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ABSTRACT 

 

The focus of this study is on the synthesis and characterisation of cobalt nickel layered double 

hydroxide (CoNi-LDH) and its composite for application in supercapacitors. CoNi-LDH was 

chosen because of its unique layered structure with many exposed redox active sites, tunable 

anion exchange, and large interlayer separation. However, CoNi-LDH has low electron 

transport and low cyclic stability due to the restacking of its layers. Careful engineering of 

cobalt nickel layered double hydroxide-based composites enables the electrodes to have 

sustainable practical applications. Due to its great electrical conductivity (the measure of how 

easily a material allows the passage of current), wettability and mechanical strength, sulphur-

reduced graphene oxide (RGO-S) can increase electron transport while minimising restacking. 

Wettability is the ability of the liquid to maintain contact with the solid. It is dependent on the 

balance of the adhesive and cohesive intermolecular interactions. 

Careful engineering of the electrode structure that provides support for the LDH can reduce the 

restacking thereby increasing the electron transport and cycling stability while increasing the 

specific capacity of CoNi-LDH. Bimetallic metal oxides such as Hausmannite (MO), 

manganese cobaltite (MCO) and manganese chromite (MnCr2O4) can improve the 

electrochemical performance because of their high redox activity, Jahn-Teller distortion, and 

wide range of active oxidation states. 

RGO-S was produced using modified Hummer’s methods while MO, CN, MCO, MnCr2O4, 

and MO/RGO-S were synthesized through electrodeposition. Electrodeposition method can 

yield a variety of materials structure without involving binders. Its robustness leads to greater 

stability of the electrodes, and it can control the structure of the electrode by varying parameters 

such as input current, number of electrodeposition cycles and the electrodeposition duration 

(time). Morphology, elemental mapping/composition, and thickness were characterised using 
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scanning electron microscope (SEM), transmission electron microscope (TEM), energy-

dispersive X-ray spectroscopy (EDS), X-ray powder diffraction (XRD) and Raman 

spectroscopy. 

The first composite MO/RGO-S-50@CN synthesized through a two-step electrodeposition 

procedure yielded a great specific capacity of 582.1 mAh g-1 at a specific current of 0.5 A g-1 

in 2 M KOH. It was used to fabricate an asymmetric device MO/RGO-S-50@CN//CCBW with 

activated carbon from cooked chicken bones waste (CCBW) as the negative electrode. The 

device generated a great specific energy of 56.0 Wh kg-1 at a specific current of 0.5 A g-1 

corresponding to a specific power of 515 W kg-1. The device also produced capacity retention 

and coulombic efficiency of 85.1 and 99.7 %, respectively at 10, 000 galvanostatic charge-

discharge (GCD) cycles at 6 A g-1. 

A second composite device was also synthesised through successive electrodeposition of 

MCO, and CoNi-LDH on NF. The optimised electrode MCO-2.5@CN-LDH produced a 

competitive specific capacity of 415.9 mAh g-1 at 1 A g-1. It was incorporated into an 

asymmetric capacitor device, MCO-2.5@CN-LDH//CCBW which produced a superb specific 

energy of 55.8 Wh kg-1 corresponding to a specific power of 940.4 W kg-1 at a 1 A g-1. A device 

stability measurement up to 10,000 GCD at 7 A g-1 produced great capacity retention of 81.6 

% and coulombic efficiency of 99.8 %. 

MnCr2O4 as the third composite electrode with CoNi-LDH was synthesised through a repeated 

electrodeposition process. The optimised electrode, MnCr2O4-1.2 @CoNi-LDH produced a 

phenomenal specific capacity of 424.7 mAh g-1 at a specific current of 1 A g-1. The electrode 

served as a positive electrode in the device MnCr2O4-1.2@CoNi-LDH//AMH with the 

activated carbon from Amarula husk (AMH) as the negative electrode. The device yielded an 

outstanding specific energy of 80.2 Wh kg-1 at a specific current of 1 A g-1 corresponding to a 
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specific power of 1117.7 W kg-1. The stability of the device was also phenomenal with a 

coulombic efficiency of 99.7 and 72.9 % after 15,000 GCD cycles at 9 A g-1. The findings of 

this study have availed electrodeposition synthesized electrodes of cobalt nickel layered 

hydroxides composites as candidates for high-performance supercapacitor application.         
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CHAPTER 1 

1.0 INTRODUCTION 

This chapter covers the background of the study and the problem statement. It is followed by 

the motivation, the objective of the study and finally the scope of the thesis. 

 

1.1 Background of the study 

The quest for control of energy is as old as humanity itself. With the discovery, interaction and 

control of fire about 400,000 years ago, the purpose of energy was to cover primary human 

needs such as food preparation and warmth [1–3]. With the population explosion coupled with 

the rapid technological evolution, the need for energy has evolved in complexity with purposes 

such as transportation, telecommunication, portable electronic devices and space travel [4]. 

The need for reliable sources of energy is increasing at a rate that the planet cannot cope with. 

The main source of energy has for centuries come from non-renewables sources such as coal 

and oil. Despite the concerns about the dangers caused by these non-renewable sources of 

energy which have been there for ages, non-renewable sources of energy have continued to be 

the main source of energy even now in the 21st century, making up to 80 % of the global world 

consumption [5]. There are at least two reasons why cleaner and safer renewable energy 

sources such as solar, wind, tidal and geothermal energy have failed to completely replace 

fossil fuels. It was proved by scientists and economists that the energy output from renewable 

sources is often less than the energy expended in the extraction and delivery to the consumers 

[6]. On the other hand, the availability of these sources of energy is dependent on many factors 

and conditions such as time of the day, season of the year, geographical location, weather 

conditions, and climate dynamics [7]. The ways to alleviate the meagre energy output and the 

intermittent nature of the renewable sources of energy include the development of energy 
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storage devices [8]. Among the most prominent energy storage devices are batteries and 

supercapacitors (SC). Batteries which are popular because of high specific energy come in 

different forms, but lithium ion batteries (LIBs) have become popular due to their improved 

specific energy [9,10]. One of the commonly used battery devices are the Lithium ion batteries 

(LIBs), due to the rising use of portable electric device where they are commonly used [11].  

LIBs are popular in areas such as electronic devices because of have higher specific energy, 

faster charging capability, higher voltage output, less discharge, higher specific power and lasts 

longer than rechargeable batteries[12] . LIBs consist of metal oxide positive electrode which 

serves as the source of lithium and the negative electrode which acts as the sink of these ions 

[13]. The storage of the ions occurs through intercalation in the bulk or at the surface of the 

electrode. The electrolyte inside the LIBs facilitates ion transport. However, the main drawback 

of LIBs is their low specific power [14]. The implication is that for them to meet the peak 

power requirements of applications such as in portable electronic devices, hybrid vehicles and 

backup energy systems which are characterised with rapid power delivery, LIBs would have 

to be designed in large sizes which will limit their portability. Toxicity, sluggish charge-

discharge, and poor cycling stability are additional demerits of LIBs. 

Supercapacitors (SCs) which are also known as electrochemical capacitors (ECs) or 

ultracapacitors (UCs), are storage devices which have generated a lot of interest among 

researchers because of their higher specific power, better cycling stability and environmental 

friendliness compared to LIBs [15]. However, the specific energy of supercapacitors is 

significantly lower than that of LIBs. The specific energy (𝐸𝑆) of storage devices is directly 

proportional to product of the specific capacitance (𝐶𝑆) and the square of the voltage (V), (𝐸𝑆 ∝

𝐶𝑆𝑉2). Therefore, to improve the specific energy of SCs, it is essential to investigate the 

electrode material with the intention to improve the charge storage ability 

(capacity/capacitance) and to source compatible electrolytes and attempt to widen their 
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potential window [16]. The electrochemical attributes of SCs such as electrochemical stability 

also depend on the synthesis method [17]. 

 

1.2  Problem statement 

SCs can be classified into two categories, depending on their energy storage mechanism: 

Electric double layers capacitors (EDLCs) and pseudocapacitors (PS) [18]. EDLCs store 

energy through the accumulation and separation of charges at the electrode-electrolyte 

interface. EDLC electrode materials are mainly carbon-based materials such as graphene, 

activated carbons and carbon nanotubes. These are characterised by large specific surface 

areas, wider operation voltages and larger intrinsic electric conductivity, electric conductivity 

where the concentration of impurities is negligible  [19]. PS store energy chemically mainly 

through fast and reversible Faradaic reaction where electron transfer cause reduction or 

oxidation to occur. This chemical energy storage mechanism endows PS with higher specific 

capacitance than EDLCs. Pseudocapacitors comprise conducting polymers and transitional 

metal oxides (TMOs) and hydroxides (TMOHs) which have been investigated because of their 

variable oxidation states and great electrochemical stability [20]. The most attractive TMOs 

which have been investigated include ruthenium oxide (RuO2) and iridium oxide (IrO2). Due 

to their abundant oxidation states and great intrinsic electrical conductivity, fully reversible 

Faradaic reaction and high chemical stability TMOs possess great promising energy storage 

potential [21]. However, their high cost and toxicity make them unsustainable for incorporated 

into energy storage devices [22]. TMOs consisting of cheaper, less toxic metals such as cobalt 

(Co), Nickel (Ni), manganese (Mn) and chrome (Cr) have been experimented with as electrode 

material for supercapacitors as they have the potential to possess comparable electrochemical 

performance to RuO2 and IrO2 if their electrical conductivity can be improved. Layered double 

hydroxides (LDH) which are also known as anionic clays are materials which have generated 
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a lot of interest to their unique layered structure, high anion exchange capacity and tuneable 

composition [23]. They also possess larger theoretical specific capacity than single metal 

hydroxides such as Ni(OH)2 and Co(OH)2 due to the presence of multiple redox active sites 

responsible for great ion exchange and intercalation and flexible ion interchangeability. Cobalt 

nickel layered double hydroxide (CoNi-LDH) has presented great potential for use as a positive 

electrode for a supercapacitor. This is because of the synergetic effects of the hydroxides of Ni 

and Co, providing more electroactive sites [24]. CoNi-LDHs however, suffer from poor 

electrical conductivity, poor rate capability and poor cyclic stability due to restacking [25]. 

These short-comings can be reduced through the synthesis of LDH composites with materials 

that have better electrical conductivity. 

 

1.3  Motivation for the study 

This thesis will focus on the synthesis of CoNi-LDH materials for supercapacitor applications. 

As detailed in the problem statement, the challenges of this material can be reduced by forming 

composites with conductive material, and nanostructure material consist of redox species. 

Graphene which is a one-atom thick sp2 hexagonal array of carbon atoms is one of the most 

suitable materials to improve the electrochemical performance of CoNi-LDH. This is due to 

the many several favourable properties that graphene has. These include excellent electrical 

conductivity [26], which helps to compensate for the low electrical conductivity of CoNi-LDH. 

It also has an extreme tensile strength of 130 GPa which helps in providing support to reduce 

the restacking of the layers of CoNi-LDH [27]. This goes a long way toward improving the 

mechanical and electrochemical stability of CoNi-LDH. The method commonly used to 

produce it in considerable amounts results in the formation of graphene oxide (GO) with 
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 a lot of functional groups. This process results in the alteration of the structural composition 

of graphene. This can be corrected by reduced graphene oxide (RGO) which leads to a 

reduction of the oxygen functional groups on the surface of graphene [28]. Optimisation of 

these functional groups helps to improve the rate capabilities of the electrode materials [29]. 

The inclusion of sulphur into the RGO to form sulphur-reduced graphene oxide (RGO-S) helps 

to alter the chemical and physical properties due to the proximity of the electronegativity of 

sulphur to that of the carbon in graphene. This helps to reduce the charge transfer resistance 

while increasing the wettability [30].  

