/cm?
for the asymmetric cell. The set up was completed in a stan-
dard 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 nano-
rods/fibres materials employed as negative and positive
electrodes, respectively. The C-FP electrode displayed an ideal
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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 ' displayed a
nonlinear pseudocapacitive curve 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
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Ragone plot of RGO-S//C-FP, respectively.
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RGO-S//C-FP improves the electrochemical performance by
facilitating the charge carriers which improve the potential
window and increases the current value at the same scan rate.

Fig. 7 (c) presents GCD profile of the fabricated asymmetric
cell at different specific currents ranging from 0.5 to 20 A g~ .
The quasi linear GCD curves displayed the faradic contribu-
tion 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 pseu-
docapacitive 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%,
the maximum specific capacity of about 112.7 mAh g* was
recorded. Fig. 7 (¢) 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~?, 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 Q to 2.5 Q after 10, 000 cycling at 3 A g~*. This could be
due to wettability and also the material became more acces-
sible 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~ corre-
sponding to a power density of 375 W kg~ ! at a specific current
of 0.5 A g ' 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].

Conclusion

Sulphur-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 forma-
tion 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* at 0.5 A g *. The
half-cell could retain a columbic efficiency of about 98.7% with
corresponding energy efficiency of about 98.5% over 2000
constant charge/discharge cycle at a specific currentof SA g
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, high energy and power densities of
35.2 Wh kg~* and 375 W kg! at 0.5 A g~ ! within a 1.5 V
operating potential, respectively. A good cycling stability
performance with an energy efficiency of 99% was observed

161

for the device for up to 10,000 cycling at a specific current of
3 A g L. The fabricated sample revealed good electrochemical
properties which offer the materials in question as for
supercapacitor application.
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4.2.2: Concluding remarks

The development of carbon nanorods/fibers material exclusive of any mechanism affecting their
formation was noted by different characterization techniques for the composite sample. The
formation of C-S bond confirm that sulphur was effectively integrated into graphene oxide. The
highest specific capacity of 12.5 and 113.8 mAh g'at 0.5 A g'! was noted for RGO and RGO-
S in three-electrode measurement, respectively. Addition of S into RGO creates defects which
modify its properties by increasing redox active sites, hence improved the capacity of RGO-S
compared to RGO. The fabricated hybrid device with RGO-S composite as a positive electrode
and carbonized iron cations (C-FP) as a negative electrode delivered a high specific energy of
35.2 Wh kg™! and specific power of 375 W kg!'at 0.5 A ¢! within a working voltage of 1.5 V.
A good cycling stability performance with an energy efficiency of 99% was recorded for long

terms stability up to 10,000 cycling at 3 A g
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4.3: High energy and excellent stability asymmetric supercapacitor derived from
sulphur-reduced graphene oxide/manganese dioxide composite and activated carbon

from peanut shell

4.3.1: Summary of the study

In this work, RGO-S and RGO-S/MnO, composite were effectively produced via a modified
Hummer’s method followed by freeze drying process, and hydrothermal method. Graphite
powder and potassium permanganate were utilized as the starting precursor. RGO-S/MnO>
composite was formed by optimizing different mass loading by adding 50, 100 and 150 mg of
MnO:. The development of nanorods/fibers, nanosheets and nano-flower like morphology was
witnessed by the analysis done on the samples depending on the mass loading of MnO». The
aim of adding MnQO: is to increase the capacitance and improve the stability over a long cycle
[203]. This is because MnO; has the ability to serve as a sulphur host for different sulphide
species [204]. It suppresses the polysulphide diffusion by preserving the stability of
supercapacitor during long cycling through formation of strong chemical adsorption bond
[205]. SEM, TEM, EDS, XRD and FTIR were applied to characterize the material, while the
electrochemical evaluation was done using 2.5 M KNO;s as electrolyte. The following attached
publication presents a detailed synthesis procedures, characterization and electrochemical

measurements of RGO-S/MnO; composite.
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ABSTRACT

Nanorods/fibers, nanosheet and nano-flower like structure were effectively synthesized from sulphur-
reduced graphene oxide (RGO-S) and sulphur-reduced graphene oxide/manganese dioxide (RGO-S/
MnO;) composites for supercapacitor applications. Structural, chemical composition and morphological
analysis reveal an effective synthesis of the RGO-S and RGO-S/MnO; composite. Electrochemical mea-
surements of the optimized mass loading of MnO2 on RGO-S in a three electrode configurations revealed
a specific capacitance of 180.4 F g ' compared to 75.2 F g~ ' of the pristine sampleat 1Ag ' in 2.5 M
KNOs3 electrolyte. An assembled asymmetric device consists of optimized RGO-S/MnO; as positive
electrode and activated carbon from peanut shell (AC-PS) as a negative electrode delivered a high specific
energy of 71.74 Wh kg ! with its corresponding specific power of 850 W kg ' at 1 A g% It was observed
that even at high specific current of 5 A g~! the device was able to maintain a specific energy of 55.30 Wh
kg~ '. An excellent stability with capacitance retention of 94.5% and columbic efficiency of 99.6% up to 10,
000 cycles was recorded for the device at 5 A g~. The device demonstrated a very good stability after
being subjected to a voltage holding of up to 90 h and an outstanding self-discharge of about 1.45 V was

recorded within the first 10 h and 1.00 V after 72 h from its maximum potential of 1.7 V.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The variations in precipitation, sea level and rising temperature
will affect how much energy is produced, delivered and consumed.
Due to a huge effect caused by climate change and high con-
sumption of fossil fuels which is limited and has environmental
problems like green-house effect, there is a need to find an alter-
native energy source. Renewable energy is the energy harvested
from natural resources such as geothermal energy, solar, hydro-
power and wind. However, energy harvested from these resources
is not available all the time because it depends on the weather and
time. For example, solar energy can only be harvested during the
day time, so in order to have sufficient energy, energy storage de-
vices like supercapacitors, battery and other energy conversion
systems are required [1,2,4-6].

Recently, the supercapacitor has attracted most research

* Corresponding author.
E-mail address: ncholu.manyala@up.ac.za (N. Manyala).

https://doi.org/10.1016/j.electacta.2020.136498
0013-4686/© 2020 Elsevier Ltd. All rights reserved.
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community owing excellent cycling stability, high power density
and fast charge/discharge ability [2,7-9]. By considering the charge
storage mechanism, the supercapacitor is characterized as the
electric double-layer capacitor (EDLC) and faradic/pseudo capac-
itor. EDLC store energy through the separation of charges in a
Helmholtz double layer at the interface of electrode and electrolyte
while pseudo/faradic capacitor its storage is achieved by a redox
reaction between the electrode and the electrolyte [10-14].

For innovative energy storage devices (supercapacitor), micro-
structure has effect on the electrochemical performance of elec-
trode materials [15-17]. This makes scientists focus on developing
new materials which can meet energy demands. Mostly, carbona-
ceous materials such as activated carbon, carbon aerogel, graphene
and carbon nanotube store energy through reversible adsorption-
desorption of ions on the surface of the electrode leading to high
power density and long cycle life but low energy density [4,18-22].
The use of dopants such as boron (B), phosphorus (P), sulphur (S)
and nitrogen (N) has seen to enrich physical and chemical prop-
erties like wettability of the carbonaceous materials [2,10,23,24].
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Precisely, the synthesis of sulphur carbonaceous materials for
supercapacitor is of great importance due to its ability to create
redox active sites by attracting the greater number of electrons
which in turn increases the capacity/capacitance of the material
[1,11,21,25]. However, shuttle effects occur during the conversion of
sulphur to different sulphides products, makes supercapacitor to
suffer from poor stability during a long cycling process [6,26-30].
Several approaches have been attempted to resolve the problem,
which include binding the material onto conducting polymers [31],
metal hydroxides [7], metal oxides [12] and metal sulphides [32]
hosts which derives its capacitance from redox reaction that occurs
between or on the surface of the electrode which proves to have a
high energy density [16,27,33]. These material hosts offer high ef-
ficiency of chemisorption, which suppress polysulphide diffusion
by improving the long term stability through the creation of strong
chemical adsorption and immobilize the polysulphide species.

Recently, the varieties of d-block metals and their oxides such as
cobalt oxide, manganese dioxide (MnO,), tin oxide and nickel ox-
ide, have been used as a well-established active electrode for
supercapacitor due to several oxidation states and pseudocapaci-
tive behaviour [4,20,33-35]. MnO; has been regarded as a high
standard electrode material for supercapacitor applications, owing
to high specific capacity/capacitance, variable oxidation state,
abundant availability/low cost and non-toxicity. Since MnO, exits
in different polymorphs, it can be tuned to produce different
crystallography structure and morphological properties which in
turn can change the electrochemical properties via doping or
composites formation [9,29,36,37]. The material has the ability to
grow within or around the carbon matrix, thus serves as a highly
effective sulphur host which offers strong face-to-face entrapment,
greatly maintaining the polysulphide and improves cycling stability
over a long cycles.

In this study, sulphur-reduced graphene oxide/manganese di-
oxide composite was synthesized for supercapacitor applications.
The electrochemical performance of the material was evaluated
using both three- and two-electrode configurations in 2.5 M KNO3;
electrolyte. The RGO-S/100 mg MnO, composite measured as a
half-cell revealed a peak specific capacitance of 180.4 F g ' at
1 A g " The fabricated RGO-S/100 mg MnO3//AC-PS asymmetric
hybrid device using RGO-S/100 mg MnO; and activated carbon
from peanut shells (AC-PS) demonstrated high energy density of
about 71.74 Wh kg ' with its corresponding power density of
850 W kg ! at a specific current of 1 A g~ . The material was able to
retain about 94.5% of its initial capacitance, with a columbic effi-
ciency of 99.6% at 5 A g ! for over 10, 000 cycles. Also, the device
proved its stability in long cycling after being able to stand a voltage
holding test for up to 90 h and preserving a 1.45 V of its maximum
potential after a self-discharge test for the first 10 h, and a 1.00 V
after 72 h in an open circuit.

2. Experimental
2.1. Synthesis of sulphur-reduced graphene oxide (RGO-S)

RGO-S was synthesized by mixing 1 g of sulphur and 3 g of
sodium sulphide (NayS) into 100 mL of deionized (DI) water. The
mixture was sonicated until a homogenous solution was formed
labelled sample A. Then, sample B was formed by dissolving 50 mg
of L-ascorbic acid into 12 g of DI water, followed by addition of 2 mL
of hydrochloric acid (HCl). Thereafter, 3 g of as-prepared RGO
(details in the supporting information, S1 [ [38-40]]) and sample B
were mixed and then added into sample A. The resulting mixture
was sonicated for 2 h and then stirred at 40 °C for 1 h. Thereafter,
the mixture was allowed to settle down naturally for about 12 h. It
was washed several times with DI water, centrifuge three times at
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10,000 rpm for 10 min and later freeze-dried for 24 h.
2.2. Synthesis of manganese dioxide (MnO;)

0.5 g of KMnO4 was liquefied into 60 mL of DI water and stirred
at 150 revs/min for 10 min. Subsequently, 2 mL of HCl was added
dropwise and stirred for 10 min in air. The solution was transferred
into 100 mL autoclave and heated in the oven at 130 °C for 1 h. The
procedures were repeated at different dwell times of 2 h, 5 h, 8 h
and 11 h respectively. The solution was left to cool down naturally
and then washed several times with the mixture of DI water and
ethanol to remove the impurities. The sample was dried in the oven
for 12 h at 60 °C.

2.3. Synthesis of the composite sample (RGO-S/MnO;)

1 g of RGO-S was liquefied into 80 mL of DI water to form a
solution which was stirred at 200 revs/min for 10 min for homo-
geneity. Thereafter, 50 mg of MnO; prepared for 1 h was added into
the solution and then stirred for 5 min. The procedures were
repeated by different masses of MnO, synthesized for 1 h (100 mg
and 150 mg). The suspension was transferred into the autoclave and
then heated in the oven at 150 °C for 1 h. The solution was left to
cool down to room temperature, washed several times with DI
water and then dried in the oven for 12 h.

2.4. Synthesis of activated carbon from peanut shell waste (AC-PS)

The activated carbon nanostructure employed in this study was
synthesized as per our previous work [41]. Briefly, the material was
synthesized using two steps at elevated temperature. First, pyrol-
ysis of the raw material from peanut shell waste was done at 600 °C
for 2 h under argon atmosphere. Thereafter, potassium hydroxide
(KOH) as an activating agent and peanut shell waste as a raw ma-
terial were mixed together in a mass ratio of 4:1 and activated at
850 °C for 1 h. The obtained product was named as AC-PS.

2.5. Characterization

The morphology and elemental composition of the as-
synthesized material was examined by the scanning electron mi-
croscope (SEM-Zeiss Ultra Plus 55 field emission scanning electron
microscope operated at 2.0 kV; Akishima-shi, Japan) equipped with
an energy-dispersive X-ray (EDX) and a high resolution trans-
mission electron microscope (HRTEM FEI Tecnai-F30 operated at
1.0 kV); (Akishima-shi, Japan). X-ray diffraction (XRD - Bruker BV
2D PHASER Best Benchtop); (PANalytical BV, Amsterdam, Nether-
land) with reflection geometry at 20 values (5 - 90°) in a step size of
0.005° using Cu K,, radiation source (4= 0.15406 nm) at 50 kV and
30 mA, was used to analyse the phase structures of the material.
The functional group of the material was determined by using a
Fourier transmission-infrared (FTIR) achieved via Varian FT-IR
spectroscopy ranging 400 - 4000 cm ! in wavenumber.

2.6. Electrochemical characterization

Two- and three-electrode configuration measurements were
performed by a Bio-Logic VMP300 potentiostat (Knoxville TN, USA)
operating on the EC-Lab V1.41 software. The electrodes were pre-
pared by mixing 80% of the sample as working material, 10%
conductive carbon acetylene (CAB) and 10% of polyvinylidene
(PVDF) as the binder. Few drops of 1-methyl 2-pyrollidone (NMP)
was added to the mixture to form slurry, which was pasted onto a
nickel form, 1.0 x 1.0 cm? and thickness-diameter of 0.2 by 16 mm
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serving as current collector for three and two-electrode respec-
tively. The electrodes were dried in the oven at 60 °C for 12 h. All
electrochemical measurements were carried out using 2.5 M KNO3
aqueous electrolyte. The 2.5 M KNO3 was chosen as electrolyte
because it is environmentally friendly, non-corrosive and has high
conductivity hence revealed better electrochemical performance
compared 1 M Na;S04,1 M KOH, 1 M H,;SO4 and 1 M KNO; as shown
in Fig. S6 in the supporting information. This performance might be
contributed by the stability and pH of the electrolyte which makes
it to operate in a wider potential window unlike acidic/alkaline
electrolyte which is limited by oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER). The fabricated electrodes were
tested using cyclic voltammetry (CV), galvanostatic charge
discharge (GCD) and electrochemical impedance spectroscopy
(EIS), respectively.

3. Results and discussion

The morphology and elemental analysis of the as-synthesized
RGO-S (pristine sample) with its composites are shown in Figs. 1
and 2, respectively. Fig. 1 (a, b) shows low and high magnifica-
tions SEM images of RGO-S confirming the formation of nanorods/
nanofibers and nanosheet morphologies. The formation of these
morphologies were contributed by the addition of sulphur and the
long-chained ascorbic acid [25,42,43]. Fig. 1 (c) shows a TEM image
for RGO-S which confirms what was observed from the SEM
analysis. Fig. 1 (d, e) shows low and high magnifications SEM im-
ages of MnO; flower like morphology synthesized for 1 h with its
corresponding TEM image in Fig. 1 (f). Since integration of external
additives is expected to affect chemical and physical properties of
the composites, thus variation of masses of the MnO; sample
become necessary. Besides, conductivity and the resultant capaci-
tance of RGO-S and MnO, composites can be improved by inves-
tigating their ratio. Fig. 1 (g, h, j, k, m, and n) displays the SEM
images of RGO-S/MnO, composites at different mass loading of
MnO; with their corresponding TEM micrograph in Fig. 1 (i, 1 and o),
respectively. It was observed that all the three composite samples
(50, 100 and 150 mg) revealed similar morphologies comprising
nanosheets, nanorods and nanoflowers like particles. The RGO-S/
100 mg MnO; composite was noticed to be consisting of visible
porous structure, which is expected to allow for more effective
passage of electrolyte ions within the material as compared to the
RGO-S/50 mg MnO; and RGO-S/150 mg MnO; samples. For RGO-S/
150 mg MnOz, the morphology looks non-porous hence the
movement of ions from the electrolyte within the material is ex-
pected to be not so great which should lead to poor electrochemical
performance. EDX analysis was used to determine the elemental
composition of the as-synthesized RGO-S and RGO-S/MnO2 com-
posites with different mass loading of MnO,. Fig. 2 (a) shows EDX
analysis of RGO-S confirming the presence of individual elements C,
S, O, while Fig. 2 (b) shows Mn and O in the MnO; sample. Fig. 2 (¢ —
e) confirm the existence of C, S, O and Mn in the RGO-S/MnO;
composites. The observed K in the spectrum of MnO; is due to the
potassium per manganite (KMnO4) chemical used during the
sample synthesis.

Fig. S7 (a, b) in supporting document displays SEM images of
pristine RGO at low and high magnifications, respectively. The RGO
without sulphur doping reveals a sheet like morphology as already
indicated and discussed in our previous work [40].

Fig. 3 (a) displayed the XRD spectrum for the as-synthesized
RGO-S (pristine), MnO,, RGO-S/50 mg MnO,, RGO-S/100 mg
MnO; and RGO-S/150 mg MnO; shown crystal structure and phase
purity of the samples. Both samples revealed a crystallinity struc-
ture measured between the angular range 20 = 5° — 90°. The
monoclinic crystal structure of RGO-S corresponds to the matching
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card no. JCPDS N34-0941 [44] while that of MnO; are in line with
the 2-MnO; card no. JCPDS 00-044-0141 [18,45]. The XRD spectrum
around 12.5°, 27.6°, 23.08° and 42.4° corresponds to (002), (331),
(222) and (319) planes respectively, displaying the existence of C
and S in the RGO-S matrix, respectively. The presence of peaks
around 12.1°, 24.6°, 36.5° and 65.7° which corresponds to the -
MnO; (110), (220), (211) and (002), planes respectively, conforms to
the successful incorporation of #-MnO; into RGO-S/MnO; com-
posites. The FTIR analysis of the RGO-S (pristine), MnO;, RGO-S/
50 mg MnO3, RGO-S/100 mg MnO; and RGO-S/150 mg MnO; is
shown in Fig. 3 (b). Bending vibrations of hydroxyl groups and
stretching vibrations of interlayer water molecules was observed
around 1741 cm ! bands. The peak around 1218 cm ™! was assigned
to the interaction of Mn with the host species [15].

The as-synthesized sample was evaluated for electrochemical
measurements in a three-electrode configuration using Ag/AgCl as
reference electrode and glassy carbon as the counter electrode in
2.5 M KNO;3 aqueous electrolyte. Fig. S2 (a) indicates an electro-
chemical evaluation in a positive potential window range of
0.0-0.6 V vs Ag/AgCl through cyclic voltammetry (CV) for the RGO-
S (pristine) sample at different scan rates, which shows a rectan-
gular shape that reveals an electric double layer capacitor (EDLC)
behaviour. This was further confirmed by a symmetric triangular
shape possessed by the galvanostatic charge-discharge profile as
shown in Fig. S2 (b). Furthermore, to make an evaluation of the
composite material an additive manganese dioxide (MnO;) was
prepared by varying hydrothermal dwelling time. The electro-
chemical measurements in a positive potential window range of
0.0-0.6 V vs Ag/AgCl revealed that 1 h dwelling time performed
better compared to the rest of the dwelling times as shown in
Fig. S3 (a-c). Therefore, 1 h preparation of the additive MnO, was
chosen to prepare RGO-S/MnO; composites by varying the mass of
MnO;. MnO; is one of the classic pseudocapacitive material which
will possibly increase the capacitance of RGO-S, while the RGO-S is
expected to provide or improve the conductivity of the material
and at the same time contributed to the sample’s pseudocapacitive
behaviour. Sulphur is an attractive material for energy storage de-
vices owing to its high theoretical capacity (1672 mAh g ') and
specific energy (2600 Wh kg '), which could enhance complete
reaction of electrolyte ions with sulphur to form sulphide of the
ions. It is also known for its relatively low cost and environmental
impact as an electrode material. Sulphur offers strong coordinate
bonding with carbon/metallic surfaces due to its relatively low
electronegativity. Its lower electronegativity S (2.58) accounts for
capability to create more redox active sites, which improves ca-
pacity/capacitance of the electrode. Thus, sulphur-containing
composite materials exhibit relatively high capacity retention and
high charge/discharge cycle stability resulting from improved
electrical and surface properties, and improved wettability of the
electrode materials.

Fig. S8 in the supporting document shows the CV curves at a
scan rate of 50 mV s ' in a positive potential window for RGO and
RGO-S samples, respectively. The current response in the CV curves
for RGO is less compared to the RGO-S. Also, RGO-S has high po-
tential window compared to RGO as observed from Fig. S8. Hence,
RGO-S has better performance compared to RGO. Fig. 4 (a) shows a
rectangular CV curves of RGO-S and RGO-S/MnO; composites at
different MnO2 mass loading in a positive potential window range
of 0.0—0.6 V vs Ag/AgCl at a scan rates of 50 mV s~ . The overall CV
curves show rectangular shape with no obvious redox peaks as
indicative of EDLC dominance in the materials. From the figure it
was observed that, the 100 mg of MnO; loading into the RGO-S
sample proves to have higher current response as compared to
the rest of the composites which is the indication of higher specific
capacitance [8].
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Fig. 1. (a, b), (d, e): SEM images of RGO-S and MnO; respectively and (g, h) (j, k) and (m, n): SEM images for RGO-5/50 mg MnO,, RGO-5/100 mg MnO; and RGO-5/150 mg MnO; at
low and high magnifications, respectively. (c, f, i, | and o) are TEM images for RGO-S, MnO,, RGO-5/50 mg MnO,, RGO-S/100 mg MnO, and RGO-§/150 mg MnO,, respectively.

The electrochemical evaluation of the RGO-S and RGO-S/MnO;
composites at different MnO; loading was further examined using
the GCD curves at a specific currentof 1 Ag ' in a positive potential
range of 0.0—0.6 V as shown in Fig. 4 (b). The GCD behaviour cor-
responds well with the CV in Fig. 4 (a). The observed linear varia-
tion in the GCD curves shows that the constant charge-discharge
rate reveals the features of EDLC behaviour within the material.
Equation (1), was used to estimate the specific capacitance (C;) of
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the RGO-S and RGO-S/MnO; composite with different mass loading
of MnOg, as shown below [14,37]:

Ci=

I At
4 X2 [F g7 (1)

m x 4V

where, AV is the operating potential window in (V), I; is the
discharge current in (mA), m is the mass loading of the active
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Fig. 2. EDX for (a) RGO-S, (b) MnO,, (¢) RGO-5/50 mg MnO,, (d) RGO-5/100 mg MnO, and (e¢) RGO-5/150 mg MnO,, respectively.

material in (mg), and At (s) is the electrode discharge time.
Evaluated G; corresponding to RGO-S, RGO-S/50 mg MnO3, RGO-
$/100 mg MnO; and RGO-S/150 mg MnO; were 75.2 F g,
63.7Fg ', 180.4F g ' and 169.5 F g !, respectively. The calculated
Cs value (63.7 F g ') for RGO-S/50 mg MnO, was observed to be
lower than that of pristine RGO-S and the other composites, which
is attributed to the disparity between contributing capacitive
properties of both the MnO; and RGO-S materials. In principle, the
capacitive contribution of the respective materials in the composite
is supposed to be equal or very close to each other to effect
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enhanced electrochemical performances. The added 50 mg of
MnOz in the RGO-S/50 mg MnO; sample was not enough to facil-
itate effective interaction within the matrix of the composite ma-
terial. This is also indicated by the sample’s SEM/TEM morphology
(Fig. 1(g, h and i)), which is observed to be agglomerated and in-
homogenously distributed. The higher C; observed for the RGO-S/
100 mg MnO; composite indicates that the material responds
better electrochemically as compared to the other samples. This is
the indication of a good synergy between RGO-S and MnO; at this
particular mass loading. This was also in agreement with SEM
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Fig. 3. (a) XRD and (b) FTIR for RGO-S (Pristine), MnO,, RGO-S/50 mg MnO,, RGO-5/100 mg MnO, and RGO-5/150 mg MnO,, respectively.
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Fig. 4. (a, b) CV and GCD curves in a positive potential window for RGO-S/MnO; at different MnO, mass loading respectively and (¢, d) EIS Nyquist plot and cycling stability for RGO-
S/MnO; at different MnO, loading in 2.5 M KNO,, respectively.

morphology for RGO-S/100 mg MnO, composite (Fig. 1 (j and k)) The EIS technique through Nyquist plot with the frequency
that showed well distributed porous structure. This shows that range 10 mHz—100 kHz in an open circuit potential 0.0 V was used
morphology plays a significant role in the electrochemical perfor- to determine the electrical resistance of the as-synthesized mate-
mance of the material. rial. The EIS of the RGO-S and RGO-S/MnO; composites is displayed
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Fig. 5. (a. b) CV and GCD curves in a positive potential window at different scan rates and specific currents, respectively and (c) EIS Nyquist plot with an insert circuit for RGO-S/

100 mg MnO; in 2.5 M KNO3, respectively.

in Fig. 4 (c). The equivalence series resistance (ESR) which is
intersect at Z' axis is a sum total of a contact resistance between the
working electrode and the current collector, the interface resistance
of the working electrode and ions from the electrolyte. Its values
were found to be 1.5 Q, 1.8 ©, 0.9 Q and 1.2 Q for RGO-S, RGO-S/
50 mg MnO;, RGO-S/100 mg MnO; and RGO-S/150 mg MnO,,
respectively. It is clear that RGO-S/100 mg MnO, composite is
having the smallest ESR value and smallest diffusion length as
compared to the rest of the samples. These results still prove that
RGO-S/100 mg MnO;, composite is the best composite due to the
effective incorporation of MnO, into RGO-S matrix.