The electrochemical properties of CoNi-LDH can also be enhanced by the construction of a 

stable heterostructure system with highly redox-active materials. Manganese-based spinels are 

suitable materials for this purpose. Spinel is mixed metal oxide material usually with a chemical 

structure AB2O4, where A and B are divalent and trivalent metals, respectively [31]. The 

synergetic effect of two metals A and B in their spinel increases the multivalent charge 

transport and the number of redox-active sites. The presence of the Mn3+ ions bestows it with 

an excellent Jahn-Teller effect which facilitates ion diffusion and enables the possibility of 

reversible phase transformation. The reversible phase transformation occurs when the distinct 

and homogeneous state of a medium can be altered to another state and still returns to the initial 

state, The Jahn-Teller effect is a geometric distortion of a non-linear molecular system that 

reduces its symmetry and energy, this effect is affected by the electronic state of the system 

[32]. Manganese which is in the middle of the periodic table has the highest number of 

oxidation states (+2,+3,+4,+6 and +7), also it is the only element which possesses the highest 

oxidation state of +7 in the whole periodic table due to the presence of 5 unpaired electrons 

[33]. These properties when combined with the layered structure of the LDHs result in an 

electrochemically stable and high pseudocapacitive electrode material.  
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Manganese oxide spinel (Mn3O4) also known as Hausmannite has a high theoretical specific 

capacitance of 1370 F g-1. Mn3O4 provide prospects for being included in composite electrodes 

with CoNi-LDH to improve the electrochemical performance. This is because of the presence 

of a wide range of active oxidation states which greatly enhances the charge exchangeability. 

However, the electrical conductivity of Mn3O4 is low and the incorporation of RGO-S into the 

composite of Mn3O4 helps alleviate this problem. For example, Tarimo et al. reported the 

incorporation of MnO2 into RGO-S to produce a high-performance electrode material with 

great stability for supercapacitor application [34].  

Manganese cobaltite (MCO) is another spinel which is an interesting candidate for improving 

the electrical performance of CoNi LDH. It has a very high theoretical specific capacitance of 

3620F g-1, whereby the presence of Co ions increases the electrochemical performance of the 

composite [35]. 

Metal chromites have found use in hydrogen production, electrocatalytic activities, 

semiconductor material, and purification activities [36]. However, there have not been a lot of 

instances where metal chromites have been incorporated into electrode materials for 

electrochemical energy storage. Manganese chromite (MnCr2O4) has interesting prospects for 

high electrochemical properties due to remarkable electrical conductivity [37]. 

Besides the investigation of improving the components of a supercapacitor’s electrode such as 

electrode material, electrolyte and current collector, the synthesis method plays an important 

role in the performance of the electrode. Binder-free synthesis has the merits of eliminating the 

electrical resistance introduced by polymeric binders which would need to be compensated by 

the addition of conducting additives [38]. Electrodeposition is a facile and cost-effective route 

to synthesise electrodes directly on current conductors. It uses an electric current to 

permanently deposit electrode materials on the substrate. This method ensures efficient 
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utilisation of materials while at the same time ensuring an intact adherence of the electrode 

material to the current collector. Unlike other binder-free syntheses such as chemical vapour 

deposition (CVD), the process can be carried out using safe and cost-effective conditions such 

as room temperature and pressure, low current and neutral solutions. This method makes it 

possible to control the properties of the materials such as the thickness, grain size, electrical 

conductivity and texture by varying the applied voltage or current, the composition of solutes 

in the solution, and the pH [39]. 

The present thesis intendeds on using the electrodeposition method to synthesize fuse CoNi-

LDH with RGO-S, and composites of manganese-based spinel to construct positive electrode 

materials for supercapacitors. Very few researchers have utilised electrodeposition for the 

synthesis of electrode materials for supercapacitors [40–43]. However, the combination of 

multiple materials which are distinct LDH, a spinel and carbon material to form a high-

performance electrochemical material using a successive electrodeposition route has not 

received much attention in the field of energy storage research. The evaluation of the produced 

electrode materials will be analysed to recommend a binder-free, high stable and best-

performed electrode material.  

1.4  Objectives of the study 

The major aim of the study is to create composites of manganese-based spinel combined with 

CoNi-LDH, and RGO-S for the general improvement of the electrochemical performance of 

the resulting electrode materials and their supercapacitors devices. The specific objectives are 

as follows: 

i. Synthesis of cobalt nickel layered double hydroxide (CoNi-LDH) using the 

electrodeposition method. 
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ii. Synthesis of Hausmannite sulphur reduced graphene oxide/cobalt nickel layered 

double hydroxide (Mn3O4/RGO-S@CoNi-LDH) using the hummers method 

followed by the electrodeposition synthesis. 

iii. Synthesis of manganese cobaltite/cobalt nickel layered double hydroxide (Mn2-

xCo1+x@CoNi-LDH) composite using electrodeposition followed by annealing. 

iv. Synthesis of manganese chromite/cobalt nickel layered double hydroxide 

(MnCr2O4@CoNi-LDH) composite using electrodeposition followed by annealing.  

v. Evaluations of thickness, elemental composition, morphological and structure 

analysis using energy-dispersive X-ray spectroscopy (EDS), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and Raman 

spectroscopy. 

vi. Evaluation of the electrochemical performance utilizing potential window, 

resistivity and charge storage mechanism of the electrode using half-cell set-up via 

cyclic voltammetry (CV), galvanostatic charge discharge (GCD), electrochemical 

impedance spectroscopy (EIS) and stability measurement. 

vii. Assembly of supercapacitor devices using the above-specified materials above as 

positive electrodes and activated carbon from cooked chicken bone wastes as 

negative electrode  in 2 M KOH with the intention to assess the practical application 

of the material for the determination of the specific power and energy yielded. 

 

1.5  Scope of the thesis 

This thesis is apportioned into five chapters summarises as follows: 

Chapter 1 

Introduction: This chapter gives a thorough discussion of the background, problem statement,  

motivation, objectives of the study and scope of the thesis.  
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Chapter 2 

Literature review: This chapter covers the theory of electrochemical energy storage focusing 

on the evaluation of the performance, classification, energy storage mechanism, and electrode 

materials for supercapacitors followed by electrolytes and electrode fabrication, testing and 

performance evaluation of the electrode materials.  

Chapter 3 

Experimental details characterisation techniques: The scope of this chapter is on the 

experimental procedures used during the synthesis of the materials together with the linked 

characterisation techniques applied in the analysis of the performance of the materials.  

Chapter 4 

Results and discussion: This chapter discusses the results obtained after the synthesis, 

characterisation and evaluation of cobalt nickel layered double hydroxide composite materials. 

Chapter 5 

Conclusion and suggestions for further studies: This chapter covers the overall conclusion 

drawn from this study and suggestions for possible future work.
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CHAPTER 2 

 

2.0. LITERATURE REVIEW 

The scope of this chapter is on the theory and classifications of electrochemical energy storage. 

It focuses on the classification of energy storage devices while emphasising the supercapacitor. 

The chapter also focuses on the electrolytes, electrodes, and their synthesis, and finally the 

electrochemical analysis and testing of the supercapacitor electrodes and devices. 

 

2.1. Theory of electrochemical energy storage (EES) 

The history of electrochemical energy storage can be traced back to as early as the year 200 BCE. 

A fuel cell was discovered in present-day Iraqi. It was believed to have been assembled during 

the reign of the Parthian empire. This fuel cell was in the form of a clay pot containing copper 

and iron electrodes in an acidic electrolyte possibly produced by the fermentation of grapefruit 

juice or vinegar. However, the output of this archaic device could not exceed 2 V [44]. In 1745 

von Kleist and van Musschenbroek invented a Leyden jar which was the most ancient form of a 

capacitor. It comprised metal electrodes inside the glass jar which was coated with conducting 

foils. Benjamin Franklin joined Leyden jars together to improve their output [45]. It was Michael  

Faraday who invented the first practical fixed capacitor, a variable capacitor. He used oil barrels 

to assemble the first capacitor which could be used. He also came up with the concept of the 

dielectric constant after discovering that spheres with insulators between them always stored 

more charge, this helped in reducing the size of the capacitor [46,47]. His experimental work led 

him to device a way to measure capacitance [48]. It was not until the year 1800 that the first 

battery was invented by Alessandro Volta, this consisted of silver and zinc electrodes in salt 

solution electrolytes [49]. The battery evolved a lot in the late 20th century culminating in the 

first commercial Lithium-Ion Battery (LIB) in 1991 by SONY [50]. In 1853 Hermann von 
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Helmholtz described the electric double layer (EDL) model which involved a pair of separated 

oppositely charged layers at the electrolyte-electrode interface. This led Howard I. Becker to 

invent the first low-voltage capacitor which became the first energy storage device consisting of 

EDLs. This was shortly followed by the development of the first supercapacitor (SC) by the 

Standard Oil of Ohio (SOHIO) in 1966. This led to a lot of research into the improvement of 

supercapacitor devices and their commercialization [51]. 

 A capacitor is a passive device that stores energy electrostatically in an electric field [52]. The 

simplest form of a capacitor is the parallel plate capacitor, consisting of two electrodes/plates 

separated by a dielectric material. When a potential difference is applied across the electrodes, a 

stationary electric field is set between them, and charges flood the dielectric material. For a fixed 

potential difference, the energy stored is linearly dependant on the charge stored. The applied 

potential is limited by the dielectric material as the dielectric materials breakdown at a certain 

potential difference, therefore the operating potential difference of a capacitor can be increased 

by improving the strength of the dielectric material [53]. This in turn increases the charges that 

can be stored translating to more energy being stored. 

Among the most prominent energy storage devices are batteries and supercapacitors (SC). 

Batteries come in different forms, but lithium-ion batteries (LIBs) have become popular because 

of the rising use of portable electric devices where they are commonly used [9]. LIBs consist of 

metal oxide positive electrodes which serve as the source of lithium and the negative which act 

as the sink of these ions [13]. The storage of the ions occurs through intercalation in the bulk or 

at the surface of the electrode. The electrolyte inside the LIBs facilitates ion transport. The 

specific energy stored by the LIBs can reach as high as (120-200 Wh kg-1) [54], however, the 

main draw-back is the meagre specific power which is lower than 1 kW kg-1 and very limited 

number of charge-discharge cycles. Both of these are caused by the polarisation which takes 

place during cycling [55,56]. 
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On the other hand, supercapacitors possess low intrinsic specific energies (~ 50 Wh kg-1) [57]. 

However, the main benefits of supercapacitors are the high power density (~14 kW kg-1) [58]. 

Other favourable attributes of supercapacitors include longer cycle life, faster charge-discharge 

and, handling and more environmental safety compared to LIBs [59]. 

A Ragone plot in figure 2.1 displays the comparison between different energy storage devices in 

terms of specific energy and power [60]. LIBs have more energy than conventional capacitors 

and supercapacitors but their rate of dissipation of this energy (power) is superior. The slow 

Faradaic intercalations in the positive electrodes in LIBs lower their specific power [61]. The 

lower specific energy of conventional capacitors is due to the electrostatic charge storage. 

Supercapacitors can be able to bridge the gap between conventional capacitors and LIBs by 

combining some of their attributes and increasing the specific energy without compromising the 

specific power. This can be attained by engineering the electrode materials and optimizing the 

electrolytes which will enhance the cell potential. 
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Figure 2. 1: Ragone plot showing specific power as a function of specific energy for various 

energy storage devices [18]. 

 

Supercapacitor technology has been applied in a diversity of areas such as in military 

applications, in energy recovery storage such as the windmills where they are used as the source 

of power for the motors, in portable electrical gadgets, and in medicine where SCs have been 

incorporated into pacemakers. In transport, it is applied in vehicles such as trams, racing cars and 

forklifts which helped significantly decrease fuel consumption [62].  

 

2.2.  Evaluating the performance of supercapacitors 

The goal in synthesizing a supercapacitor device is to come up with a high specific energy and 

specific power. Specific energy (ES) also known as gravimetric energy density, is best measured 



 

18 

 

in Wh kg-1. The specific power is the rate of energy delivery with the unit of W kg-1. The 

maximum power that can be delivered by the device is obtained from the maximum power 

transfer theory which states the maximum power is delivered when the load resistance matches 

the internal resistance of the power source [63]. It depends on the cell potential and equivalent 

series resistance (ESR). These relationships are shown in equations (2.1) to (2.3).  