The columbic efficiency versus cycle number is shown in Fig. 4
(d) for RGO-S, RGO-S/50 mg MnOz, RGO-S/100 mg MnO; and
RGO-S/150 mg MnO, at 5 A g .. The stability was carried out for
2000 charge-discharge cycles. The following equation was used to
evaluate the columbic efficiency C¢ (%) of the material:

- i—" « 100% @)

C

where t,. and t;, are charging-discharging time with the same cur-
rent respectively.

The three-electrode measurements reveal maximum cycling
stability of about 99.6% for RGO-S/100 mg MnO> composite while
98.1%, 97.5% and 98.4% for RGO-S, RGO-5/50 mg MnO; and RGO-S/
150 mg MnO,, respectively. The unique morphology and low ESR
value of about 0.9 Q has contributed to the higher cycling stability
of RGO-S/100 mg MnO2 composite.

The electrochemical measurements of the RGO-S/100 mg MnO,
composite was evaluated using CV curves at various scan rates
starting from 5, 10, 25, 50 and 100 mV s~ in a working potential
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range of 0.0-0.6 V vs Ag/AgCl displaying EDLC behaviour as shown
in Fig. 5 (a). It was observed that as the scan rate increases, the
current response increases as well, while the shape kept un-
changed. Further evaluation of the GCD curves for RGO-S/100 mg
MnO; at different specific currents is presented in Fig. 5 (b). The
symmetric triangular curves at different specific currents with a
small IR drop (at the beginning of the discharge curve) is observed
and corresponds well with the CV curves in Fig. 5 (a). Fig. 5 (c)
shows the EIS Nyquist plot for experimental and fitting, with the
fitting circuit is shown as inset to the figure for RGO-S/100 mg
MnO,. The circuit shows ESR (equivalent series resistance) is in
series with Rer (charge transfer resistance) at high-frequency re-
gion and W (Warburg) is in parallel with Q1 (real capacitance). A
mass capacitance (C3) is parallel with the leakage resistance (Ry) at
low frequency region. Rcr represents the reactions that occurs at
the interface of the electrode and electrolyte. The obtained values
for ESR = 1.2 Q and Rct = 0.8 Q from the fitting are comparable with
the experimental values ESR = 0.9 Q and R¢r = 0.6 Q, respectively
indicating good fitting of the Nyquist plot. The small Ry = 0.8 Q
reveals fast ion transport and charge-transfer kinetics which de-
scribes good properties for capacitive material.

The as-synthesized RGO-S/100 mg MnO; composite material
was further investigated using two-electrode measurements for
the real application. The electrode was tested in both positive (as
discussed above) and negative potential window and shows better
performance in the positive potential window (in terms of current
response) as shown in the supporting information Fig. S5 (a).
Furthermore, based on CV curves in Fig. S5 (a, b), the asymmetric
device could be pushed further to an extended operating potential
of about 1.5 V. Therefore, the RGO-S/100 mg MnO, was selected as
positive electrode while activated carbon from peanut shells (AC-
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PS) was selected as negative electrode (see Fig. S4 in the supporting
information for more details) to make up the device. The choice of
AC-PS was due to its compatibility in the same electrolyte with
positive electrode, high pore size which easy the passage of elec-
trolyte ions and high conductivity and its detailed electrochemical
properties had been discussed in our previous work [41].

The charge balance equation, Q, = Q_ was used to balance the
mass of each electrode with the charge stored on each electrode
being stated as:

Q =C xmd4v (3)
where m (g) is the mass of active material, Cs (F g 1) is the specific
capacitance of the electrode based on the mass of active material,
4V (V) is the potential window and Q (C) is the stored charge on the

electrode.
The following equation (4) was used to determine the mass
balance between positive and negative electrodes [46]:

my Cs—

4V
m. ~ G 4V;

The mass balance ratio of 1.0:2.0 obtained by using equation (4)
for each electrode was 2.0 and 4.0 mg for RGO-S/100 mg MnO; and
AC-PS, respectively making a total mass of 6.0 mg cm 2. A filter
paper soaked into 2.5 M KNO3 was sandwiched between a mass of
positive and negative electrode in a coin cell (Standard 2032 grade)
setup.

Fig. 6 (a) shows the CV curves at 50 mV s ' of RGO-5/100 mg
MnO; composite and AC-PS (see Fig. S4 in supporting information

(4)
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Fig. 6. RGO-S/MnO,[/AC-PS asymmetric device: (a) CV of positive and negative electrodes, (b) CV curves at different scan rates, (c) GCD curves at different specific currents, (f)
Specific capacitance versus specific current and (e) Ragone plot in 2.5 M KNO;, respectively.
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for more on electrochemical properties of the AC-PS) materials
used as positive and negative electrodes, respectively. Both elec-
trodes display rectangular CV shapes revealing the properties of
electric double layer capacitor (EDLC) in the 2.5 M KNO; neutral
electrolyte. The fabricated hybrid device could run well at a much
higher potential of up to 1.7 V, due to the synergetic effect between
the two electrode materials and the use of neutral electrolyte which
can still work on the high potential window. The CV curves of the
asymmetric device at different scan rates are shown in Fig. 6 (b). It
was observed that the synergetic effect of the combined material
can be clearly revealed by the CV curves at different scan rates,
showing the contribution from the negative and positive electrodes
as depicted in Fig. 6 (a and b). Fig. 6 (c¢) shows the galvanostatic
charge-discharge (GCD) of the asymmetric device at different
specific currents of 1,2, 3,4 and 5 A g . The GCD curves displays
the symmetric triangular profiles which is in accordance with the
CV curves in Fig. 6 (b).

Fig. 6 (d) shows specific capacitance (Cs) evaluated from the GCD
curves of the device using Eqn (1) plotted against different specific
currents. The evaluated specific capacitances for the asymmetric
device were recorded as 178.74, 156.99, 148.84, 142.19 and
13776 Fg 'at 1,2, 3,4 and 5 A g !, respectively. It was observed
that as the specific current increases the specific capacitances
decreased slowly indicating highly reversible capacitive nature of
the material (ie there was no rapid reduction of the specific
capacitance as the specific current increases). This indicates high
rate capability of the material which was contributed by synergy
between RGO-S/100 mg MnO; and AC-PS which allowed electro-
lytes ions to access the material during rapid charge/discharge
process. The practical application of the device was pointed out by
these values. The specific energy and power densities were evalu-
ated using Eqns. (5) and (6) below [46,47].

il 2 GV? -1

Eg =5 GV =05 [Wh kg ] (5)

[ 3600(W kg '] (6)
at

where, Cs corresponds to the specific capacitance (F g '), V oper-
ating potential (V), At is discharge time (s), E; and Py are specific
energy and power densities, respectively, with their specified units.

Fig. 6 (e) displays the so-called Ragone plot (specific energy
versus specific power plot) and it found that specific energy of
about 71.74 Wh kg~ ' with its corresponding specific power of
850 W kg ! was recorded for the device at 1 A g . The fabricated
asymmetric device displayed very state specific energy versus
specific power to the extent that even at a high specific current of
5 A g, the specific energy remains as 55.30 Wh kg ! with its
corresponding specific power of 4250 W kg ', The fabricated device
revealed higher energy and power density compared to some
similar materials previously reported in the literature as shown in
Table 1.

The charge-discharge cycling test was carried out at 5A g ' to
determine the stability of the device. Eqn. (2) was used to estimate
the columbic efficiency of the device. It was found that, the device
could maintain a 94.5% of its initial capacitance with an equivalent
columbic efficiency of 99.6% for over 10, 000 cycles as presented in
Fig. 7(a). The stability test of the device was further carried out
through more practical stability test known as voltage holding or
floating test. The degradation of an electrochemical performance
for the device can be viewed straight using this phenomenon. Fig. 7
(b) displays a voltage holding for the device in a maximum working
potential of 1.7 V for 90 h at 5 A g . The device was charge-
discharged for three cycles whereby the specific capacitance was
monitored. The device was then held at a maximum potential of 1.7
V for 10 h intervals, then subjected to charge-discharge again for
three cycles and left at that fixed potential for next 10 h. The process
was repeated for up to 90 h. The capacitance decreased in the first
20 h but later became stable from 20 h to over 90 h of the aging test.
This could be due to the fact that at initial stage, the electrode lacks
wettability. A self-discharge (SD) test was conducted at room
temperature to examine the shelve life of the asymmetric device.
The device was fully charged to its peak potential of 1.7 Vat 1A g !
and then left in an open circuit potential to undergo a SD. Fig. 7 (c,
d) shows that within the first 10 h the device was able to maintain a
potential of 1.45 V and 1.00 V after 72 h. The decrease in the device
voltage was associated with the decomposition of water which was
used as a solvent.

Fig. 8 (a) is a representation of the Nyquist plot of EIS test per-
formed before cycling, after cycle stability and after voltage holding
on the device. The noticed small semicircle at a high frequency
region proves a low resistance and good ion diffusion at the
electrode-electrolyte interface, which contributed to the super-
capacitor's enhanced capacitive behaviour. It was also observed
that after voltage holding test, the ESR and diffusion length reduced
compared to before and after the cycling tests. This shows that after
voltage holding test, the material becomes more accessible to the
ions within the electrolyte. The ESR values before cycling, after
cycle cycling and after voltage holding tests were recorded as ~5.7
Q,3.9Q and 3.7 Q, respectively, which agree well with the observed
diffusion lengths (Fig. 8 (a)). Moreover, the EIS Nyquist plot for
RGO-S/MnO,//AC-PS asymmetric supercapacitor was fitted as dis-
played in Fig. 8 (b) with the help of Z-FIT fitting program v11.02,
with the matching electrical circuit shown as inset to the figure. The
equivalent circuit shows that equivalent series resistance (ESR) is
connected in series with two units. The constant phase element
(Q2) is parallel with charge transfer resistance (R¢y) while another
constant phase element (Q3) is parallel with the leakage resistance
(Ry) at low frequency region. The obtained values for equivalent
series resistance (ESR = 5.7 Q—4.3 Q (experimental)) and charge
transfer resistance (Rcr = 2.5 Q-2.0 Q (experimental)) are com-
parable with experimental and fitting values, respectively. More-
over, Fig. 8 (c) shows the phase angle versus frequency curve with a
phase angle value of about —80.4 for the device which is very close

Table 1

Comparisons of electrochemical performance (energy and power density) of some similar materials on RGO-S/MnO;//AC-PS evaluated using two electrode cell configurations.
Electrodes (Device) Electrolyte Energy density Power density Ref.
GF/MnO;//GF/MnO; 1 M NayS04 34 Whkg!' 20 kW kg! [20)
G-r-MnO2/CNT//G-Y-MnO,/CNT 1 M KOH 43Wh kg ' 26 kW kg ' [17]
e-CMG/MnO,//e-CMG 1 M Na,S0,4 44Wh kg ' 25kWkg ' [13]
GF/MnO;//AC 1 M NazS0,4 51.1 Whkg™' 1022 Wkg™' [47)
MnO,/rEGO//MnO,/rEGO 6 M KOH 255 Whkg ! 45Wkg! [48)
MnO;/rGO//MnO,/rGO 1 M Na;S04 427 Whkg' 22.5 kW kg ™' [49)
MnO,/CNT//AC 2 M KNO; 21 Whkg' 123 kW kg ' [50)
RGO-S/MnO;//AC-PS 2.5 M KNO3 71.74Wh kg ' 850 W kg ' This work
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to the ideal value of —90. This result reveals that the fabricated
device is performing closer to the ideal capacitive behaviour.