 

 
𝑬𝑺 [ 𝑾𝒉 𝒌𝒈−𝟏] =

𝟏

𝟕. 𝟐
𝑪𝑺𝑽𝟐 

(2. 1) 

 

 

𝑷𝑺 [ 𝑾 𝒌𝒈−𝟏] =
𝟑𝟔𝟎𝟎 × 𝑬𝑺

𝜟𝒕
 

 

(2. 2) 

 

   
𝐏𝐦𝐚𝐱 [𝐖 𝐤𝐠−𝟏] =

𝐕𝟐

𝟒𝐦𝐑𝐬
 

(2. 3) 

 

where CS is the specific capacitance in (F g-1), V is the cell potential and RS is the ESR, Δ𝑡 is the 

discharge time (s). From these equations, it is evident that to improve the specific energy of a 

supercapacitor without reducing the power delivery, the specific capacitance and cell potentials 

should be increased while the ESR is minimized.  

 

2.3. Classification of supercapacitors 

Supercapacitors can be categorised into three groups (figure. 2.2) depending on the charge 

storage mechanism. 
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•  The electric double layer capacitors, (EDLCs) store energy through the accumulation and 

separation of charge at the electrode/electrolyte interface [64]. These do not involve chemical 

reactions. 

• Pseudocapacitors/Faradaic capacitors store charge chemically through rapid and reversible 

redox reactions [65]. 

•  Hybrid capacitors involve the EDLC and the pseudocapacitive energy storage mechanisms 

[66]. These are further classified into different types such as asymmetric capacitors and 

battery-type capacitors. 

Factors which determine the performance of an SC include the electrode material, the electrolyte, 

the device assembly, and the energy storage mechanisms. 

 

 

Figure 2. 2: Classification of supercapacitors and their combination to form hybrid capacitors. 
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2.4  Energy storage mechanism of a supercapacitor 

2.4.1. Electric double-layer capacitance (EDLC) 

In EDLC, the storage of energy occurs electrostatically at the electrode-electrolyte interface 

through the formation of a pair of layers consisting of oppositely charged ions when a voltage is 

applied [67]. This pair of layers are separated by a layer of solvent molecules which attaches to 

the electrode as shown in figure 2.3 (a). This ensures that the separation of the charge’s layers 

remains unchanged. This double layer whose thickness is about 1-2 nm serves to block Faradaic 

charge transfer [68]. This model was first proposed by Helmholtz in 1853 [69]. When the applied 

voltage is less than the decomposition voltage, it has a linear dependence on the charge storage. 

Since the charge storage in EDLC is electrostatic, the capacitance is proportional to the dielectric 

constant such that the capacitance can be estimated using the relationship in equation (2.4) [70]. 

 

 
𝐂𝐄𝐃𝐋𝐂 [𝐅] ≈

𝛆𝐀

𝐝
 

(2. 4) 

 

where CEDLC is the capacitance (F), ε is the permittivity of the dielectric material (F m-1), A is the 

surface area of the electrodes (m2 ), and d is the separation distance of the double layer (m). 

 

Louis Georges Gouy and David Lenard Chapman, modified this model to include the diffusion 

layer to incorporate ion mobility due to thermal motion to form a continuous distribution of ions 

which can be modelled using the Maxwell-Boltzmann statistics [71]. In this Gouy-Chapman 

model, the potential dropped exponentially from the electrode surface to the bulk of the 

electrolyte as shown in figure 2.3 (b). The model excludes the permittivity at the 

electrode/electrolyte interface and doesn’t take into consideration the large accumulation of 

charges in the diffusive layer. One of the weaknesses of this model was that it overestimated the 
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capacitance [72]. It was Otto Stern who solved this problem in 1924 by combining both the 

Helmholtz and the Gouy-Chapman models. The Gouy-Chapman-Stern model separated the 

regions into two: The outer Gouy-Chapman diffusion layer (OHP) and the inner region, the inner 

compact Stern layer (IHP) as illustrated by figure 2.3 (c). From this model, the total capacitance 

is a result of the capacitance of these two regions in series as shown in equation (2.5) [73]: 

 𝟏

𝐂𝐓
=

𝟏

𝐂𝐇
+

𝟏

𝐂𝐝𝐢𝐟𝐟
 

(2. 5) 

 

where CT, CH, and Cdiff represent the total capacitance, the Helmholtz capacitance, and the Gouy-

Chapman capacitance respectively. In the Gouy-Chapman-Stern model, the finite size of the ions 

is accounted for and there are no interactions among ions from the electrodes and ions from the 

bulk of the liquid. This help to maintain the concentration of the electrolyte during the charge-

discharge processes [74].  

 

 

Figure 2. 3: Double-layer model showing the (a) Helmholtz model, (b) Gouy-Chapman model 

and (c) Stern layer [32]. 
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For an EDLC device, the total capacitance is given by equation (2.6)  

 

 𝟏

𝐂𝐓
=

𝟏

𝐂𝐀
+

𝟏

𝐂𝐁
 

(2. 6) 

 

where CT is the total capacitance, and CA and CB are the capacitance of electrodes A and B, 

respectively.  

• For an ideal EDLC device CA=CB, since the electrodes are identical, CT=CA/2.  

•  For hybrid capacitors with a pseudocapacitive electrode, CB, then CA <<CB so 

CT=CA. 

EDLC electrode materials are characterised by high specific surface area (SSA) and high 

chemical stability. These materials are mainly carbon materials such as graphene, carbon 

nanotubes (CNT), carbon aerogels and activated carbons. The power and energy density of 

EDLC can be enhanced by improving the specific capacitance of the device. These can be 

achieved using electrodes with high electrical conductance and electrolyte with high operation 

potential difference [75]. 

 

2.4.2. Pseudocapacitors 

Pseudocapacitors store energy through electronic charge transfer between the electrolyte and the 

electrode. This occurs through a chain of fast and reversible redox reactions, intercalation or 

underpotential deposition. Redox reactions involve electronic charge transfer between the 

electrolyte and the electrode. Intercalation is the insertion of ions into the pores, tunnels, or inner 

layers of the bulk material by Faradaic processes without crystallographic phase transformation. 

Underpotential deposition refers to the electrodeposition of adsorbed monolayer(s) on the surface 
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of the electrode from metal ions and protons in the electrolyte [76]. Transitional metal 

oxides/hydroxides and conducting polymers are some of the materials which exhibit 

pseudocapacitive behaviour. The occurrence of multiple oxidation states (OS) in most of the 

transitional metal oxides endows them with capacities and energy which are at least ten times 

two more than those of EDLC [77]. Different types of reversible redox mechanisms in Faradaic 

capacitors are shown in figure 2.4. 

 

 

 Figure 2. 4: Different types of reversible redox mechanisms in Faradaic capacitors [36]. 

 

2.4.3 Hybrid capacitors 

Hybrid capacitors combine both pseudocapacitors and EDLC to produce energy storage devices 

with high electrochemical performances. Here, the EDLC behaviour contributes high electrical 

conductivity and wider operating potentials leading to high specific power whereas 

pseudocapacitive behaviour endows the device with high specific capacity leading to high 

specific energy. Hybrid capacitors have received a lot of attention in research because they take 

advantage of the synergistic effect of different energy storage to enhance specific energy while 
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the specific power remains uncompromised. The most common type of hybrid capacitors is the 

asymmetric capacitor where one electrode has a pseudocapacitive behaviour while the other has 

EDLC behaviour. It can also be fabricated through the synthesis of the composite electrode 

which combines EDLC, usually carbon materials with pseudocapacitive electrode materials such 

as transitional metal oxides or conducting polymers [78]. Furthermore, it can be produced from 

battery-type materials. Here, carbon-based electrode material and metal oxide operate in one cell 

[79]. The classification of material used in hybrid capacitors is illustrated in figure 2.5. 

 

 Figure 2. 5: The classification of hybrid capacitors according to the material. 

 

2.5  Electrode materials for supercapacitors  

The main components of a supercapacitor include electrode material, electrolyte and a separator 

[80]. To enhance the electrochemical performance of a supercapacitor device, the electrode 

material plays a very important role and the selection of the electrode is very crucial [81]. For a 

device to provide high specific energy and power, the electrode materials need to have a large 

specific surface area, minimal internal and ohmic resistance, short diffusion lengths and small 

pore volume [82]. Other important properties to be considered for the choice of electrode 

material include low cost, easy availability/extraction, environment benignity and low weight 
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and volume [83–85]. There are four main types of electrode materials for a supercapacitor: 

Carbon-based, transitional metal oxides/hydroxides, conducting polymers and composites 

(hybrid electrodes) [86]. 

 

2.5.1 Carbon electrode materials 

Carbon materials are the most utilized class of electrodes for supercapacitors [87].  Carbon-based 

materials are materials which have different properties due to the local bonding of their carbon 

atoms. This is because of some favourable properties such as easy availability, non-toxicity, large 

specific surface areas in the range of 1000-3500 m2 g-1, high electrical conductivity, high 

chemical stability, and wide operating potential window and temperature [88–90]. Carbon 

materials are also versatile as they appear in various forms such as powder, monoliths, mats, 

fibres, felts and foils [91]. The energy storage in carbon material electrodes occurs through the 

formation of an electric double layer at the electrolyte/electrode interface. There are ways which 

can be employed to improve the specific capacitance of the carbon electrodes. These include 

increasing the porosity of the electrode, increasing the specific surface area of the carbon material 

and introduction of the functional groups on the surface of the electrode [92,93]. Since energy 

storage occurs at the surface of the electrode, increasing the specific surface area improves the 

accumulation of charges. This helps to improve the specific capacitance of carbon materials 

which is significantly lower than that of transitional metal oxides. The presence of functional 

groups on the surface of carbon materials stimulates the Faradaic redox reaction causing the 

capacitance to improve [94]. The hydrophilicity and wettability of the carbon surfaces are 

improved through the introduction of oxygen functional groups. The carbon materials which has 

become very popular in the fabrication of supercapacitor electrodes are graphene and activated 

carbon [95].  



 

26 

 

Graphene is a 2-D allotrope of carbon whose lattice structure consists of sp2 carbon atoms at the 

vertices of the hexagonal lattice structure [96]. Synthesis approaches for graphene include, 

chemical vapour deposition (CVD), exfoliation, Hummer’s method and micro-wave assisted 

synthesis. The CVD method is where thin films are grown on the substrate through a chemical 

reaction where the precursors of the film are in the gaseous compounds.  The Hummers' method 

is a chemical process that can be used to generate graphite oxide through the addition of 

potassium permanganate to a solution of graphite, sodium nitrate, and sulfuric acid. Microwave-

assisted synthesis works based on aligning dipoles of the material in an external field via the 

excitation produced by microwave electromagnetic radiations. Some of the attributes of graphene 

include good thermal and cyclic stability, large specific surface area and large electrical 

conductivity [97]. These attributes are due to low diffusion lengths, the existence of functional 

groups, good pore size distribution, great mechanical strength, the existence of functional groups 

and a wide potential in different types of electrolytes. However, the theoretical specific surface 

area  (2630 m-2 g-1) is greatly reduced by restacking and agglomeration [98]. The electrochemical 

performance can be greatly enhanced by making composites with pseudocapacitive materials 

such as TMOs or doping with a heteroatom such as boron, nitrogen, sulphur, or phosphorus. 

Among the heteroatom dopants, sulphur is one of the most favourite as it improves wettability, 

reduces charge transfer resistance (CTR) and improves electrical conductivity due to its low 

electronegativity [99]. Mane et al. used a binder-free successive ionic layer adsorption and 

reaction (SILAR) route to synthesize silver-doped manganese oxide/graphene oxide composite 

films (Mn-Ag3/GO). Mn-Ag3/GO yielded a high specific capacitance of 877 F g-1 at a scan rate 

of 5 mV s-1 which was significantly higher than 786 F g-1 for the Mn-Ag3 electrode without 

graphene oxide [100]. Javed et al. combined the binder -free hydrothermal reaction and 

phosphorization to synthesize nickel-cobalt phosphide nano-horns wrapped with phosphorous-

reduced graphene oxide (NCP@P-rGO) with an excellent specific capacity of 264.9 mAh g-1  at 
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1 A g-1 [101]. This shows the compatibility of heteroatom-doped metal oxide with graphene for 

the improvement of the electrochemical performance of electrodes.  