4. Conclusion

RGO-S and its MnO2 composites were successfully synthesized
in this study. The characterization of the samples revealed the
formation of nanorods/fibers, nanosheets and nano-flower like
morphology depending on the MnO, mass loading. The RGO-S/
100 mg MnO; composite measured as a three electrode revealed a
specific capacitance of 180. 4 F g ! compared to 75.2 F g ! of the
RGO-S (pristine) sample at 1 A g ' in 2.5 M KNO3 electrolyte. The
assembled RGO-S/MnO,//AC-PS device delivered a high specific
energy of 71.74 Wh kg’l with its corresponding specific power of
850 W kg ' at 1 A g 1. An incredible observation was noted when
the device was able to maintain a specific energy of 55.30 Wh kg !
at a high specific current of 5 A g . The capacitance retention of
94.5% and columbic efficiency of 99.6% up to 10, 000 cycles at
5A g" was recorded showing outstanding stability for the device.
These results show that the as-synthesized materials have great
potential for supercapacitors applications.
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4.3.2: Concluding remarks

RGO-S and RGO-S/MnO; composites were effectively produced whereby RGO-S/100 mg
MnO; presented better performance compared to pristine and the rest of the composites. The
optimized RGO-S/100 mg MnO, composite presented a specific capacitance of 180. 4 F g!
compared to 75.2, 63.7, and 169.5 F g! for RGO-S (pristine) sample, RGO-S/50 mg MnO, and
RGO-S/150 mg MnO> composite at 1 A g! in 2.5 M KNO;j electrolyte evaluated in three-
electrode configurations. This particular mass loading has contributed to the excellent
performance of RGO-S/100 mg MnO: composite which is understood to be due to the synergy
effect between RGO-S and MnO». A high specific energy of 71.74 Wh kg'! and specific power
of 850 W kg! was recorded at 1 A g'! for the device fabricated through utilizing RGO-
S/MnO.//AC-PS. Furthermore, the device displayed a remarkable performance after sustaining
a specific energy of 55.30 Wh kg! at a high specific current of 5 A g'!. The capacitance
retention of 94.5 % and columbic efficiency of 99.6 % over 10, 000 cycles at 5 A g'! was
retained. An efficiency of 70.5 % was maintained by the device for a voltage holding of up to
90 h. A remarkable self-discharge of about 1.45 V was displayed within the first 10 h and 1.00
V after 72 h from the initial potential of 1.7 V. This reveals a great potential of this material

for supercapacitors applications due to an outstanding stability of the device.
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4.4: Enhanced electrochemical performance of supercapattery derived from sulphur-
reduced graphene oxide/cobalt oxide composite and activated carbon from peanut shells
4.4.1: Summary of the study

In this study, RGO-S pristine sample was prepared by Hummers method followed by freeze
drying process. It was followed by a separate preparation of Co3O4 through precipitation, then
followed by annealing in air at 800 °C (5 °C/min) for 2 h to remove the OH group and any
feasible contaminations. Thereafter, RGO-S/C0304 composite with various mass loading of
Co0304 was obtained through hydrothermal method. Graphene oxide is known for good
conductivity; however, it suffers from low specific capacity/capacitance due to formation of
large number of radical generations resulted from the synthesis method [206][68]. On the other
side, Co304 has high redox behavior which contributes to high specific capacity/capacitance,
but they are encountered with low ionic/electrical conductivity which cause dissolution and
aggregation, hence result into rapid reduction of specific energy [207][208]. The challenge can
be solved by making a composite of Co3O4 and an improved graphene oxide which is
anticipated to have high conductivity in order to form a hybrid material that integrates both the
advantage and disadvantage of the two materials [34]. The electrochemical performance of the
combined effects of the two materials can be identified by the exact amount for each material
in the formed composite. The optimized 200 mg of Co304 was added into RGO-S to make a
composite. The morphological, elemental composition/mapping, structural, functional group
and specific surface area/pore size distribution investigation were done using SEM, TEM, EDS,
Raman spectroscopy, XRD, FTIR, XPS and BET techniques. The electrochemical evaluation
of the material was conducted using 1 M KOH electrolyte. A detailed description of the
synthesis procedures, characterization and electrochemical performance is stipulated in the

article in press below.
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Sulphur-reduced graphene oxide/cobalt oxide composites (RGO-S/Co,0,) were successfully
synthesized by varying mass loading of Co;0, through a simple hydrothermal method.
Structural, morphological, chemical compositional and surface area/pore-size distribution
analysis of the materials were obtained by using XRD, Raman spectroscopy, SEM, TEM,
EDX, FTIR, XPS and BET techniques, which reveal an effective synthesis of the RGO-S/C0304
composites. Electrochemical performance of the materials was evaluated using a three-
and two-electrode system in 1 M KOH electrolyte. An optimized RGO-S/200 mg Co304
composite displayed the highest specific capacity of 171.8 mA h g~* and superior cycling
stability of 99.7% for over 5000 cycles at 1 and 5 A g~*, respectively, in a three-electrode
system. A fabricated supercapattery device utilizing RGO-S/200 mg Co;0, (positive elec-
trode) and activated carbon from peanut shells (AC-PS) (negative electrode), revealed a high
specific energy and power of 45.8 W h kg ' and 725 W kg, respectively, at 1 A g *. The
device retained 83.4% of its initial capacitance for over 10, 000 cycles with a columbic
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efficiency of 99.5%. Also, a capacitance retention of 71.6% was preserved after being sub-
jected to a voltage holding test of over 150 h at its maximum potential of 1.45 V.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The increase in population and advancement in technology
has resulted in the high demand for power consumption.
Currently, the well-known deficiency of fossil fuels and
increasing environmental distresses are pushing researchers
to adventure on sustainable, clean and readily accessible
technology to supply and store energy [1,2]. This increases an
interest to develop and design an efficient energy storage
device. Batteries, supercapacitors and other energy conver-
sions systems like hydrogen cells, fuel cells have been cate-
gorized as energy storage devices that can meet up the
demand for technological advancements [3-5]. Super-
capacitors have gained a considerable attention due to their
high specific power, low cost, fast charge-discharge rate, and
excellent cycling stability compared to batteries and conven-
tional capacitors [6—8]. However, the practical application is
limited by low specific energy compared to rechargeable bat-
teries. This drives scientists to develop and design novel
electrode materials which possess high electrochemical per-
formance so as to increase supercapacitors’ specific energy
[9-11].

Owing to different charge storage mechanism, pseudoca-
pacitors (PCs) and electrical double-layer capacitors (EDLCs)
demonstrate a distinguished benefits for supercapacitors. PCs
store charges through redox reaction which has high specific
capacitance, but its application is limited by poor charge
transfer ability and shorter cycle life [12-14]. On the other
hand, EDLCs store charges electrostatically on the surface of
the electrode under constant potential, but, have low specific
capacitance [1,15]. Therefore, by working with only one of
them, itis difficult to manufacture a capacitor containing high
energy and power densities. This challenge can be resolved by
combining the advantages of both PCs and EDLCs through
designing a hybrid electrode material with high capacitance
and fast charge/discharge ability [9,16,17]. On the other hand,
one can also form a hybrid device by combining a hybrid and
an EDLC material working as a positive and negative elec-
trode, respectively. The combination of these two materials
with different charge-storage mechanisms and operating po-
tentials could tailor the overall operating potential of the
hybrid capacitor and hence improve its energy density
[9,18-21]. Consequently, this type of energy storage device
will be named as a hybrid or supercapattery device, depending
on whether the final device shows mostly combination of
pseudocapacitive and battery-type or pseudocapacitive
behaviour, respectively. The charge to voltage ratio remains
the same throughout the cyclic voltammetry and charge/
discharge curve for a capacitive material. However, for metals
oxides and hydroxides such as Fe;03, Ni(OH),, MnCo,04, NiO,
Co,0, and Co(OH),, the ratio does not follow the former trend

due the formation of redox peaks and thus are classified as
battery-type materials instead of pseudocapacitive materials
[5,22,23].

On the other hand, due to low specific energy, super-
capacitors are still struggling to meet the demand for com-
mercial applications. Thus, the awareness of combining
features of supercapacitor and battery-type material in a
single device where the end product is pseudocapacitive
devise called supercapattery, paved the approach for
improvement in electrochemical energy storage devices [24].
This combination produces a supercapattery device with high
specific energy and power, and satisfactory cycle life than the
traditional carbon-based supercapacitors [25]. Therefore,
supercapattery developed as an outstanding resolution
intended for an electrochemical energy storage configuration
which possesses the distinguishing features of advanced
specific energy and power of batteries and supercapacitor,
respectively. As a result, it decreases the specific energy gap
between battery and supercapacitor [26,27]. Presently, most
researchers are keen to improve the performance of super-
capattery by merging together supercapacitors and batteries
through designing a novel electrode materials with enhanced
performance.

Mostly used electrode materials for supercapacitor appli-
cations include metal hydroxides, conducting polymers,
metal oxides and carbon-based materials [13,28-30]. Recently,
graphene and its derivatives namely, graphene oxide (GO) and
reduced graphene oxide (RGO) have been used as electrode
material for supercapacitor applications due to: 1) The prop-
erties of graphene can be enhanced by the addition of func-
tional groups through utilizing the active sites contributed by
the structural defects of graphene, 2) the electron transfer rate
which can be promoted by electrical conductivity on the sur-
face of graphene and 3) the agglomeration in graphene can be
prevented by the flexibility of graphene nanosheets which
offers sufficient space for the accommodation of different
nanomaterials [4,31]. Despite these properties, the synthesis
of graphene and its derivatives involve mostly chemical
methods which consist of oxidation/reduction processes [32].
These methods affect the chemical structure of graphene due
to the large number of radicals generated which in turn lower
the electrochemical performance of the chemically modified
graphene [21,33-36]. To overcome this drawback, heteroatom
dopants such as sulphur can be incorporated into graphene
matrix in order to increase the electrochemical performance
of chemically modified graphene. Incorporation of S as a
heteroatom by interstitials or substitutions create defects in
graphene as a consequence of variations in graphene prop-
erties. It is known that C and S have small electronegativity
variation of 0.03 (carbon (2.55) and S (2.58)), thus increase in
redox-active sites and chemical reactivity of graphene.
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Therefore, incorporation of S into graphene materials has
been known to enhance wettability, improve surface proper-
ties and decrease charge transfer resistance [21,32,37-40].

Additionally, the electrochemical performance of reduced
graphene oxide can be enhanced via the generation of metal
oxide/S-reduced graphene composites. Typically, due to
multiple oxidation states, transition metal oxides like iron
(Fe), manganese (Mn), nickel (Ni), and cobalt (Co) oxides
display excellent chemical and physical properties that enrich
the electrochemical properties of supercapacitors [8,29,35,41].
Also, at higher oxidation states of transition metals, transition
metal oxides produce more powerful alkaline corrosion pro-
tection compared to other materials [31,42]. Specifically, co-
balt oxide (Co;0,) has been examined as a promising electrode
material due to its high redox reactivity, easily tunable surface
properties, simple preparation method, higher stability and
cost effectiveness [8,34]. Co;0, has Co®* and Co*" oxidation
states positioned at octahedral and interstitial tetrahedral
sites formed by oxygen ions in a closed packed face centered
cubic structure, respectively. Thus offers high surface to vol-
ume ratios and faster charge transfer kinetics [23,43]. The p-
type semiconductor and cubic spinel structure found in Co;0,
displays enhanced electro-active sites which makesitsuitable
for different applications such as electrochemical capacitors,
sensors, Li-ion batteries and solar selective absorbers
[12,42,44]. Moreover, Co,0, has high redox behaviour which
contributes to high specific capacity/capacitance, but on the
other hand, they are faced with low ionic/electrical conduc-
tivity. Also, during electrochemicalreactions, they suffer from
dissolution and aggregation resulting in a decrease in the
number of active sites which hold back their capacitive
behaviour especially during repeated cycling and at high scan
rate, hence rapid reduction of specific energy at high specific
power [18,29,45,46].

The shortcomings can be resolved by combining Co3;04 and
animproved graphene oxide which is anticipated to have high
conductivity. This shortens the diffusion length for charge
carriers and produces an electrode material with better elec-
trochemical properties [29,33,47]. The bond formed by the
interaction between graphene oxide and Co;0, support in
decreasing particle aggregation and ultimately improving the
cyclic stability of the material. Furthermore, it can ease
diffusion rate and ionic mobility, and hence improve the
overall electrochemical properties. Therefore, electro-
chemical performance is expected to improve via the com-
bined effects of the two materials in a composite formation by
identifying the exact amount for each material in the com-
posite [9). Moreover, previous reports have indicated an
improvement in the capacitive performance of the compos-
ites of metal oxides than individual oxide materials [48,49].
Additionally, most of the studies have reported on graphene/
reduced graphene oxide with Co;0, composite by mixing the
whole precursor with other constituents (impurity) whereby it
is difficult to figure out the exact amount of pure individuals to
be mixed to form a composite [3,8,14,45,46,50].

In this study, a simple hydrothermal method with easily
controllable parameters like concentration of the reagent, pH,
temperature and time was applied to synthesize sulphur-
reduced graphene oxide/cobalt oxide composites (RGO-S/
Co304) by varying the mass loading of Cos0,. Each material

was synthesized separately in order to ensure the purity of
each sample and the exactamount of each componentused to
form a composite. This method proved to improve the charge
storage capacity of the composite material. To the best of our
knowledge, the use of sulphur-reduced graphene oxide/cobalt
oxide (RGO-S/Co,0,) composite as electrode material for
supercapattery device and produced by a high degree of syn-
thetic control during synthesis has been rarely reported.

The successful synthesis of RGO-S/C0,0, composite was
confirmed by different characterization techniques. An opti-
mized RGO-5/200 mg Co304 composite in a half-cell using 1 M
KOH electrolyte displayed the highest specific capacity of
171.8 mA h g ' and superior stability of 99.7% for over 5000
cycles at 1 and 5 A g, respectively. The fabricated super-
capattery device demonstrated high specific energy of
458 W h kg with a corresponding specific power of
725 W kg' at 1 A g '. This supercapattery device also
demonstrated excellent stability from both cyclic and voltage
holding stability tests. The synergetic effect of the two mate-
rials was observed to improve the specific capacity, cyclic
stability and rate capability which eventually increased the
electrochemical performance of the supercapattery device.

Experimental
Synthesis of sulphur-reduced graphene oxide (RGO-S)

Sulphur-reduced graphene oxide was synthesized using
modified Hummer’s method as explained in our previous
work [51]. Briefly, a polysulphide solution was formed by
mixing 1 g of sulphur and 3 g of sodium sulphide (Na,S) in
100 mL of deionized (DI) water and sonicated for homogeneity.
Then, 2 mL of hydrochloric acid (HCl) was added into a solu-
tion formed by dissolving 50 mg of L-ascorbic acid in 12 g of DI
water. Thereafter, 3 g of RGO, the polysulphide solution and L-
ascorbic acid solution were combined and sonicated for 2 h for
homogeneity. The mixture was stirred at 40 °C for 1 h and
allowed to settle down for separation. The sample was
washed several times with DI water, centrifuged three times
at 10,000 rpm for 10 min and later freeze-dried for 24 h.

Synthesis of cobalt oxide (Co;0,)

Precipitation method was acquired to produce Co;0, sam-
ple. 8 g of CoNO; was added into 400 mL of DI water and
stirred for 15 min. Thereafter, 56 mL of 1 M NaOH was added
dropwise into the mixture which changed the color from
pink to dark greenish color. CONO, precursor was used as a
source of cobalt while 1 M NaOH was used for polymeriza-
tion and maintain the pH of 10 in the mixture while stirring
for 2 h. The obtained mixture was decanted and washed
several times with DI water, centrifuged at 10,000 rev/min
for 10 min followed by drying in the oven at 60 °C for 12 h.
The dried sample was later annealed in air for 2 h at 800 °C
(5 °C/min) to remove the OH group and any possible impu-
rities. Egs (1) and (2) below shows a complete reaction for
obtaining C030,.

doi.org/10.1016/j.ijhydene.2020.09.142
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annealed in air

3Co(OH),
+ Hyg)

Fo3o4us| + 2H20|g|

)

Synthesis of RGO-S/Cos0, composite sample

The RGO-S/Co,0, composite sample was prepared by adding
1 g of RGO-S and 100 mg of Co,0, into 100 mL of DI water and
sonicated for 1 h for homogeneity. Thereafter, the mixture
was transferred into a Teflon-lined autoclave and heated in
the oven at 150 °C for 1 h. The procedure was repeated by
varying the mass of C0,;0, between 200 mg and 300 mg. The
obtained mixture was allowed to settle down for easy sepa-
ration. Later, it was washed several times with DI water and
dried in the oven at 60 °C for 12 h.

Synthesis of activated carbon from peanut shell waste (AC-
Ps)

Activated carbon used in this study was produced from pea-
nut shell waste as explained in our previous study [52]. In
summary, two steps synthesis procedure was used to syn-
thesize the material from peanutshell waste. Initially, the raw
material from peanut shell waste was pyrolyzed using argon
gas at 600 °C for 2 h. Then, the raw material (peanut shell
waste) and activating agent (potassium hydroxide - KOH) were
mixed in a mass ratio of 1:4. Thereafter, the mixture was
activated at 850 °C for 1 h and the recovered sample was
named as AC-PS.

Characterization

The micrographs of the pristine and composite material were
obtained by using Zeiss Ultra Plus 55 field emission scanning
electron microscope (FE-SEM; Akishima-shi, Japan) operated
at 2.0kV, equipped with an energy dispersive X-ray (EDX) and
JEOL-2100 F transmission electron microscope (HRTEM FEI
Tecnai-F30; Akishima-shi, Japan) operated at 200 kV. The
phase structure of the as-synthesized materials was studied
by X-ray diffraction (D8 ADVANCED Bruker; Gerulhe, Ger-
many) with a reflection angle 20 values ranging between 7 and
90° in a step size of 0.03 at 40 mA and 40 kV using Cu radiation
source. A WITec Confocal Raman Microscope (WITec alpha
300 RAS+, Germany), Laser wavelength 532 nm, laser power
4 mW and spectral acquisition time 120-s was used for Raman
analysis to determine the degree of defects in the material.
Fourier transform-infrared spectroscopy (FT-IR) evaluation
was obtained by a Varian FT-IR spectroscopy in a wavelength
range 500—4000 cm™ . An X-ray photoelectron spectroscopy
(XPS) analyser (Versa Probe 5000 spectrometer initiated with a
100 ym monochromatic Al-Ka. exciting source) was utilized to
study the electronic states of the surface elements present
within the composite sample. The Nitrogen adsorption and
desorption isotherms were measured by NOVA Touch LX°®
version equipped with a quanta-chrome Touch-Win software

analyser. All samples were degassed at 80 °C for 10 h under
high vacuum environment. The specific surface area was
evaluated using Brunauer-Emmett-Teller (BET) method from
the absorption/adsorption isotherms in the relative pressure
range (P/Po) of 0.01-0.2 and pore size distribution was calcu-
lated by using DFT method.

Electrochemical characterization

The EC-Lab V1.40 software in a BioLogic VMP300 potentiostat
(Knoxville TN 37,930, USA), was used to evaluate the electro-
chemical measurements of the as-synthesize sample via
three- and -two electrode systems. For three-electrode mea-
surements, electrode was prepared by adding three drops of
N-methyl-2-pyrrolidone (NMP) on a mixture containing 80% of
the working material, and 10% each of carbon acetylene black
(CB - conducting agent) and polyvinylidene fluoride (PVDF -
binder) to make a slurry. The nickel foam 1 x 1 cm used as a
current collector was coated with the slurry and then dried in
the oven at 60 °C for 12 h. The mass of a single electrode was
estimated as 2.4 mg/cm”. The measurements were carried out
by using Ag/AgCl as a reference electrode, material as a
working electrode and glassy carbon as the counter electrode
in 1 M KOH electrolyte. For three-electrode evaluation, the
cyclic voltammetry (CV) and galvanostatic charge/discharge
(GCD) measurements were done at various scan rates
(5—100 mV s~ ) and specific currents (1-5 A g~'), respectively
within a working potential range 0.0 V—-0.5Vand 0 V to —0.9V
for positive and negative electrodes, respectively. The elec-
trochemical impedance spectroscopy (EIS) was assessed in an
open circuit potential at a frequency range 10 mHz—100 kHz.
The specific capacity (Q; - mAh g*) and columbic efficiency
(Cg - %) of a single positive electrode was evaluated using Eqs
(3) and (4) from the GCD profiles, respectively [53,54]:

7At X Id
Q=—F5" 3
to
Ce=— x100% (4)
te

where; I; stands for applied specific currents (A g*), 4t rep-
resents the discharge time (s), tp and t; - discharge and charge
time with the same current, respectively.

For two-electrode evaluation, the RGO-S/200 mg Co;0,4
composite was used as a positive electrode and activated
carbon from peanut shells (AC-PS) which shows ELDC
behaviour as a negative electrode in 1 M KOH electrolyte. The
mass on each electrode was estimated via the charge balance
equation, as shown below [23,53,54]:

Q. =Q =36m. xQ, =m_xAV_ x Cs. ::—;:%SSEF

©)
where;Q;, - specific capacity for the positive electrode, C,_
specific capacitance for the negative electrode, 4V_ - potential
window for the negative electrode, Q, and Q_ are charge for
positive and negative electrode while m, and m_ stands for
masses (mg) for the positive and negative electrodes,
respectively.
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The potential window of 1.45 V was reached by the fabri-
cated supercapattery device. The following expressions were
applied to evaluate the specific capacitance (Cs), specific en-
ergy (Eq) and specific power (Py) of the device [20,50]:

__At x Iq

C=—xy— [Fg’] ©
1 , Cs x AV? x 1000 Cs x AV? 1
Eam GV == S =77 [(Whke'] )
py=E4 3600 [w kg‘l] ®)
At

where AV - operating potential (V), I; - applied specific current
(A g%, C.- specific capacitance,At- discharge time (s), E; -
energy density and P4 - power density.

Results and discussion

Fig. 1 presents SEM and TEM micrographs acquired for the
pristine and composite samples. Fig. 1 ((a, b), (d, e) and (g, h))
display the morphology of RGO-S, Co;0, and RGO-S/200 mg
Co304 composite (as an example of other composites which
show similar morphology) in low and high magnification,
respectively. The micrographs revealed that RGO-S comprises
of nanorods/fibres and nanosheets like morphology (Fig. 1 (a,

200 nm
—_—

200/ am
E—

9200 nm
]

b)). Fig. 1 (d and e) displays a clear different morphology of
Co;0, with agglomerated nanograin-like structures, while
RGO-S/200 mg Co30;4 (Fig. 1 (g and h)) show a combination of
RGO-S and Co304 morphology. Fig. 1 (c, f and i) are TEM images
of RGO-S, Co;0, and RGO-5/200 mg Co,0, composite, respec-
tively at high magnification confirming the observations from
SEM. It was also observed that the morphology of other RGO-
S/Co;0,4 composites remained the same regardless of the
variation of mass loading 100 and 300 mg of Co;0,. However,
with the introduction of Co;0, into the active matrix of RGO-S,
Co304 nanograins are seen to effectively attach themselves to
the RGO-S nanorods/fibres and nanosheets, and formed a
homogeneous and stable composite as shown in Fig. 1 (g and
h). A uniform dispersion of the Co;0, nanograins within the
RGO-S nanorods/fibres and nanosheets is observed, which is
vital for giving the essential surface required for effective
electrochemical interactions. The uniform dispersion is
contributed by the use of hydrothermal method which allows
for an even distribution of Co;04 in the RGO-S matrix, and
hence the observed morphology.

As an example (Fig. 2), further EDX measurements on RGO-
S/200 mg Co;0, were performed to show the elemental map-
ping and percentage of elemental composition within the
material. Fig. 2 (a, b, ¢ and d) displays the elemental mapping
distribution of C, O, S and Co, respectively within the RGO-S/
200 mg Co,0,4 composite. Fig. 2 (e) displays the percentage by

Fig. 1 — (a, b), (d, e) and (g, h) are SEM images for RGO-S, Cos04 and RGO-5/200 mg Co3;0, at low and high magnifications,
respectively. (c, f and i) are TEM images for RGO-S, Co30,4 and RGO-S/200 mg Co30,, respectively.

doi.org/10.1016/j.ijhydene.2020.09.142
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Fig. 2 — (a, b, c and d) indicates the elemental mapping for RGO-S/200 mg Co;0, composite as example and (e) it’s
corresponding EDS showing the percentage composition of the element within the material.

weight of each element in the composite sample, whereby,
62.10, 6.64, 25.67 and 5.59 wt% was recorded for C, O, S and Co,
respectively. Similar elemental distribution and composition
were observed for RGO-S/100 mg Co,0, and RGO-S/300 mg
Co,0, composites.