Activated carbon (AC) is a type of carbon material which has been processed using gas-absorbent 

activation agents such as potassium hydroxide (KOH), The successive activation steps used in 

the processing of the carbon materials cause a significant decrease in nitrogen, oxygen and 

hydrogen gases leaving behind a nanoporous network with tunable pore volume, porosity, and 

specific surface area tunable for various purposes [102]. Decreasing the pore size while 

increasing the specific surface help to increase specific capacitance of ACs [103]. It has also 

received a lot of attention in the research for supercapacitor electrode. This is due to many merits 

such as easy availability, environmental safety, and natural abundance. Very high SSA, wide 

potential window and electrical conductivity endow AC with favourable electrochemical 

attributes. Vinayagam et al. used physical activation of Syzygium cumini fruit shells (SCFS) for 

the fabrication of a symmetric supercapacitor with a high specific energy of 27.22 Wh kg-1 at a 

specific power of 200 W kg-1 [104]. Ouyang et al. designed composite materials of the nickel 

sulphide nanoparticles and activated carbon nanotubes (NiS/ACNTs) through a hydrothermal 

route and annealing, the NiS/ACNTs hybrid electrode delivered a high specific capacitance of 

1266 F g−1 at a current density of 1.0 A g−1 [105]. These results exhibit the compatibility of AC 

for synthesizing composite electrodes and its contribution to the overall supercapacitor devices 

due to its merits. 

 

2.5.2. Transitional metal oxides/hydroxides (TMOs/TMOHs) 

Transitional metal oxides/hydroxides have received a lot of attention as electrode materials for 

supercapacitors. This is attributed to their very high theoretical capacities which leads to high 

specific energy in the devices [106–108]. It has been proved by theoretical calculations that the 

electronic structure of TMOs/Ohs can be tuned by co-doping thereby improving the electron 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/syzygium-cumini
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transport and electrical conductivity [109]. For improved electrochemical performance, 

TMOs/TMOHs need to be electrically conductive and be capable of existing in at least two 

oxidation states (OS) without phase change and their lattice should allow protons to intercalate 

and detach freely during redox processes. TMOs/TMOHs also have better electrochemical 

stabilities compared to conducting polymers [110]. RuO2 is one of the TMOs with very 

promising pseudocapacitive behaviour due to high electrical conductivity, high stability, large 

specific capacitance and reversibility, however, scarcity and environmental toxicity have limited 

its application in electrochemical energy storage devices [111–113].  

Spinels with mixed bimetallic oxides possessing a chemical structure of AB2O4 have attracted a 

lot of interest in the investigation of positive electrode materials for pseudocapacitors. This is 

because spinels, besides their natural abundance, have higher electrical conductivities, more 

abundant redox reactions, higher electrochemical activity and higher theoretical capacities than 

oxides of monometallic A and B [114]. Recently, manganese-based spinels have generated a lot 

of enthusiasm for energy storage devices. This is credited to the ability of manganese to exist in 

multiple oxidation states and also the Jahn-Teller distortion increases ion diffusion and facilitates 

more phase transformation [115]. 

TMOHs such as Ni(OH)2 and Co(OH)2 are often used as electrodes for battery-type capacitors 

due to their natural abundance and affordability, however, they have limited diffusion pathways 

and low intrinsic conductivities (≈10-5 to 10-8 S.cm-1) [116]. This leads to experimental-specific 

capacities which are much less than the theoretical capacities. To alleviate the challenge hybrid 

hydroxides can be used instead since they benefit from the synergetic effect of multiple 

components. 

One form of these hybrid hydroxides is the layered double hydroxides (LDHs). LDHs also 

known as hydrotalcite-like anionic clays have a general formula 

[M1−x
2+  Mx

3+(OH)2]x+(An−) x

n
. mH2O, where M2+ and M3+ are divalent and trivalent metals 
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respectively, x =M3+/(M2++M3+) is the proportion of the divalent metal M3+ and also the layer 

charge density, An- is the interlaminar organic or inorganic anion to balance the charges [117]. 

They benefit from a unique 2-D layered structure, more redox active and more electrical 

conductivity compared to monometallic hydroxides. Cobalt-nickel layered hydroxide (CoNi-

LDH) has generated a lot of attention due to its high theoretical specific capacity, high SSA, 

large interconnected networks, high redox reversibility, tunable chemical composition, abundant 

electrochemical active sites, phenomenal ion exchange as well as synergistic effects between 

bimetallic ions [118–120].  

 

CoNi-LDH however suffers from low electrical conductivity and aggregation of materials which 

impedes ion transport resulting in a lower experimental capacitance [121]. These challenges can 

be alleviated by the synthesis of composites of CoNi-LDH with conductive materials such as 

graphene and/or engineering the design of the electrode material through the inclusion of other 

redox active metal oxides such that the aggregation of CoNi-LDH is prevented, and the ion and 

electron transport is improved. Yang et al. used a solvothermal technique to grow NiCo-LDH 

nanostructure anchored onto KCu7O4 nanowires and applied this structure as an electrode 

material for supercapacitors. KCu7S4 nanowires act as a dependable “skeleton” for supporting 

the NiCo-LDH nanosheets, thus preventing the aggregation of NiCo-LDHs and improving their 

conductivity. The KCu7S4@NiCo-LDH yielded a high specific capacity of 122.7 mAh g-1 at a 

specific current of 2 A g-1 [122]. Liang et al. fabricated a hierarchical NiCo2O4@NiCo-LDH 

core-shell structure on carbon cloth through a hydrothermal strategy and an electrodeposition 

step. The core-shell structure facilitated electron and ion transport. This gave the composite 

electrode a great areal capacitance of 6092 mF cm-2 which was significantly larger than the areal 

capacitance of NiCo2O4 and NiCo-LDH which were 870 and 3408 mF cm-2, respectively [123]. 

Zou et al. used the microwave synthesis to prepare a honeycomb-like Ni-Co LDH nanosheets on 
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graphene (Ni-Co LDH/G) composite. The presence of graphene helped alleviate the low intrinsic 

conductivity of Ni-Co LDH and achieve phenomenal capacity retention of 87.1% which was 

significantly higher than that of Ni-Co LDH which was only 50.5 % [124]. The performance of 

CoNi-LDH can be improved by creating multidimensional hierarchical electrode materials with 

metal oxides [125]. A comparison of other reports from the literature on CoNi-LDH materials 

tested in a three-electrode (half-cell) configuration is provided in table 2.1. 

Furthermore, the integration of carbon material into the layered double hydroxide has proved to 

enhance the electrochemical performance of a supercapacitor device. For example, Chang et al. 

designed a reduced graphene oxide@cobalt nickel sulfide@nickel cobalt layered double 

hydroxide composite (rGO@CoNi2S4@NiCo LDH) with a p-n junction structure. The Faradic 

activities of both components were enhanced due to the charge redistribution across the p-n 

junction enabling the composite electrode to a huge specific capacity of 364 mAh g−1 at 1 A g−1 

while maintaining a large capacity retention of 77 % [126]. Wang et al. used the hydrothermal 

reaction and phosphorization treatment to grow a hybrid material with FeNiP and CoNi-LDH 

nanosheets. The 3D interconnected nanosheet array architecture hierarchical pore structure, and 

abundant active sites with multiple valances, provide rapid electron and mass transfer channels 

within its conducive network. This enabled the binder-free electrode to possess a large specific 

capacity of 285.1 mAh g-1 at 1 A g-1 maintaining a large capacity retention of 70.4 % after 5, 000 

galvanostatic charge-discharge (GCD) cycles [127]. Archarya et al. prepared a 3D porous and 

hierarchical zinc−nickel−cobalt (ZNCO)@Co−Ni-LDH (LDH-1 and LDH-2) core−shell 

nanostructured arrays on Ni foam as a pseudocapacitive electrode by using a facile hydrothermal 

and metal−organic framework (MOF) assisted co-precipitation method. Due to the fast and 

efficient transmission/transfer of both electrolyte ions and electrons, due to the higher 

electroactive surface areas and enhanced electrical conductivity, the ZNCO@Co−Ni-LDH-2 

electrode material delivered an excellent electrochemical performance with a higher specific 
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capacity of 398.1 mAh g-1 at 1 A g−1 with an ultrahigh capacity retention of 68.35% at a higher 

current density of 10 A g-1 [128]. 

From table 2.1 and the examples cited above, LDH materials consisting of Ni and Co improve 

their electrochemical performance significantly when attention is given to the design of its 

composite with material that enhances ion and electron transport prevents aggregation, and 

provide more abundant redox active sites. Therefore, CoNi-LDH has opted for this research as 

the main material and its composite materials incorporated mainly spinels containing Mn, Co, 

and Cr. To improve the electrical conduction of CoNi-LDH, reduced graphene oxide enhanced 

by sulphur heteroatom dopant (sulphur reduced oxide (RGO-S)) was selected. The positive 

electrode materials for this research were Hausmannite sulphur reduced graphene oxide cobalt 

nickel layered double hydroxide (MO/RGO-S-50@CN), manganese cobaltite cobalt nickel 

layered double hydroxide composite (MCO-2.5@CN-LDH) and manganese chromite cobalt 

nickel layered double hydroxide (MnCr2O4@CoNi-LDH).  
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Table 2.1: Electrochemical performance of different CoNi-LDH based materials in a three 

electrode configuration. 

CoNi-LDH 

based material 

Electrolyte Specific 

current  

(A g-1) 

Specific 

capacity 

(mAhg-1) 

Number 

of 

cycles 

Capacitance  

retention 

(%) 

Ref. 

 NCO@Ni-Co-LDH 2M KOH 1 362.1 5,000 89.0  [129] 

Co1Ni4LDHs/SCNTF 3M KOH 1 165.3 5,000 81.0   [119] 

CNT/Co3S4@NiCoLDH 6 M KOH 1 206.7 7,000 90.0  [130] 

P@NiCo LDHs 6 M KOH 1 148.9 5,000 55.9   [131] 

CoNi LDH-6 2M KOH 1 216.6 3,000 87.2  [132] 

MnO2@Co-Ni LDH 1M KOH 1 199.4 10,000 96.1 [125] 

ZNCO@Co−Ni-LDH-2 2M KOH 1 398.1 8,000 68.4 [128] 

Co0.2Ni0.8(OH)2 3M KOH 1 221.1 2,000 79.9 [133] 

rGO@CoNi2S4@NiCoLDH 2M KOH 1 363.4 5,000 77.0 [126] 

Co3O4@CoNi LDH 2M KOH 0.5 371.8 10,000 67.7 [134] 

 FeNiP@CoNi-LDH 2M KOH 1 285.1 5,000 70.4 [127] 

CoNi-LDH4 6 M KOH 1 182.5 5,000 99.9 [135] 

(NiCo-LDH)SHH 6 M KOH 1 196.1 5,000 86.0 [136] 

CoNi-LDH@PCPs 1M KOH 1 397.3 10,000 94.2 [137] 

CC/NiCoP@NiCo-LDH PVA/KOH  0.9 271.0 5,000 81.1 [120] 

Co3O4/NiCo-LDH 6 M KOH 1 296.4 10,000 88.4 [138] 

MnCo2O4@NiCoLDH/NF 6 M KOH 1 569.4 5,000 78.7 [139] 

CN-LDH@NCS NSs 6 M KOH 1 384.9 6,000 75.2 [140] 

Co3O4@Ni–Co LDH/NF KOH/PVA 1 296.9 5,000 67.9 [141] 
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2.5.3. Conducting polymers (CPs) 

Due to their high electrical conductivity in a doped state, high voltage window porosity, low 

ESR, large pseudocapacitance, high intrinsic flexibility, light-weight, low cost and reversibility, 

conducting polymers have been utilized as electrode material for supercapacitor devices 

[142,143]. Polyaniline (PANI), polypyrrole (PPY), poly(3,4 ethylene dioxythiophene) (PEDOT) 

and polythiophene (PT) are some of the CPs commonly used in energy storage [144]. Methods 

for the synthesis of polymers include polymerization and electropolymerisation of their 

monomers [145]. The high content of the functional group is the source of the redox reactions 

that leads to their energy storage. The ions drift from the electrolyte along the conjugated 

backbone of the polymer during the process of oxidation, and they move in the reverse direction 

during reduction [146]. CPs have high SSA and short pathways for mass/charge transfer [147]. 