Rotational, vibrational and other low-frequency modes
characterized by specific bonding in the materials were
determined by Raman spectroscopy. Fig. 3 (a) displays the
Raman spectra of the pristine sample (RGO-S) and all the
composite samples (RGO-S/Co,0, at various mass loading of
Co50,). The peaks observed at 1335 cm™' and 1568 cm™*
correspond to D and G peaks of graphene, respectively, pre-
sent in the pristine and the composites samples at different
mass loading of Co;0, [2]. The D peak indicates the existence
of defects in the carbon matrix, while the G peak is a charac-
teristic of sp” hybridized carbon in the graphene sheets. The
Ia/1; ratio signifies the level of defects in the material, which
was estimated as 0.85 and 0.96 for RGO-S (pristine) and RGO-S/
Co;0, composites, respectively. This suggests a successful
incorporation of Co,0, within the RGO-S matrix and a good
surface interaction of the two materials as confirmed by TEM
morphology in Fig. 1 (i). The peak around 2674 cm ™' corre-
sponds to 2D which developed from a second-order overtone
due to a secondary inelastic scattering from a second phonon
that distinguishes between monolayer and multilayer sheets
of graphene within the material [3]. It was further observed
thatD, G and 2D band were able to maintain the same position
for RGO-S and RGO-S/Co,0, composites. However, the 2D in-
tensity for the RGO-S/200 mg Co;0, composite was noticed to
havebeen reduced significantly as compared to the RGO-S and
(100 and 300 mg) of Cos04 composites revealing good

interaction of Co;0, nanograins with the RGO-S matrix
because this band is very sensitive to the defects. It is also
clear that D peak for this sample indicates more defective
RGO-S where the intensity ratio of I, to I; is almost one as
compared to the other samples. This is also the indication of a
clear effect of good interaction of Co304 and RGO-S. The peaks
around 486 and 653 cm™ " indicates E; and Al vibration modes
of Co,04, respectively [S5]. These modes indicate coordination
between Co and O atoms whereby cations and anions allo-
cation on the spinel of Co,0, is displayed as Co?* [Co3*] O3 .
The cations in the brackets are octahedral and those outsides
are coordinated with oxygen anions tetrahedrally [56]. These
results show that Co,0, was successfully incorporated into
RGO-S matrix to form a composite material.

Fig. 3 (b) shows the phase structure analyzed by XRD dis-
playing narrow and sharp peaks for the as-synthesized Co30s,
RGO-S, and RGO-S/Co,0, composite with different mass
loading of Co;0, demonstrating high crystallinity of the ma-
terial. The XRD spectrum at the bottom (black) is a clear
indication of pure Co;0, with the diffraction peaks around
26=18.9°,31.2°,36.7°,44.9°, 59.3° and 65.1° which corresponds
to (111), (220), (311), (400), (511) and (440) planes, respectively.
The XRD pattern of Co;04 and its equivalent planes match
well with the Joint Committee on Powder Diffraction Stan-
dards (JCPDS) card no. 42—1467 [12]. The observed diffraction
peaks (red) around 20 = 11.4°, 15.4°, 22.9°, 26.7°, 27.7°, 31.8°,
36.9° and 42.9° corresponding to (001), (113), (222), (002), (313),
(044), (422) and (100) planes, respectively, suggest the exis-
tence of RGO-S in the material. The XRD spectra of RGO-S
match well with the JCPDS card nos. 89—4307 and N34-0941
for RGO and S crystal structures, respectively [51,57]. The

doi.org/10.1016/j.ijjhydene.2020.09.142
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XRD patterns for RGO-S/100 mg Co,0, (blue), RGO-5/200 mg
Co;0, (dark cyan) and RGO-S/300 mg Co;0, (magenta) com-
posites shows some sharp peaks arising from RGO-S and
Co304 revealing the successful growth of Cos04 on RGO-S as
observed in SEM images in Fig. 1 (g and h). Furthermore, the
analysis confirmed that the crystal structure of the RGO-S was
maintained during the composites formation (RGO-5/C050,).

FTIR spectroscopy is a tool that provides a report con-
cerning the phase composition of the material, behaviour
regarding functional groups and how oxygen is attached to
the metal ions. Fig. 3 (c) shows the FTIR spectra of the various
samples as indicated in the figure, revealing surface func-
tional groups of Cos04, RGO-S, and RGO-S/Cos0, composite
materials. The —OH stretching vibration is ascribed to the
absorption peak spotted at 3428 cm ™" presenting the hydroxyl
group. The peak at 1396 cm™* is linked to tertiary C—OH group
while 1656 cm™* is attributed to the O—H bending vibrations of
absorbed water molecules. Stretching vibration of epoxy
group (C—0) is observed at 998 cm™* while the sp? vibration of
the graphene sheets is confirmed by the peak marked at
1572 cm™* (C=C). The C004 spinel structure of the Co—O bond
for ABO (A-Co** tetrahedral site) and OB, (B—Co*" octahedral
site) vibrations matches with the FTIR peaks around 542 and
652 cm?, respectively [28,48,58].

The XPS analysis was used to acquire the information
about the chemical states of the as-synthesized RGO-S/200 mg
Co,0, composite sample. Generally, the spectrum (intensity
versus binding energy) is being generated by a photoelectrons
emitted from the surface of the tested sample by a

monochromatic energies of Ko. X-rays. The emitted lines are
useful in determining the chemical states of the material
through correlating the binding energy position and the in-
tensity of each line in the material being analyzed [26]. Fig. 4
(a) shows a wide scan of RGO-5/200 mg Co30s4 composite
presenting a comprehensive surface elemental composition
with major peaks of C 1s, O 1s, S 2p and Co 2p indicating the
presence of carbon, oxygen, sulphur and cobalt elements in
the material. The single peak of C 1s (Fig. 4 (b)) was further
deconvoluted into four sub-regions with their binding en-
ergies at 284.2,284.9, 285.8 and 287.9 eV correspondingto C=C
(sp?), C—C (sp”), C—0 and C=0 bonds, respectively. The former
two peaks shows the existence of non-oxygenated carbon
atoms corresponding to sp? and sp® hybridized carbon while
the later presents the hydroxyl and carboxyl functional groups
present within the material [S9]. The deconvoluted O 1s in
Fig. 4 (b) presents three peaks at 529.6, 531.2 and 533.0 eV,
corresponding to metal oxides, C—O and C=0 bonds, respec-
tively. The first peak (529.6 eV) is related to the lattice oxygen
in a Co,;0, spinel structure while the rest of the two peaks are
linked to the oxygen bonded to carbon, oxygen in cobalt hy-
droxides ions, cobalt monoxide and water adsorbed on the
surface of Co;0, [10]. The high resolution S 2p spectra in Fig. 4
(c) shows the formation of C—S—C single bond and C=S dou-
ble bond at a binding energies of 163.3 eV and 1644 eV,
respectively [4,32,60]. This shows that sulphur atom was
successfully incorporated into the composite sample. Fig. 5 (e)
displays two forms of cobalt oxide (CoO and Cos04), which can
be recognised by the shakeup satellites at 779.9 and 795 eV
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respectively.

which corresponds to Co 2ps» and Co 2py,», respectively. The
gap between Co 2p,, and Co 2p,,, is ~15.1 eV indicating the
presence of standard Co,O, spectra [59]. Additionally, there
was existence of weak shake-up satellite peaks at 804.7 and
786.8 eV at higher binding energy. These specify that the
composite is composed of Co;0, and the oxygen connects
between Co;0, and RGO-S in the RGO-S/200 mg Co;0, com-
posite sample.

The nitrogen (N>) gas adsorption/desorption investigation
were conducted to evaluate the specific surface area and pore
size distribution of the samples. Fig. 5 (a) and (b) displays the
N, adsorption/desorption isotherms and pore size distribution
calculated using DFT, respectively, of RGO-S, RGO-S/100 mg
Co;04, RGO-S/200 mg Co;0, and RGO-S/300 mg Co;0,,
respectively. From Fig. 5 (a), shows the N, adsorption/

desorption isotherms whereby the specific surface areas
recorded for RGO-S, RGO-S/100 mg Co;0,, RGO-S/200 mg
Co,0, and RGO-S/300 mg Co,0, composite were found to be
11.66, 10.38, 14.68 and 9.71 m?/g, respectively. It can be
observed that RGO-S/200 mg Co;O, composite displays a
higher specific surface area (14.68 m?/g) compared to the other
samples. This is the clear indication that this the right
composition that both materials synergize optimum compo-
sition which facilitated the interaction between the two ma-
terials [5]. Therefore, it is expected to enhance the
electrochemical performance of RGO-S/200 mg Co;0, com-
posite. As displayed in Fig. 5 (b), all the samples present a type-
III behaviour with an H3-type hysteresis loop signifying the
existence of non-rigid aggregates of plate-like particles as it
shown in the SEM images. Fig. 5 (b) shows the DFT pore size

doi.org/10.1016/j.jjhydene.2020.09.142

Please cite this article as: Tarimo DJ et al., Enhanced electrochemical performance of supercapattery derived from sulphur-reduced
graphene oxide/cobalt oxide composite and activated carbon from peanut shells, International Journal of Hydrogen Energy, https://

188



INTERNAT

IONAL JOURNAL OF HYDROGEN

ENERGY XXX (X

~T0
2 60 o)
5
= 50 ——RGO-S
§ B —e—RGO-§/100 mg Co30,
5 | ——RGO-5/200 mg Co30,
§ 30 —»—RGO-8/300 mg C050,
E 20
€ 10-
s
g 01

00 02 04 06 08 10
Relative pressure (P/Po)

:‘” 0.006 ()

—s—RGO-S
e RGO-$/100 mg Co;0,

—+—RGO-5/200 mg €030,
—+—RGO-S/300 mg Co,0,

% 0 2 4 6 8 10 12 14 16
Pore width (nm)

Fig. 5 — (a) N, adsorption/desorption isotherms and (b) DFT pore size distributions of RGO-S, RGO-5/100 mg Co;0,, RGO-S/

200 mg Co;0, and RGO-S/300 mg Co,0,, respectively.

distribution. It is also clear here that RGO-5/200 mg Co,0,4
shows more pore volume as compare to the rest of the other
samples and hence still showing better performance.

The cyclic voltammetry (CV) curves at S0 mV s~ * for RGO-S
and RGO-S/Co,0, composites at different mass loading of
Co;0, in a positive potential window range of 0.0-0.5 V vs Ag/
AgClis presented in Fig. 6 (a). The CV curves display a faradaic
behaviour confirming the redox reaction within the material.
It was further noted that the RGO-S/200 mg Co;0, composite
shows higher current response compared to the RGO-S (pris-
tine), RGO-S/100 mg Co,0, and RGO-5/300 mg Co;0,. The
higher current response displayed by RGO-S/200 mg Co304
confirms the material’s high specific capacity as a result of
good synergy between 200 mg of Co;0, and RGO-S. The gal-
vanostatic charge-discharge (GCD) in Fig. 6 (b), was further
used to analyse the electrochemical performance of the RGO-S
(pristine) and RGO-S/Co;0, composites at 1 A g~* within a
positive potential range of 0.0-0.5 V vs Ag/AgCl. The non-
linear GCD curves with a potential plateau indicates a clear
correspondence between features displayed by GCD curves in
Fig. 6 (b) to that of CV curves in Fig. 6 (a). The specific capacity
evaluated through the GCD curves usingEq. (3)at1A g ', was
found to be 145.1, 79.7, 171.8, and 77.3 mA h g* for RGO-S,
RGO-5/100 mg Co,;0,4, RGO-S/200 mg Co;0, and RGO-S/
300 mg Co,0,, respectively. Furthermore, the high specific
capacity of RGO-5/200 mg Co;0, was confirmed by the longest
discharge time compared to other samples, as shown by the
GCD curve in Fig. 6 (b), which corresponds with the high cur-
rent response observed in the CV curve in Fig. 6 (a). This
particular composition is the right amount of Co;0,4 to have a
positive impact on the RGO-S as compared with other mass
loadings, which makes 200 mg mass loading the optimum
amount.

Moreover, the charge-transfer resistance of the redox re-
actions, diffusive resistance of the electrolyte in the electrode,
and ionic resistance of the electrolyte, was used to assess the
capacitive performance of the as-synthesized materials by
performing the EIS measurements. Fig. 6 (c) shows the EIS
Nyquist plot of RGO-S and RGO-S/Co;0, composites measured
at a frequency range 10 mHz-100 kHz. From the EIS; the
composites with 100 and 300 mg show long diffusion length
with large deviation from the vertical line indicating more
resistive behaviour and slow charge transport whereas the

composite with 200 mg displays shorter diffusion length
suggesting fast charge transport. The equivalent series resis-
tance (ESR) value was experimentally determined from the x-
axis intercept at high-frequency region as displayed in an
inset to Fig. 6 (c). In the Nyquist plot, the intersection with the
real Z' axis is attributed to the equivalent series resistance
(ESR) which is the total resistance of the ionic resistance of
electrolyte, the electrolyte/electrode interface resistance and
electrode/current collector interface resistance [40,54]. The
ESR provides information about the contact resistance be-
tween the working electrode and the current collector, and the
interface resistance of the working electrode and ions from
the electrolyte [40,54]. An ESR value of ~1.54 Q, 1.62 Q, 1.43 Q,
and 1.81 Q were recorded for RGO-S, RGO-5/100 mg Co0,0,,
RGO-5/200 mg Co,0, and RGO-S/300 mg Co;0,, respectively. It
was further observed that RGO-S5/200 mg Co,0, has the
smallest ESR value compared to the RGO-S (pristine sample),
RGO-S/100 mg Co;0, and RGO-S/300 mg Co;04 All these
signify the good synergy between RGO-S and this particular
mass loading of Cos0s which performs the function of
improving the electrochemical performance of the as-
synthesized composite.

The charge-discharge cycles over 5000 cycles, were per-
formed as shown in Fig. 6 (d) indicating an excellent columbic
efficiency (C - %) versus cycle number for RGO-S and RGO-S/
Co50, composites samples at 5 A g, respectively. The C; (%)
calculated using Eq. (4) was found to be 99.2%, 98.8%, 99.7%
and 98.5% for RGO-S, RGO-S/100 mg Co3;04, RGO-S/200 mg
Co,0,4 and RGO-5/300 mg Co,0,, respectively. From these re-
sults, a superior cycling stability of approximately 100% was
demonstrated by RGO-S/200 mg Co;0, compared to other
samples. This performance is contributed by the combination
of RGO-S and 200 mg Co,0, which has been seen to enhance
the accessibility and transport of OH™ ions during rapid
charge-discharge process than an individual material. As a
result, 200 mg Cos04 was observed to act as a buffer for the
volume change during charge-discharge and hence an
improved stability in the RGO-5/200 mg Co,0; composite
[14,16,55,61].

In general, the RGO-S/200 mg Co;0, composite was found
to have high current response in the CV curve, longest
discharge time in the GCD curve which shows high specific
capacity, low ESR value and short diffusion length in the EIS
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Nyquist impedance, and high cycling performance compared
to pristine and other composites samples, respectively. These
observed excellent performances might be associated with
the synergy between RGO-S and 200 mg Cos04 mass loading in
particular as supported by SEM, Raman and BET measure-
ments. The SEM showed well uniformly distributed nano-
grains of Co,0, in the matrix of RGO-S nanorods/fibers (see
Fig. 1 (g, h, i)). Raman spectra showed that 2D, which is very
sensitive to defects is the most affected for this composite as
compared to other samples, hence it's a clear indication of
good interaction between the two materials (see Fig. 3 (a)). The
BET measurements shows that this composite has much
higher specific surface area and pore volume as compared to
other samples (see Fig. 5). Therefore, these results shows that
by controlling the amount of Co,;0, during the synthesis pro-
cess has resulted into a composite with improved electro-
chemical performance. Hence, this study suggests that the
easiest way of improving the performance of supercapattery
electrode material is by focussing on the synthesis condition
like the optimization of metal oxide mass loading ratio. From
the above observations, RGO-5/200 mg Co304 was chosen as a
positive electrode for device fabrication.

For further investigation on the electrochemical measure-
ments of RGO-S5/200 mg Co,0, composite sample, the CV
analysis (Fig. 7 (a)) was done at various scan rates from 5 to
100 mV s~* in a positive potential window range 0.0—0.5 V vs
Ag/AgCl. The anodic peak around 0.26 V and cathodic peak
around 0.42 V were displayed by the CV curve at low scanrate.

This might be contributed by the hydroxyl, carboxyl, and
epoxy functional group from RGO-S and redox properties from
Co,0, sample [55]. The increase in scan rate shows oxidation
and reduction peaks were shifted in the direction of higher
and lower potential, respectively indicating the development
of charge diffusion polarization in a battery-type material [54].
The CV curves of RGO-5/200 mg Co,;0, using 1 M KOH elec-
trolyte shows a pair of broad peaks at about 0.26 V and 0.46 V,
respectively. These peaks are due to the electron transfer be-
tween Co** and Co*" (Co?*«Co*") and also S** and S**
($** «»S*") through the following redox reaction processes
[18]:

€030, + OH™ + H,0<>3Co00H + e (9)
CoOOH + OH™ «»Co0, + H,0 + e~ (10)
S S 4 2e (11)

The GCD curves (Fig. 7 (b)) of RGO-5/200 mg Co;0, com-
posite sample at various specific currents from 1 to 5 A g *
corresponds well with the CV curves in Fig. 7 (a). The elec-
trochemical redox reactions occur as a result of the interac-
tion between the electrode and electrolyte in the material
which produces redox peaks shown by the CV and GCD
curves. In addition, a detailed analysis was conducted on EIS
Nyquist plot. A representative EIS Nyquist plot comprises of
two regions; a semicircle at high frequency and a straight line
at low frequency region corresponding to charge transfer
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resistance (Rcr) and ion diffusion characteristics, respectively.
Fig. 7 (c) displays the fitted EIS Nyquist plot of the composite
material, with its corresponding circuit as the insert. The
circuit is adopted for fitting the data and illustrates an
equivalent series resistance (ESR), which is in series with
charge transfer resistance (Rer) at high-frequency region, and
a Warburg (W) element that is in parallel with real capacitance
(Q1). A mass capacitance (C3) is in parallel with the leakage
resistance (R;) at low frequency region. Rer provides infor-
mation about the reactions occurring between the interface of
the electrode and electrolyte while R, describes the Faradaic
charge transfer processes. The attained values of ESR = 1.56 Q
and Rer = 0.07 Q for the electrode are comparable with the
experimental values of ESR = 1.43 Q and Rer = 0.04 Q,
respectively, indicating perfect fitting of the Nyquist plot. The
obtained small Rer = 0.04 Q shows low internal resistance and
good electrical conductivity of the material. It is known that,
the highest specific power isinversely proportional to the ESR.
Thus, reducing internal resistance is an important target in
development of supercapattery with enhanced performances
[1].

Since RGO-S/200 mg Co,;0, composite sample has shown
superior electrochemical measurements compared to pristine
and other composites samples, it was selected to investigate
the practical applications of the material in supercapattery.
The supercapattery device was designed using 1 M KOH
electrolyte, RGO-5/200 mg Co;0, composite as a positive
electrode and activated carbon from peanut shell (AC-PS) as
the negative electrode. AC-PS was selected as a negative
electrode because it was found to have excellent electro-
chemical properties as detailed in our previous study [52].

Because of the variation in specific capacity/capacitance and
the discharge time between the positive and negative elec-
trode, Eq. (5) was utilized to balance the mass of the electrodes
by applying the charge balance as Q, = Q.. The total mass of
5.4 mg/cm? corresponds to 2.0 mg and 3.4 mg, resulted from a
mass balance ratio of 1.0:1.7 was estimated for RGO-5S/200 mg
Co304 and AC-PS, respectively. The assembled device was
labelled as RGO-5/200 mg C0,04//AC-PS.

Fig. 8 (a)show the CV curves at 50 mV s~ for RGO-S/200 mg
Co,0, as a positive electrode in a positive potential window
(0.0—-0.5 V) displaying a faradaic behaviour due to ongoing
redox reaction, and AC-PS as a negative electrode showing
EDLC shape indicating the capacitive behaviour of the mate-
rial in a negative potential window (—0.9 - 0.0 V). The mea-
surements performed at various scan rates from 5 to
100 mV s~ *inFig. 8 (b) shows the CV curves of the device (RGO-
S/200 mg Co;0,//AC-PS). The results confirm that the device is
more of pseudocapacitive behaviour whereby in terms of the
current response still the Faradaic positive electrode is pro-
nounced, however, EDLC negative electrode has more influ-
ence because of the wide potential window. This kind of
behaviour occurs when there is a good charge balancing
signifying that electrode where charging and discharging at
the same time regardless of their capacitive ability individu-
ally. A maximum cell potential window of 1.45 V, was pro-
duced by the assembled RGO-5/200 mg Co;0,//AC-PS device.
The high rate capability of the material was confirmed by the
current response in the CV curve which increases linearly as
the scan rate increases without shape distortion [48]. Fig. 8 (c)
presents the GCD curves of RGO-S/200 mg Co304//AC-PS at
different specific currents. The GCD curves in Fig. 8 (b) are
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clearly pseudocapacitive with semi-linear curves confirming
the two electrodes ended up with the so-called supercapattery
device. It was further observed that the purely RGO-S/200 mg
Co50,4 Faradaic behaviour was transformed into pseudocapa-
citive behaviour by utilizing AC-PS as an EDLC material. This
indicates that the synergetic effect of the EDLC (capacitive)
and the Faradaic (battery-type) material has resulted in a
hybrid device with combined features, with the EDLC behav-
iour dominating because it had lower capacitance. Since the
total capacitance of the device is the sum of the two capaci-
tance in series as Cy = 1/C, +1/C, then the material with lower
capacitance will dominate and is termed as supercapattery.
This is an emerging electrochemical energy storage devices,
whereby a device is made up by combining the capacitive
materials which store energy via adsorptions of ions and
battery materials which store energy via faradaic redox re-
actions to produce the final capacitive device [5,15,22,49]. The
specific capacitance versus specific current for the RGO-S/
200 mg Co;04//AC-PS supercapattery device evaluated from
the GCD profiles in Fig. 8 (c) using Eq. (6) is presented in Fig. 8
(d). It was observed that the supercapattery device was able to
preserve the specific capacitance as the specific current in-
creases because there was no fast loss of the specific capaci-
tance. Consequently, a rate capability of 85.1% was preserved
by the supercapattery device.

Fig. 9 (a) display long cycling performance of up to 10, 000
cycles applied to evaluate the stability of the RGO-S/200 mg
Co304//AC-PS supercapattery device. The RGO-S/200 mg
Co304//AC-PS supercapattery device revealed a capacitance

retention and columbic efficiency of 83.4% and 99.5%,
respectively at 8 A g~* over 10, 000 cycles. This good cycling
performance could be due to the good synergy between Co;04
and RGO-S, which resulted in a repeated contraction and
expansion of the electrodes during charging-discharging cy-
cles. Therefore, this shows that there was an improvement in
wettability which allows accessibility of ions within the ma-
terial [61]. Eqs (7) and (8) were employed to evaluate the spe-
cific energy and power for RGO-S/200 mg Co,0,//AC-PS
supercapattery device and results are presented in Fig. 9 (b) as
a Ragone plot. The highest specific energy recorded at 1 A g~*
was 458 W h kg™ with its corresponding specific power of
725 W kg '. The fabricated RGO-S/200 mg Co0304//AC-PS
supercapattery device revealed higher value of specific energy
and power compared to some similar materials reported
recently in the literature as shown in Table 1 below.

Fig. 9 (c) display Nyquist plot showing fitting and experi-
mental data plotted together for RGO-S/200 mg C0,0.//AC-PS
supercapattery device. The EIS fitting circuit obtained by the Z
fit software from the EC-lab 10.40 is displayed by the insert to
Fig. 9 (c) presenting a linear line close to be parallel to y-axis at
low-frequency region and a small semicircle at high-
frequency region. From the circuit, R1, R2 and R3 present
equivalent series resistance (ESR), charge transfer resistance
and leakage resistance, respectively. Whereas, C2 and C3
indicate real and mass capacitance, respectively. R2 and C2
provides information about the resistance rate and Faradaic
electrochemical activity which takes place between the elec-
trode and electrolyte while R3 and C3 gives information about
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Fig. 9 — (a) Capacitance retention and columbic efficiency versus cycle number (b) Ragone plot (c) EIS Nyquist plot (the insert
shows an equivalent circuit applied for EIS fitting) and (d) Bode impedance of RGO-5/200 mg Co;0,//AC-PS sample,

respectively in 1 M KOH.

Table 1 — Comparisons of electrochemical performance (cycle life, energy and power density) of some similar materials
from the literature calculated from two electrode systems.

Electrodes (Device) Electrolyte Energy density Power density Cycle life Ref.
C0,0,/C//C0;0,/C 2 M KOH 234 Whkg? 162.5 W kg - [50]
C0304-1GO//AC 6 M KOH 357 Whkg* 225 Wkg* 1000 [20]
MWCNT-Co,0,—Ag//AC 1 M KOH 165 Whkg* 297.5Wkg* 3000 [22)
C030,//C030, 2 M KOH 255 Whkg? 11kW kg ? 4000 [46]
C050,-T//AC 6 M KOH 4281 Whkg? 1.69kW kg? 1000 [28]
MOF/PANI/AC 1 M KOH 232 Whkg 1600 W h kg * 3000 [62]
C0304//rGO 1 M KOH 40 Whkg? 742 W kg 5000 [27]
MnCo,04//AC 6 M KOH 338Whkg' 3189 Wkg* 10,000 [25)
1GO-Co30,—Ag//AC 1 M KOH 2363 Whkg? 440 W kg ? 3000 [26]
Co304 nano flakes//AC 1 M KOH 23.7 Whkg! 307 W kg* 2500 [24]
RGO-5/200 mg C0104//AC-PS 1M KOH 458 Whkg™ 725 W kg~ * 10,000 This work

the resistance and capacitance associated with EDLC. The ESR
(represented as R1 in the circuit) was estimated experimen-
tally at high-frequency region while the lower charge transfer
resistance is confirmed by a very small semicircle at higher
frequency region as presented by the inset to Fig. 9 (c). The
experimental values for the equivalent series resistance (R1)
and charge transfer resistance (R2) were 4.78 and 0.16 Q,
respectively, which were comparable to the values obtained
through fitting as 4.82 and 0.19 Q, respectively. Other param-
eters recorded from the fitting circuit were R3, C2, C3 and Wd4
with 0.16 ©, 0.092 F, 0.054 F and 5.9 Q values, respectively.
Furthermore, the response recorded from the Nyquist plot
shows the curve is almost parallel to the imaginary imped-
ance (-Z") axis, which is evidence that the device is very close

to the ideal capacitance behaviour. Fig. 8 (d) illustrates the
phase angle versus frequency profile with an ideal value of
—90 in which the RGO-5/200 mg Co,0,//AC-PS supercapattery
device is at —81.60.