The main draw-back for CPs is the swelling and shrinking which occurs during the processes of 

charge-discharge which reduces the electrochemical performance of the electrodes [148,149]. 

 

2.5.4. Composites 

EDLC materials have the potential to possess high specific power and long cycling stabilities 

due to a combination of high SSA, high operating voltages and electric conductivity [150]. 

However, the electrostatic charge storage mechanism limits their charge storage which limits 

their specific energy and their low electrode density result in low volumetric capacitance [151]. 

On the other hand, pseudocapacitors ( PS) are capable of high specific energy due to the Faradaic 

reactions. The low electric conductivities however limit their electron transport property [152]. 

The combination of PS and EDLC synthesized into composite material benefits from the 

favourable attributes of different materials [153]. In this thesis, the incorporation of an EDLC 

material such as graphene into TMOs and TMOHs such as Mn3O4 and CoNi-LDH helps to 
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improve the electrical conductivity and the SSA of the resulting composite. The PS also help to 

reduce graphene’s restacking and improve charge storage.  

 

2.6. Electrolytes 

The electrolyte is one of the most important components of a supercapacitor device [154]. In a 

full-cell configuration, the electrolyte is between the electrodes so that the ions pass through a 

separator, while in a half-cell set-up, the counter electrode, reference electrode and working 

electrodes are immersed in the electrolyte. There are several parameters to be considered for the 

optimal performance of an electrolyte. These are high ionic conduction, high electrochemical 

stability, wide operating voltages, low toxicity, low volatility, high purity, low ionic radius, low 

cost, and high ionic concentration [155]. For high power transfer of supercapacitor, the operating 

voltage should be high, and the equivalent series resistance (ESR) should be low as shown in 

equation (2.3). The high ionic conductivity of an electrolyte leads to low ESR enabling the device 

to have high power output. The ionic conduction is in turn influenced by ionic concentration and 

mobility inside the electrolyte [156]. These two parameters depend on the ability of the salts to 

dissolve into the solvents and how much they can dissociate in their dissolved form. There are 

three types of conventional liquid-state electrolytes. These are:  

1. Aqueous electrolytes (AE) 

2. Ionic electrolytes (IE) 

3. Organic electrolytes (OE) 

 

2.6.1. Aqueous electrolytes (AEs)    

Due to their facile preparation method, low cost and environment friendliness, aqueous 

electrolytes are the most utilized in supercapacitors [157]. AEs are classified as neutral 
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electrolytes such KNO3, basic electrolytes such as KOH, and acidic electrolytes such as H2SO4. 

Additional properties which make AEs more suitable in supercapacitors include non-

flammability, low volatility, and high ionic conductivity due to low ionic radius and excellent 

concentration [158]. Some drawbacks of AEs arise due to the limitation of the working potential 

to a theoretical value of 1.23 V due to oxygen evolution reactions [159,160]. This makes the 

specific energies of AEs to be inferior to ionic and organic electrolytes. However, the maximum 

working potential can be increased due to the synergetic effect of the AEs with the electrode 

material [161]. For example, Pappu et al. used the direct current (DC) and the pulsed 

electrodeposition (PED) modes of electrodeposition of MnO2.  An optimized concentration of 

0.1 M KI in electrolyte yielded a specific capacitance of 134 F g−1 at 3 A g−1 with an active 

voltage window of 2.2 V and excellent capacity retention of 83.3% for 10,000 continuous GCD 

cycles [162]. The devices in this thesis benefitted from the synergistic effect of the electrode 

materials and the optimized 2M KOH aqueous electrolyte to achieve enhanced properties for 

supercapacitor application. 

 

2.6.2. Ionic liquid electrolytes (ILEs) 

Ionic liquids are molten salts which consist of organic cations and counter anions. One of their 

main advantages which makes them favourable for high-energy supercapacitor devices is their 

wide operating potential (2-6 V) [163]. Typical examples of ILEs are cyclic amines such as 

imidazolium and quaternary ammonium salts such as [R4N]+. ILEs benefit from low volatility, 

non-flammability and low vapour pressure [164]. However, the use of ILEs is limited by their 

higher costs compared to AEs, the high viscosity at low temperatures which retards ion mobility 

and penetration into the pores of the electrodes which leads to the reduction in the specific 

capacitance of the SC devices [165]. ILEs also suffer from low electrical conductivity which 
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contributes to high ESR, this in turn reduces the power delivery of the devices. Solvents such as 

acetonitrile can be added to decrease the viscosity and improve their electrical conductivity 

[166]. Another factor which leads to the limitation of the use of ILEs in SC devices is their low 

chemical stabilities.  

 

2.6.3. Organic electrolytes (OEs) 

Another type of electrolyte is the organic electrolyte, which consists of conducting salts such as 

hexafluorophosphate (PF6
-) anions dissolved in organic solvents such as carbonate (PC) 

tetramethylammonium (Et4N
+) [167]. Some of the most familiar OEs are acetonitrile (ACN), 

tetramethylammonium borate (TEA BF4), propylene carbonate and their mixtures [168]. OEs 

have superior operating potential (≈ 3.5 V) compared to AEs [169]. This attribute, combined 

with low viscosity leads to an improvement in the specific energy and power. The use of OEs in 

SC devices is however hampered by specific capacitance which is much lower than those of AEs. 

Their high flammability, toxicity, volatility and environmental unfriendliness restrict their 

applications only to controlled environments [170].  

 

2.7  Electrode fabrication, testing and performance evaluation of the electrode materials 

2.7.1. Electrode fabrication  

The method used for the fabrication of an electrode depends on the nature of the current collector 

(CC) and/or the state of the electrode and the fabrication method of the electrode. If the electrode 

is not synthesized directly onto the CC, there is a need to use polymeric binders to enable the 

active material (AM) to stick to the substrate of the CC. However, the addition of the binders 

decreases the electrical conductivity of the AM and the loss in conductivity has to be 
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compensated by the addition of conductive additives [171]. The most common binders for 

electrode material which are in powder form are polytetrafluoroethylene (PTFE) and 

polyvinylidene fluoride (PVDF) [172]. Carbon acetylene black (CAB) often serves as the 

conducting additive. The AM, binder and conducting additive are mixed in a ratio of 8:1:1. 

However, a slight deviation from this ratio may help to optimise the performance in different 

scenarios. The mass loading of the active material also plays an important role in the performance 

of the active materials, the larger mass of uniformly distributed nanomaterials affects the 

operating current leading to great electrochemical performance [173].  To turn the mixture into 

a homogenous slurry which can be pasted on the substrate, a few drops of N-methyl-2-

pyrrolidone (NMP) solvent are added. Nickel foam (NF), copper foam, aluminium foil, carbon 

paper and carbon fabric (CF) are some of the CCs which are often used [174]. Metallic CC such 

as NF cannot be used in acidic electrolytes such as HCl because they become unstable due to 

corrosion. In that case, acid-resistant CC like carbon paper can be used instead [175]. When the 

electrode material is deposited directly onto the substrate during synthesis using methods such 

as successive ionic layer adsorption and reaction (SILAR method) and electrodeposition, binders 

and conductive additive is not needed. In this work binder-free electrodeposition was used to 

deposit the electrode materials on the NF substrate. This helped to eliminate the resistance of 

polymeric binders.  

 

2.7.2. Electrochemical configurations and evaluation for SC electrode materials 

2.7.2.1. Three-electrode configuration 

The electrochemical performance of an electrode is first evaluated using a half-cell configuration 

also known as a three-electrode set-up. The primary goal of this configuration is to determine 

the properties of the electrode material such as the charge storage mechanism, appropriate 
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electrolyte to use, operating potential range, ESR and cycling stability [176,177]. The half-cell 

set-up comprises the working electrode (WE), the counter electrode (CE), the reference electrode 

(RE), and a suitable electrolyte, as shown in figure 2.6.  

The WE consist of the AM on the CC; this is the electrode under study. The RE serves to enable 

the measurement of potential differences while blocking the flow of current. The RE is usually 

made from silver/silver chloride (Ag/AgCl), mercury/mercury oxide or saturated calomel which 

have standard known electrode potentials. The CE balances the circuit by varying the potential 

to adjust the current produced by the WE [178]. Platinum (Pt), graphite rods and glass carbon 

are normally used as CE because of their chemical uncreativeness [179]. 

 

 Figure 2. 6: Schematic diagram of three electrode set-up [127]. 

 

2.7.2.2 Two-electrode configuration  

The two-electrode configuration which is also known as the full cell set-up consists of a pair of 

positive and negative WEs inside an electrolyte electrically insulated from each other by a 

separator. In symmetric devices, the WEs are similar whereas, in an asymmetric device, these 

WEs are different [180]. The full cell can be assembled in form of a T-Cell, Swagelok or a coin 
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cell which is shown in figure 2.7 [181]. Specific power, specific energy, and cyclic stability can 

be evaluated in the two-electrode configuration.  

 

 

 

 Figure 2. 7: Schematic diagram of two electrode set-up. 

 

2.7.3. Electrochemical performance evaluation 

To evaluate the electrochemical performance of the electrode in both two and three-electrode 

configurations, there are important tools that should be employed. These are cyclic voltammetry 

(CV), galvanostatic charge-discharge (GCD), electrochemical impedance spectroscopy (EIS) 

and some stability evaluations [182]. 
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2.7.3.1 Cyclic voltammetry (CV) 

 

Cyclic voltammetry is one of the most important tools for evaluating supercapacitor electrodes 

and devices in both two and three-electrode set-ups. The CV is useful in determining the charge 

storage mechanism that occurs at the surface of the electrode, the level of reversibility of the 

reactions and the reaction kinetics at the WE [183]. These are displayed as cyclic 

voltammograms which are plots of WE current as a function of applied voltage as shown in 

figure 2.8. For pure EDLC behaviour, the voltammogram is rectangular whereas the shape 

deforms into a parallelogram when the electrode is resistive [184–186]. Pseudocapacitance 

behaviour introduces highly reversible and broadened peaks in the quasi-rectangular 

voltammograms. Battery-type capacitors are synonymous with well-defined peaks. These peaks 

reflect the accumulation of charges due to Faradaic redox reactions [187]. The CV provides a 

way to determine the operating potential for a particular electrode. 

 

 Figure 2. 8: CV curves showing the different between ideal capacitor (EDLC), resistive  
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 For reactions characterised by redox reactions, the shape of the curve and the peak current is 

due to the Randles- Sevcik equation displayed in equation (2.7). 

 

  

 
𝒊𝒑 [𝑨] = 𝟎. 𝟒𝟒𝟔𝟑𝐧𝐅𝐀𝐂

√ 𝐧𝐅𝛎𝐃

𝑹𝑻
 

(2. 7) 

 

 

where 𝑖𝑝 is the peak current (A), n is the number of electrons transferred in the redox event 

(usually 1), A is the electrode area in cm2, F is the Faraday Constant in (C mol−1) D is the 

diffusion coefficient (cm2/s), C is the concentration (mol/cm3),ν is the scan rate (V/s), R is Gas 

constant  (J K−1 mol−1), T is the temperature in K. 

Specific capacitance (CS) and specific capacity (QS) can be determined using CVs in both two 

and three-electrode set-ups. In general, for a three-electrode set-up, CS is obtained using 

equations (2.8) [188]: 

 
𝐂𝐒 [𝐅 𝐠−𝟏] =

𝐪𝐒

𝚫𝐕
=

𝟏

𝛎𝚫𝐕
∫ 𝐈𝐒(𝐕)𝐝𝐕 

(2. 8) 

 

 

Here 𝑞𝑆is the total charge stored per unit mass (C g-1), ΔV is the maximum potential (V), ν is the 

scan rate (V s-1), IS (V) is the specific current (A g-1) which is a function of applied potential (V). 

It can be shown, for ideal EDLC behaviour with a perfect rectangular voltammogram, the 

specific capacitance is the ratio of the specific current to the scan rate as shown by equation (2.9): 

 
𝐂𝐒 [𝐅 𝐠−𝟏] =

𝐈𝐒

𝛎
 

(2. 9) 
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For a device, in a two-electrode configuration, the specific capacitance of the cell is obtained 

using equation (2.10) [189]. 

 
𝐂𝐒(𝐜𝐞𝐥𝐥) [𝐅 𝐠−𝟏] =

𝐪𝐒

𝐕
=

𝟏

𝟐𝛎𝐕
∫ 𝐈𝐒(𝐕)𝐝𝐕 

𝐕

𝟎

 
(2.10) 

 

 

CV can also be used to calculate the specific energy (ES) and specific power (PS) using equations 

(2.11) and (2.12). 

 

 
𝐄𝐒 [𝐖 𝐡 𝐤𝐠−𝟏] =

𝐕

𝟑. 𝟔 𝛎
∫ 𝐈𝐒(𝐕)𝐝𝐕 

𝐕

𝟎

 
(2.11) 

 

 

 
𝐏𝐒 [𝐖 𝐤𝐠−𝟏] = 𝟏𝟎𝟎𝟎 𝐕 ∫ 𝐈𝐒(𝐕)𝐝𝐕 

𝐕

𝟎

=
𝐄𝐒

𝟑𝟔𝟎𝟎𝛎
 

(2.12) 

 

 

 

  

2.7.3.2 Galvanostatic charge-discharge (GCD) 

 

Galvanostatic charge-discharge which is also referred to as chronopotentiometry displays a plot 

of potential as a function of times when constant charging and discharge currents are applied. It 

accurately replicates the charging and discharging processes. GCD is considered one of the most 

reliable ways to determine the maximum operating potential for a device or electrode in a 

particular electrolyte [190]. The interpretation of the discharge curve can be employed to 

determine the reaction mechanisms taking place in a half or full-cell set-up as shown in figure 

2.9: 
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 Figure 2. 9: GCD discharge curves for a typical EDLC, pseudocapacitance and GCD profile 

for battery materials. 

 

For EDLC materials, the discharge follows a straight line [191], and it can be deduced that the 

capacitance is independent of the potential. The discharge exhibit non-linear behaviour in 

battery-type materials such as Ni(OH)2 [192]. Prominent plateaux are signifying that the 
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capacitance varies with potential reaching maxima at the plateaux denoting the accumulation of 

charge during Faradaic redox reactions [193].  

The specific capacity (QS) can be determined from the discharge segment of the GCD as shown 

in equation (2.13) for any charge storage mechanism. However, for ideal EDLC behaviour the 

specific capacitance CS instead, is determined using equation (2.14). 

  
𝐐𝐒 [𝐦𝐀𝐡 𝐠−𝟏] =

𝟏

𝟑. 𝟔
× 𝐈𝐒𝐭𝐃 

(2.13) 

 

 

 
𝐂𝐒 [𝐅 𝐠−𝟏] =

𝟏

𝐕
× 𝐈𝐒𝐭𝐃 

(2.14) 

 

 

where V is the peak voltage (V). Before assembling a device, it is essential to ensure that the 

charge on both electrodes balances each other, Q+ = Q- to achieve high electrochemical 

performance [194]. This is achieved by adjusting the ratio of the electrode masses as shown in 

equations 2.14-2.16. These equations (2.15-2.17) can be used for any type of device, symmetric 

EDLC device, and asymmetric device with linear and non-linear GCD in the negative and 

positive electrodes, respectively [195–197].  

 𝐦−

𝐦+
=

𝐐𝐒+

𝐐𝐒−
 

(2.15) 

 

 

 𝐦−

𝐦+
 =  

𝐂𝐒+𝚫𝐕+

𝐂𝐒−𝚫𝐕−
 

(2.16) 
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 𝐦−

𝐦+
=  

𝟑. 𝟔 𝐐𝐒+

𝐂𝐒−𝚫𝐕−
 

(2.17) 

 

 

The specific energy and power can be determined very accurately from the GCD curve using 

equations (2.18) and (2.19).  

 
𝐄𝐒 [𝐖𝐡 𝐤𝐠−𝟏] =

𝐈𝐬

𝟑. 𝟔
∫ 𝐕(𝐭)

𝐕

𝟎

𝐝𝐭 
(2.18) 

 

 

 
𝐏𝐒 [𝐖 𝐤𝐠−𝟏] = 𝟏𝟎𝟎𝟎 ×

𝐈𝐬

𝐭𝐃
∫ 𝐕(𝐭)

𝐕

𝟎

𝐝𝐭 = 𝟑𝟔𝟎𝟎 ×
𝐄𝐒

𝐭𝐃
 

(2.19) 

 

 

For ideal EDLC charge/discharge, the energy determination can be obtained using equation 

(2.20): 

 
𝐄𝐒 [𝐖𝐡 𝐤𝐠−𝟏] =

𝐈𝐬

𝟑. 𝟔
×

𝟏

𝟐
𝐕𝐭𝐃 =

𝟏

𝟕. 𝟐
× 𝐂𝐒𝐕𝟐 

(2.20) 

 

                                                           

2.7.3.3 Electrochemical Impedance spectroscopy (EIS)  

 

Electrochemical impedance spectroscopy is a powerful tool to extract information on the 

reactions occurring on the WE. Unlike other electrochemical techniques, EIS distinguishes 

between capacitance (C) and resistance (R), enabling the distinguishing of diffusion-controlled 

processes from other processes. This is made possible by the fact that capacitance is inversely 

proportional to frequency while resistance is independent of frequency [198]. EIS enables the 

determination of the bulk and surface properties of the system through the evaluation of the 
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impedance of the WE as a function of the frequency (f) of the applied alternating voltage. To 

carry out potentiostat EIS measurements, a low amplitude (5-10 mV), sinusoidal potential, 

centred around a potential set-point is applied at a wide range of frequencies, typically 10 mHz 

to 100 kHz. The corresponding sinusoidal current is measured over the frequency spectrum. 

Fourier transform of the data converts the data from the time domain to the frequency domain 

[199]. As the frequency is varied, there is a phase shift, ϕ between the E(t) and I (t). The 

sinusoidal potential, current and frequency-dependant impedance which is a measure of the 

electrode’s opposition to current are expressed by equations (2.21-2.23): 

 𝐄(𝐭) = 𝐄𝐚𝐩𝐩 + |𝐄𝐨| 𝐬𝐢𝐧 𝛚𝐭 (2.21) 

 

 

 𝐈(𝐭) = |𝐈𝐨| 𝐬𝐢𝐧(𝛚𝐭 + 𝛟) (2.22) 

 

 

 
𝐙(𝛚) =

𝐄(𝐭)

𝐈(𝐭)
 

(2.23) 

 

 

where I (t) is the resulting current (A) due to the application of E(t), E(t) is the alternating voltage 

(V), and ω = 2πf is the angular frequency (rad s-1), ϕ is the phase shift of the current concerning 

the potential, and Z(ω) is the impedance (Ω). The most frequent representation of the EIS data 

is the Nyquist plot, also known as the Argand diagram [198]. Figure 2.15 is a plot of real and 

imaginary impedance as a function of frequency.  

The Nyquist plot can be divided into two regions as shown in figure 2.10. The kinetic control 

region at high-frequency values and the Warburg region at low-frequency values [200]. 
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Alternating current (AC) circuit elements can be employed to represent the physical process 

taking place in the electrochemical reaction. A resistor and capacitor are the most frequently 

encountered circuit elements. In the kinetically controlled region, the effect of the opposition to 

the flow of current in the electrolyte manifests. This is the solution resistance (RS) depicted as 

the intercept of the plot with the real impedance axes at high frequency. This is also referred to 

as the equivalent series resistance (ESR) [201]. 

 

Figure 2. 10: Schematic illustration of imaginary impedance (Z′′) versus real impedance (Z′) 

[146]. 

 

The charge transfer resistance, RCT is formed by a single kinetically controlled electrochemical 

reaction [202]. This is indicated by the diameter of the semi-circle [203]. In the mass transfer 

region (low-frequency zone), the double layer capacitance, Cdl, denotes the capacitance at the 

electrode-electrolyte interface due to the non-Faradaic charge storage at the surface of the 

electrode [204]. Diffusion or mass transfer can be modelled using the Warburg impedance 

element (ZW) [205]. Non-uniformity at the double-layer interface gives rise to a non-ideal 

capacitor. This can be modelled by replacing the Cdl with the constant phase element (CPE) 

represented by Q [206]. 
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The Bode plot is another useful representation of EIS processes. It is a plot of the phase shift (ϕ) 

and the magnitude of the impedance |Z(ω)| as a function of frequency, f. 

The real and imaginary capacitances can be obtained from equations (2.24-2.26) [207]: 

 
𝐂′(𝛚) = −

𝐙′′(𝛚)

|𝐙(𝛚)|𝟐
 

(2.24) 

 

 

 
𝐂′′(𝛚) = −

𝐙′(𝛚)

|𝐙(𝛚)|𝟐
 

(2.25) 

 

 

 𝐂(𝛚) = 𝐂′(𝛚) + 𝐣𝐂′′(𝛚) (2.26) 

 

 

where C′ (ω) and C′′ (ω) are the real and imaginary capacitances (F), respectively and |Z (ω)| is 

the magnitude of the impedance (Ω). C′(ω) corresponds to the capacitance obtained during the 

steady current discharge, whereas C″(ω) denotes energy dissipation of the electrode through a 

potential drop and an irreversible Faradaic charge transfer mechanism. 

 

2.7.4. Stability test 

2.7.4.1. Charge - discharge cycling 

 

One of the most important electrochemical attributes of all electrochemical storage devices is the 

cycle life. GCD is often utilized to evaluate the cycle life of WEs and devices [208]. The GCD 

is run for thousands of charge-discharge cycles by setting the working potential (VMAX), and the 
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specific current IS. The purpose of this measurement is to determine quantitatively how much of 

the electrochemical performance is retained after a given number of cycles. This is achieved 

through calculating capacity/capacitance retention (CR), coulombic efficiency (ε) and energy 

efficiency (η) which are expressed in equations (2.27) to (2.29) [209]: 

 

 
𝐂𝐑 [%] =

𝐭𝐃𝐍

𝐭𝐃𝟏
 

(2.27) 

 

 
𝛆 [%] =

𝐭𝐃

𝐭𝐂
 

(2.28) 

 

 
𝛈 [%] =

𝐄𝐃

𝐄𝐂
 

(2.29) 

where ε is the coulombic efficiency, η is the energy efficiency, tD and tC denote the discharge 

and charge time (s), respectively. The tD1 and tDN are the discharge times (s) after the first and 

Nth cycles, respectively and ED and EC are the discharge and charge energies, respectively. 

 

2.7.4.2 Voltage holding (VH) 

Voltage holding is one of the methods which is considered by the researcher to be the most 

rigorous and reliable to test the stability of the device [210]. This is because, unlike charge-

discharge cycling, VH reveals more information on the degradation of the material which takes 

place during the floating test [211]. A certain voltage (maximum voltage of the device) is applied 

to the device for a certain amount of time after which the device is allowed to undergo a few 

charge - discharge cycles before being held again at a fixed voltage (maximum voltage) for a 
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given time. The process is continued until there is a significant depletion in the performance of 

the device. 