Fig. 10 (a) shows a specific capacitance versus floating time
for the supercapattery device exposed to the highestvoltage of
1.45 V for over 150 h at 10 A g~*. After every 10 h the specific
capacitance was monitored and the device was able to with-
stand a stability of 71.6% after 150 h. This superior cycling
achievement could be associated with the chemically stable
structure of the combined features of RGO-S and Co;0,. Also,
Co,0,4 act as a spacer to stabilize RGO-S whose interlayer
spacing are extended when Co30, is incorporated [55]. The CV
and GCD curves of RGO-S/200 mg Cos04//AC-PS
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Fig. 10 — (a) Floating time versus specific capacitance, (b) CV curves before and after voltage holding at 50 mV s, (c) CD
curves before and after voltage holding at 1 A g—* and (d) EIS Nyquist plot before and after voltage holding for RGO-S/200 mg

Co;0,//AC-PS sample in 1 M KOH, respectively.

supercapattery device before and after voltage holding,
respectively, are displayed in Fig. 10 (b and c). It was observed
thatafter 150 h of cycling the shape was maintained, however,
the current response in the CV curve and discharge time in the
GCD curve slightly decreased after the device being subjected
to many cycles. This proves good stability of the device which
is attributed to the synergetic effect of the two materials. The
RGO-5/200 mg Co;0,//AC-PS supercapattery device displayed
an EIS Nyquist plot before and after voltage holding as
observed in Fig. 10 (d). The figure revealed that after voltage
holding there was an improvement in the equivalent series
resistance from 1.04 Q to 0.52 Q. Also, the vertical line is
considerably closer to the y-axis indicating an improvement
in the capacitive behaviour of the device. This shows that
more ions managed to access more pores of the material.
Furthermore, the interaction of Co;0, and RGO-S allows the
insertion and de-insertion of the electrolyte ions within the
material, thus inhibit its aggregation and minimize the charge
transfer resistance of the device [55].

Conclusion

Sulphur-reduced graphene oxide/cobalt oxide composites
(RGO-S/Co,0,) were successfully synthesized via a simple
hydrothermal method. The micrographs, structural, chemical
composition, and functional group analysis indicated the
successful synthesis of RGO-S and RGO-S/Co;0, composite
samples. An optimized RGO-S/200 mg Co;0, composite

presented the highest specific capacity of 171.8 mA h g * and
superior stability of 99.7% over 5000 cycles at1 and 5A g,
respectively, using 1 M KOH electrolyte in a three-electrode
system. The fabricated supercapattery device, RGO-5/200 mg
Co,0,//AC-PS demonstrated a high specific energy and power
of 458 W h kg ' and 725 W kg, respectively, at 1 A g~*. The
device was able to retain about 83.4% of its initial capacitance
and 99.5% of the columbic efficiency for over 10, 000 cycles. An
outstanding cycling performance of 71.6% was sustained from
the voltage holding test performed for over 150 hat 10 A g *.
The results demonstrated excellent synergy between opti-
mized Co304 and RGO-S which led to the supercapattery de-
vice when combined with activated carbon from the peanut
shell.
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4.4.2: Concluding remarks

RGO-S and RGO-S/Co304 composite was successfully studied; in which RGO-S/Co0304
revealed better electrochemical performance indicating the synergy effects resulted in the
combined materials. RGO-S/Co0304 composite was formed by optimizing different mass
loading (100, 200 and 300 mg) of Co304. The optimized RGO-S/200 mg Co304 composite at
1 A g'in 1 M KOH electrolyte presented the uppermost specific capacity of 171.8 mAh g
Furthermore, an outstanding stability of about 99.7 % for over 5000 cycles was recorded at 5
A g! for RGO-S/200 mg Co304 in a three-electrode set-up. The assembled supercapattery
device using RGO-S/200 mg Co304 and activated carbon from peanut shells (AC-PS) as a
positive and negative electrode, respectively, presented high specific energy of 45.8 Wh kg'!
and power of 725 W kg'! at 1 A g'! in a working potential of 1.45 V. The stated device was
found to be superior to other similar devices reported in the literature using the same electrolyte.
The fabricated device was able to retain about 83.4 % of its initial capacitance for over 10, 000
cycles, with a columbic efficiency of 99.5 % at 8 A g'!. A voltage holding for over 150 h at 10
A g! was recorded from the highest voltage of 1.45 V, revealing an outstanding cycling
performance of the device by retaining an efficiency of 71.6 %. The results established that

RGO-S/200 mg Co304 is a good candidate for supercapacitor applications.
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CHAPTER 5

5.0 GENERAL CONCLUSION AND FUTURE WORK
This chapter presents the overall conclusion of the results and discussion of the previous

chapters together with the suggestion for future work.

5.1 General conclusion

Graphene oxide, sulphur-reduced graphene oxide and graphene-based transition metal oxides
composites were successfully synthesized using different methods. The micrographs, chemical
composition, specific surface area/pore size distribution and structural properties of the
materials were conducted by scanning electron microscope (SEM) linked with energy-
dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), Brunauer-Emmett-Teller (BET), X-ray powdered
diffraction (XRD), Fourie transform infrared (FTIR) spectroscopy and Raman spectroscopy.
The electrochemical evaluation was done in three- and two-electrode configurations. The
electrochemical performance of the synthesized RGO-S, RGO-S/100 mg MnO; and RGO-

S/200 mg Co304 revealed major contribution of the materials for supercapacitor applications.
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Graphene oxide (GO) and sulphur-reduced graphene oxide (RGO-S) were produced through a
modified Hummer’s method. GO displayed sheet like morphology while RGO-S display a
morphology compromises of nanorods/fibers. The formation of nanorods/fibers morphology
has shown an improvement in the electrochemical performance of RGO-S compared to RGO.
The electrochemical evaluations were performed in 6 M KOH electrolyte. The specific capacity
of 113.8 mAh g'! was obtained for RGO-S at 0.5 A g'! which is much higher compared to RGO
with a specific capacity of 12.5 mAh g'! at the same specific current. The fabricated hybrid
device (RGO-S//C-FP) presented a high specific energy and specific power of 35.2 Wh kg! and
375 W kg'lat 0.5 A g'! in an working voltage of 1.5 V, respectively. A good cycling stability
performance with an energy efficiency of 99% was recorded for the hybrid device for up to

10,000 cycling at 3 A g!.

Nanorods/fibers, nanosheet and nano-flower like morphology were successfully synthesized
for RGO-S/MnO> composites with various mass loading of MnO; through an improved
Hummer’s method followed by freeze drying process, and hydrothermal method. An
optimization was done by varying mass loading of MnO> (50, 100 and 150 mg) into the pristine
sample (RGO-S). The electrochemical measurements were carried out in 2.5 M KNO;
electrolyte. The superior electrochemical performance displayed by RGO-S/100 mg MnO
composite shows that the 100 mg MnO> can be considered as the precise composition to have
good synergy between RGO-S and MnQO,. The RGO-S/100 mg MnO, composite presented a
specific capacitance of 180. 4 F glat 1 A g!, with good stability up to 2000 charge-discharge
cycles for three electrode configurations. The assembled device (RGO-S/MnQO.//AC-PS)
presented an outstanding specific energy of 71.74 Wh kg! with its corresponding specific

power of 850 W kg'at 1 A g''. An incredible performance was recorded when the device was
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able to withstand a specific energy of 55.30 Wh kg™! at a high specific current of 5 A g!. The
capacitance retention of 94.5 % and columbic efficiency of 99.6 % up to 10,000 cycles at 5 A
g ! was recorded. A voltage holding of up to 90 h was attained with an efficiency of 70.5 %.
An exceptional self-discharge of about 1.45 V was recorded within the first 10 h, and 1.00 V

after 72 h out of the initial potential of 1.7 V.

In additional, different metal oxide (Co3O4) which is stable because of its spinel structure and
p-type semiconductor was introduced to improve the electrochemical properties of RGO-S.
The mass loading (100, 200 and 300 mg) was carried out to determine the optimum
composition of Co304into RGO-S via hydrothermal method. The electrochemical evaluations
were done in 1 M KOH electrolyte whereby RGO-S/200 mg Co0304 revealed the best results
indicating the optimal composition to have good synergy between RGO-S and Co0304. An
optimized RGO-S/200 mg Co304 composite material showed the uppermost specific capacity
of 171.8 mAh g! at 1 A g'! and an excellent stability of 99.7 % for over 5000 cycles at 5 A g!
in three-electrode measurements. The constructed supercapattery device (RGO-S/200 mg
Co0304//AC-PS) demonstrated high specific energy of 45.8 Wh kg™! and specific power of 725
W kg! at 1 A g'! in an operating potential of 1.45 V. The fabricated device was capable to
maintain 83.4 % of its initial capacitance for over 10,000 cycles, with a columbic efficiency of
99.5 % at 8 A g'!. The device maintained an efficiency of 71.6 % over an outstanding floating

time of 150 hat 10 A g™

Capacitance/capacity retention, cycle stability, specific energy and specific power are the most

essential parameters in evaluating the practical performance of supercapacitor. The following

section provides a brief conclusion of the devices derived from the pristine and the composite
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with different oxides (RGO-S//C-FP, RGO-S/100 mg MnO»//AC-PS and RGO-S/200 mg

C0304//AC-PS).

Figure 5.1 displays the capacity/capacitance retention of RGO-S//C-FP, RGO-S/100 mg
MnO,//AC-PS and RGO-S/200 mg Co304//AC-PS devices. It can be observed that RGO-S/100
mg MnO»//AC-PS and RGO-S/200 mg Co0304//AC-PS devices demonstrated an improved
capacity/capacitance retention compared to RGO-S//C-FP. This could be due to the
pseudocapacitive nature of the MnO> and Co30O4 materials and also as result of the synergy

between RGO-S, 100 mg MnO; and 200 mg Co3O4 which were significantly reflected in the

devices’ performances.

RGO-S/200 mg Co30,//AC-PS
100 1RGO-S/100 mg MnO,//AC-PS

{RGO-S//C-FP

(=2}
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1
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o
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Figure 5.1: Capacity/capacitance retention of RGO-S//C-FP, RGO-S/100 mg MnO,//AC-PS

and RGO-S/200 mg Co304//AC-PS devices.

Figure 5.2 display a Ragone plot of RGO-S//C-FP, RGO-S/100 mg MnO>//AC-PS and RGO-
S/200 mg Co304//AC-PS devices. These results confirm that RGO-S/100 mg MnO,//AC-PS

and RGO-S/200 mg Co304//AC-PS hybrid device show higher specific energy and specific
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power than RGO-S, in agreement with the capacity/capacitance retention revealed in Figure
5.1. This still demonstrates the good synergy between the optimized metal oxides with RGO-
S to give such improved electrochemical properties. The better performance of RGO-S/100 mg
MnO,//AC-PS compared to RGO-S//C-FP and RGO-S/200 mg Co304//AC-PS hybrid devices
could also be influenced by the use of neutral electrolyte (2.5 M KNOs3) which recognized to
work in a wider voltage window of 1.7 V than alkaline electrolyte which is restricted by

hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).

100 4

== RGO-S//C-FP
=&— RGO-S/100 mg MnO5//AC-PS

== RGO-S/200 mg Co304//AC-PS

Specific energy (Wh kg™)

-—

10 1000 10000
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Figure 5.2: Ragone plot for RGO-S//C-FP, RGO-S/100 mg MnO.//AC-PS and RGO-S/200

mg Co304//AC-PS devices.

In general, sulphur-reduced graphene oxide composite and graphene oxide-based transition
metal oxides composites have demonstrated a significant potential as crucial materials for
supercapacitor applications. Also, this research proved a significant addition to the energy

storage through a supercapattery device fabricated by incorporating the advantages of

supercapacitor and battery-type materials.
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5.2 Future work

Each material in this study will undergo further evaluation by utilizing organic and ionic
electrolytes. The advantage and disadvantage of different electrolytes will be assessed and
compared for choosing the best electrolyte for supercapacitor and supercapattery applications.
Also, all materials will be investigated as ex-situ and in-situ electrodes and Lithium-sulphur

batteries electrodes. Additionally, the effect of temperature on both materials will be studied.
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