 

2.7.4.3 Self-discharge (SD) 

 

Self-discharge is a stability test technique aimed at determining the spontaneous decrease of the 

voltage of the device. Initially, a certain fixed voltage is applied to the device for several hours 

to a maximum voltage then the decrease of the voltage of the device which is not connected to 

any load (open circuit) is monitored [212]. This test helps to evaluate the loss of energy 

throughout the test and determine the drop of the capacitance and voltage. Parasitic Faradaic 

processes, charge redistribution and ohmic leakage of current between the electrodes are some 

of the mechanisms which cause an increase in SD [213].
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CHAPTER 3 

 

3.0. EXPERIMENTAL DETAILS AND CHARACTERISATION TECHNIQUES  

The scope of this chapter is divided into two categories. The first part focuses on the synthesis 

of the materials, giving attention to different synthesis procedures and the instruments and 

devices employed in the synthesis process. The second part focuses on the devices used for the 

characterization of the synthesized materials and electrodes.  

 

3.1. Experimental details  

3.1.1. Preparation methods for electrode materials 

3.1.1.1. Electrodeposition synthesis  

 

Electrodeposition is one of the most favoured techniques which has evolved throughout two 

millennia for the synthesis of nanomaterials and films on various substrates. Factors 

contributing to the popularity of this method include its simplicity, easiness of reaction control, 

cost-effectiveness, environment friendliness and flexibility [214–216]. The method involves 

the application of an electric current or a potential between plates (electrodes) immersed in 

solution (electrolyte) where the precursors for the synthesized materials are dissolved. In a 

three-electrode configuration, the conducting working electrode (WE) is the substrate where 

the electrodeposition occurs. It comes in a variety of forms such as metal foils, metal foams, 

conductive glass, paper, and fabrics. The electrodeposition process can grow various textures, 

thicknesses, stoichiometry, and morphology [217]. The microstructure can vary from zero to 

three dimensions by varying parameters such as the proportions of precursors, concentration, 

pH, and viscosity of solution. The electrical current density and potential difference is applied 
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to grow materials which can be used in batteries, supercapacitors, electrocatalysis and 

photoelectrodes. Unlike deposition methods such as chemical vapour deposition (CVD) and e-

beam deposition, it can be carried out at room temperature and pressure using non-sophisticated 

equipment. The process is scalable to industrial production. In this research theses cobalt nickel 

layered double hydroxide, Hausmannite sulphur reduced graphene oxide composite, 

manganese cobaltite and manganese chromite were synthesized using the electrodeposition 

process [218]. 

 

3.1.1.2. Annealing 

 Annealing is a process where materials are subjected to temperatures which are above their 

recrystallization temperature for a specific amount of time before being allowed to cool at a 

prescribed cooling rate [219]. The process of annealing can be carried out in a furnace under 

air or with different gases flowing. Atoms migrate in the crystal lattice during annealing, which 

leads to a reduction in dislocations causing a change in the hardness and ductility of materials 

[220]. During the cooling process, recrystallization takes place. The phase composition and the 

grain size depend on the heating temperature and cooling rate. This affects the properties of the 

materials such as electrical conductivity, ductility and magnetic properties [221].  

 

3.1.2. Synthesis of electrode materials 

3.1.2.1. Preparation of nickel foam substrates (NF) 

NF (1 cm x 2 cm) pieces were carefully treated by dipping in 4M HCl, and acetone, followed 

by absolute ethanol and lastly deionized water (DW), for 20 minutes each. The cleaned pieces 

were left to dry in a normal oven at 60o C for 12 hours. This treatment was done to eliminate 
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the inert oxide or hydroxide layer on nickel metal surface which occurs in a humid environment 

[222]. 

 

3.1.2.2. Preparation of cobalt nickel layered double hydroxide (CN-LDH) on nickel 

foam (NF) 

A 0.01 M of each cobalt nitrate hexahydrate Co (NO3)2.6H2O and nickel nitrate hexahydrate 

Ni (NO3)2.6H2O were dipped in 50 mL of DW and stirred thoroughly for 30 minutes to form 

the solution. Electrodeposition of cobalt nickel layered double hydroxide (CN) on NF was 

performed through the 3-electrode set-up using the Bio Logic VMP 300 workstation. The 

working electrode (WE) was chemically cleaned NF while platinum wire and Ag/AgCl worked 

as the counter electrode (CE) and reference electrode (RE), respectively. Cyclic voltammetry 

(CV) was done at a scan rate of 5 mV s-1 for 3 cycles in a potential range of -1.2 up to 0.5 V to 

deposit CN. The sample was then cleaned in DW and left to dry at 60 oC for 12 hours. The 

process was repeated for 6 and 9 CV cycles. The samples were branded as CN-3, CN-6, and 

CN-9 where the number refers to the number of CV scan cycles. The schematic illustration of 

the synthesis CN electrode is shown in figure 3.1. The process commences with the reduction 

of nitrate anions at the cathode. This produces hydroxyl anions for the oxidation of cobalt cation 

to form CN as shown in equations 3.1 and 3.2 below: 

 

 NO3
− + H2O + 2e− → NO2

− + 2OH− (3.1) 

. 



 

70 

 

 Ni2+ + 2 Co2+ + 6 OH− → NiCo2(OH)6 (3.2) 

 

 

Figure 3.1: Schematic illustration of the synthesis CoNi-LDH electrode. 

3.1.2.3. Preparation of reduced graphene oxide (RGO)  

The synthesis of RGO in detail was explained in our previous work [30]. Graphene oxide (GO) 

was synthesized using the modified Hummer’s method from graphite powder. Briefly, 5 g of 

graphite powder was slowly added to 100 mL of sulphuric acid (H2SO4).  After that, 2.5 g of 

potassium hydrogen sulphate (KHSO4) and calcium chloride (CaCl2) were added subsequently 

while stirring.  The resulting mixture was stirred at 400 rpm for 40 min at 60 oC, followed by 

the addition of 10 g of potassium permanganate (KMnO4) and 50 mL of H2SO4. The solution 

was further stirred (250 rpm) for 2 hours at 60 oC for uniformity. The mixture was then left to 

cool down naturally to room temperature.  Subsequently, 20 mL of hydrogen peroxide (H2O2 

- 30 %) and 120 mL of deionized water DW were added. The resulting mixture called graphene 

oxide (GO) was allowed to cool down to room temperature, and subsequently re-dispersed into 

100 mL of DW water and sonicated for 2 hours. The mixture was left to settle down for 12 

hours, washed several times with DW water and then centrifuged and freeze-dried for 12 hours. 

The sample was labelled as reduced graphene oxide (RGO).  
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3.1.2.4. Preparation of sulphur-reduced graphene oxide (RGO-S)  

RGO-S was synthesized by following the procedure explained in our previous work [30]. 

Briefly, 3g of sodium sulphide (Na2S), and 3 g sulphur (S) were mixed in 100 ml of DW and 

then sonicated to form a uniform solution branded as A.50 mg of L-ascorbic acid was dissolved 

into 12 g of DW followed by the addition of 12 mL of hydrochloric (HCl). This solution was 

labelled B. 3 g of as-prepared RGO-S and sample B were then mixed and added into sample 

A.  This was followed by the sonication of the mixture for 2 h and then stirring for 1 h at a 

temperature of 40 oC. The mixture was then left to settle on its own for 12 h. It was then rinsed 

with DW before undergoing centrifugation three times at 10, 000 rpm for 10 min and later 

freeze-drying for 24 h. The produced was labelled RGOS. 

3.1.2.5. Preparation of Hausmannite/sulphur reduced graphene oxide (MO/RGO-S) 

composite on nickel foam (NF) 

A 25 mg mass of RGO-S was then sonicated in DW for 12 hours. Electrodeposition of 

MO/RGO-S (where MO is Hausmannite) on NF was performed through a 3-electrode set-up 

using the Bio-Logic VMP-300 at room temperature. A solution was prepared by dissolving 

0.16 M of manganese acetate tetrahydrate [(CH3COO2)2Mn. 4H2O] and 0.16 M of sodium 

sulphate (Na2SO4) into 200 mL of DW containing 25 mg RGO-S then stirring for 45 minutes. 

Na2SO4 served as a morphology-directing agent and assisted in reducing particle aggregation 

[223]. The RE and CE were as reported in section 3.1.2.2. The MO/RGO-S was grown using 

the galvanostatic electrodeposition method at 5 mA cm-2 for 30 minutes. MO/RGO-S on NF 

was then washed in DW and dried up at 80 oC for 5 hours. The deposition process was repeated 

by varying the mass of RGO-S in the solution. The samples were labelled MO and MO/RGO-

S-25, MO/RGO-S-50, and MO/RGO-S- 75 depending on the mass of RGO-S in the solution 

and the mass loading of the material on NF was 0.9, 1.1, 1.0, and 1.2 mg, respectively. The 
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RGO-S nanorods are absorbed within the MO matrix. The steps for this electrodeposition 

synthesis are illustrated in the schematic in figure 3.2. 

 

Figure 3.2: Schematic illustration of the synthesis MO/RGO-S electrode. 

 

 

The process is summarized by equations 3.3 to 3.5: 

 NCH3COO− + H2O → CH3COOH + OH− (3.3) 

 

 Mn2+ + 2OH− → Mn(OH)2 (3.4) 

 

 6 Mn(OH)2 + O2 → 2Mn3O4 + 6 H2O (3.5) 

 

3.1.2.6. Preparation of CoNi-LDH on Mn3O4/RGO-S 

The electrodeposition process followed the same steps as in section 3.1.2.2. but with MO as 

the WE in place of NF and 6 CV cycles were used because CN-6 yielded the best 

electrochemical results for 6 cycles. The process was also repeated with the samples produced 

in section 3.1.2.3. with MO/RGO-S-25, MO/RGO-S-50, and MO/RGO-S-75 as the WE. The 

samples were labelled MO@CN, MO/RGO-S-25@CN, MO/RGO-S-50@CN, and MO/RGO-
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S-75@CN with the total mass loading of the electrode's materials on NF as 1.0, 1.9, 2.1, 2.0, 

and 2.1 mg, respectively. The synthesis procedures are shown in figure 3.3. 

 

Figure 3.3: Schematic illustration of the synthesis of MO/RGO-S@CoNi-LDH electrode. 

 

3.1.2.7. Preparation of activated carbon from cooked chicken bone waste (CCBW) 

The cooked chicken bone waste activated carbon was synthesised following the procedure 

reported in our previous work [224]. In summary, the CCBW were treated with ethanol then 

left to dry at 60 oC in the oven for 24 hours. The bones were pre-carbonized at 400 oC for 4 

hours using argon gas. Later, the pre-carbonized material was mixed with potassium hydroxide 

before the addition of a few drops of DW and dried up at 100 oC for 12 hours. Thereafter, the 

mixture was carbonized at 700 oC for 2 hours in an argon environment. The resulting sample 

was treated with 3 M HCl and washed with DW until neutrality was achieved in the pH scale. 

The product was dried in an oven for 24 hours at 60 oC. 

 

3.1.2.8. Preparation of manganese cobaltite (MCO) on NF electrode 

Manganese acetate tetrahydrate [Mn (CH3COOH)2.H2O] (0.006 mol) and cobalt nitrate 

hexahydrate [Co(NO3)2.6H2O] (0.012 mol) were mixed in 250 ml deionized water (DW) and 

agitated for 1 hour to produce a uniform solution. Sodium sulphate (Na2SO4) (0.01) was added 
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to the solution to serve as a morphology-directing agent and to avoid particle agglomeration. 

This solution was identified as S. The electrodeposition was carried out using Bio-Logic VMP-

300 workstation operating on the EC-lab V11-30 (Edmonton, AB, Canada) at room 

temperature. The CE, RE and WE were as used in section 3.1.1.2 in a 3-electrode set-up. The 

electrodeposition was carried out using cyclic voltammetry (CV) at 1.25 mV s-1 for 6 cycles in 

a potential range of -1.2 to 0.5 V vs Ag/AgCl. The electrode which consisted of Co and Mn 

mixed oxides were then washed in DW and dried at 80o C in a normal oven for 5 hours then 

annealed in air at 200o C for 1 hour. Annealing helps to transform the phase structure from 

layered double hydroxides to the spinel phase [225]. The procedure was repeated at scan rates 

of 2.5 and 5 mV s-1. The samples were identified as MCO-1.25, MCO-2.5 and MCO-5 

depending on the scan rates used for synthesis. The mass loading of the deposited materials on 

NF were 1.4, 1.1 and 0.8 mg for MCO-1.25, MCO-2.5 and MCO-5, respectively. 

 

3.1.2.9. Preparation of cobalt nickel layered double hydroxide on manganese cobaltite 

(MCO-LDH) 

The synthesis of CN-LDH on NF substrate was like the one reported in section 3.1.2.2. To 

deposit CoNi-LDH on MCO-2.5, the procedure in section 3.1.2.2 was followed but with MCO-

2.5 on NF as the WE. The CV was done at a scan rate of 2.5 mV s-1. The electrodes were 

branded as MCO-2.5@CN-LDH. The steps are shown in figure 3.4. 
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Figure 3.4: Schematic illustration of the synthesis of MCO-2.5@CN-LDH electrode. 

 

3.1.2.10. Preparation of manganese chromite (MnCr2O4) on nickel foam (NF). 

0.01M each of Chromium(III) potassium sulphate dodecahydrate [KCr2(SO4).12H2O] and 

manganese acetate hexahydrate [Mn(CH3CO2)2.4H2O] were added to 500 ml DW and stirred 

for 30 minutes. 0.01 M sodium sulphate (Na2SO4) was then added to prevent aggregation and 

the stirring continued for a further 45 minutes. This solution was labelled S. To perform the 

electrodeposition, the Bio-Logic workstation was used, with the CE, RE and WE as described 

in the section, (3.1.2.2.), these were all dipped in S. Cycling voltammetry (CV) at 2.5 mV s-1 

was used in a voltage range of -1.2 to 0.5 V vs Ag/AgCl. The voltage was repeated for voltage 

ranges -1.0 to 0.5 V vs Ag/AgCl and -1.4 to 0.5 V vs Ag/AgCl. The electrode was then washed 

in DW and dried in an oven at 90o C for 8 hours. The electrode was labelled as MnCr2O4-1.0, 

MnCr2O4-1.2, and MnCr2O4-1.4 according to their lower potential value.   Varying the voltage 
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range is an alternative way of altering the electrodeposition time which has effects on the 

thickness of the deposited film. 

 

3.1.2.11 Preparation of manganese chromite cobalt nickel layered double hydroxide 

(MnCr2O4@CoNi-LDH) 

The electrodeposition synthesis of MnCr2O4@CoNi-LDH was like the procedure in section 

3.1.2.2 with the only exceptions being that MnCr2O4-1.2 V   on NF was used as the WE instead 

of NF alone and the scan rate of 2.5 mV s-1 was utilised. After rinsing in DW, the electrode 

was dried at 60o C for 5 hours. The synthesis procedure is illustrated in figure 3.5. 

 

 

 Figure 3.5: Schematic illustration of the synthesis of MnCr2 O4-1.2V@CoNi-LDH electrode. 
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3.1.2.12. Preparation of activated carbon biomass wastes from amarula seed husk 

(AMH) 

The activated carbon nanostructure from the Amarula seed husk used in this thesis was 

prepared as reported in our previous work [195]. Briefly, the Amarula seed husks (AMH) were 

collected and washed thoroughly with DW followed by ethanol to remove impurities and then 

dried at 80 ◦C for 12 h. 1 g each of calcium chloride (CaCl2) and phosphoric acid (H3PO4) 

together were dissolved into 70 ml of DW and stirred for 20 min followed by soaking 10 g of 

AMH into the mixture. The mixture was transferred into an autoclave and boiled at 150 ◦C for 

12 h to let the raw material interact well with the mixture. The products were left to cool to 

room temperature, rinsed until getting a neutral pH then dried for 12 h at 80 ◦C. The dried 

products were mixed with potassium hydroxide (KOH) in a mass ratio of 1:1, followed by the 

addition of a few drops of DW then carbonized and activated at 700 ◦C (5 ◦C/min) for 2 h under 

argon (300 cm) environment. The products were treated with 3 M hydrochloric acid (HCl) and 

DW water until pH value showed neutrality, dried at 60 ◦C for 12 h and named as treated AMH 

activated carbon.  

 

3.2. Materials characterization techniques  

3.2.1. X-ray diffraction (XRD) 

 X-ray diffraction is a non-destructive analysis method that is used to extract information on 

the molecular structure, grain size, crystallinity, strain and crystal defects of the materials [226]. 

X-ray diffraction comprises three main components: the X-ray tube, the sample holder, and the 

detector [227]. 

When the filament is heated through the application of electric current, electrons are generated 

and accelerated towards the cobalt or copper target. When the electrons bombard the metal 
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target, a spectrum is generated when the electrons possess enough energy to liberate electrons 

from the inner shells of the atoms. The generated spectrum is then filtered and collimated to 

produce monochromatic X-ray radiation which is then directed towards the sample. Diffracted 

rays are produced when the X-rays interact with the sample due to constructive inference when 

the condition satisfies Bragg’s law as shown in equation 3.6 [228].  

 nλ = 2d sinθ, n = 1, 2, 3, … (3.6) 

 

where n is an integer number, λ is the wavelength (m) of the incident radiation, d is the 

interplanar spacing (m) and θ is the incident angle (degrees). The experimentally measured 

diffraction angle is 2θ. The schematic illustration of the X-ray diffraction is shown in Figures 

3.5 (a) and (b). In this thesis, the XRD-Bruker BV 2D PHASER Best Benchtop (PANalytical 

BV, Amsterdam, Netherlands) with a θ/2θ configuration utilizing Cu Kα1 source (wavelength 

λ = 0.15406 nm) at 30 mA and 50 kV using 0.005o step increment was used to analyse the 

samples. The schematic illustration of the XRD system and the main components are shown in 

figure 3.6. 
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Figure 3.6: Schematic illustration (a) of the diffraction of incident X-rays by atomic planes, 

and (b) X-ray source sample and detector [18]. 

 

For spherical crystallite particles, the average crystallite size can be obtained by employing 

Scherer’s equation [229]: 

 
D =

kλ

β cos θ
 

(3.7) 

where D is the average crystalline size (nm), k is the Scherer’s dimensionless constant, which 

is 0.89, λ is the wavelength of the X-ray, β is the full width at half maximum (radians), θ is the 

diffraction angle (radians). 

 

3.2.3. Raman spectroscopy 

Raman spectroscopy is a non-destructive technique used to extract information on the 

phase/chemical structure, molecular interaction, and crystallinity of substances [230]. In 

Raman spectroscopy, laser sources provide monochromatic incident radiation with 
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wavelengths in the visible, near-infrared or near-ultraviolet region of the spectrum [231]. The 

incident photons interact with the chemical bonds to cause the energy of the system to be 

increased from the ground state to a higher virtual energy. The virtual state is unstable making 

the system return to the ground state by emitting a photon. The most probable scenario is elastic 

scattering which occurs when the emitted photon has the same frequency as that of the incident 

photon, and this phenomenon is called Rayleigh scattering [232]. It is possible that the photon 

loses some of its energy on interaction with the molecule and disperses from the sample with 

lower energy, this inelastic process is called Stokes scattering [233]. In very rare cases when 

the molecule was in an excited state and then returns to the ground after interaction with the 

photon, then the sample gains energy from the interaction. This process which is less probable 

than the Stokes scattering at room temperature is called the Anti-Stoke scattering [234]. These 

interactions are illustrated using the Jablonski energy diagram in figure 3.7. 

 

Figure 3.7: Part of the Jablonski energy diagram for the Rayleigh, Raman Stokes and the anti-

Stoke transitions [25]. 
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The transitions shown in the Jablonski diagram for Rayleigh, and Raman Stokes transitions can 

be summarised in equations 3.8 to 3.10 respectively [235]: 

 ℏωSc = ℏωL (3.8) 

 

 ℏωSc = ℏωL − ℏωphonon < 0 (3.9) 

 

 ℏωSc = ℏωL + ℏωphonon (3.10) 

where ħωSc is the energy of the photon, ħωL is the energy of the incident laser radiation and 

ℏ𝜔𝑝ℎ𝑜𝑛𝑜𝑛 is the phonon (vibration) energy. In this thesis, the WITEC Alpha 300 RAS+ 

Confocal micro-Raman microscope (Ulm, Germany) which is shown in figure 3.8 was used 

for the analysis of the samples. The laser wavelength of 532 nm was used with the spectral 

acquisition of 120 s, laser power of 4 mW and 50X objective.  
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Figure 3.8: A WITec Confocal Raman Microscope (WITec alpha 300 RAS+, Ulm, 

Germany)used for sample analysis in this work. 

 

3.2.4. Scanning electron microscopy (SEM) 

Scanning electron microscopy is an analysis method used on a sample to obtain information 

such as topology, morphology, orientation and chemical composition [236]. The microscope’s 

main components are the source of the electrons, the column for electron passage, the 

electromagnetic lenses, the electron detector, the sample chamber and the display. A Schottky 

field emission source at the top of the column produces electrons under ultra-high vacuum 

conditions. The beam is focused by passing through apertures and magnetic lenses. As the 

electrons interact with the specimen, various signals such as secondary electrons (SE), 
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backscattered electrons, characteristic X-rays, bremsstrahlung X-rays, Auger electrons, 

transmitted electrons and cathodoluminescence are produced [237].  

Energy dispersive X-ray spectroscopy (EDS) is a microanalysis technique used to evaluate the 

elemental composition in a sample. The EDS setup is usually incorporated into the SEM 

instrument and the measurements can occur concurrently [238]. A high beam of charged 

particles incident on the surface of the sample causes the emission of characteristic X-rays by 

causing the excitation of inner shell electrons.  

 

 

Figure 3.9: High-resolution Field Emission Scanning Electron Microscope instrument (Zeiss, 

Ultra Plus 55 FE-SEM). 

 

The X-rays are then resolved with energy-dispersive detectors and integrated onto the SEM 

system. In this thesis, the SEM-Zeiss Ultra Plus 55 field emission scanning microscope 

Akishima-shi Japan) shown in figure 3.9 operating at 2.0 kV incorporating an energy dispersive 

X-ray spectroscopy (EDS) at 20 kV was used to analyse the morphology of the samples. 
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3.2.5. Transmission electron microscopy (TEM) 

Transmission electron microscopy is a non-destructive imaging technique using transmission 

electron (TE) to get microstructure information on the specimen such as particle shape, crystal 

orientation, size, crystallinity and morphology [239]. Electrons under very high vacuum 

conditions are accelerated using very large potential differences. The beam is then narrowed 

by the electromagnetic lenses. On interaction with the samples, some of the beams bounce back 

while others are transmitted to form an image upon reaching the detector in the form of a 

charge-coupled device (CCD) or a fluorescent screen [240]. Unlike SEM which only images 

the surface of the samples, TEM is also able to image the interior of the samples with higher 

resolution enabling the extraction of information such as stress and crystallization. Due to the 

low de-Broglie wavelength of the accelerated electron, which is less than that of the visible 

spectrum, transmission electron microscopes are capable of yielding resolution three orders 

higher than light microscopes [241]. The JEOL JEM 2100-F transmission electron microscope 

shown in figure 3.10 operating at 200 kV was used to image the samples used in this thesis. 
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Figure 3.10: Transmission electron microscope (JEOL JEM-2100F). 

 

3.3 Electrochemical characterization 

The Bio-Logic VMP 300 workstation shown in figure 3.11 operating on the EC-lab V11-33 

software was used to perform electrochemical evaluations. 
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Figure 3.11: Biologic VMP-300 potentiostat (Knoxville 37930, USA) operated by the EC-Lab 

V11.33 software. 

 

The preparation of the electrode used as the WE in the half-cell (three-electrode) configuration 

and the positive electrode in the device was done using the electrodeposition and annealing 

methods as described in section 3.1.2. For the positive electrode of the device, the electrode 

material was deposited on one side of the piece of nickel foam and then reshaped into circular 

disks. The negative electrode for the device was prepared using the pasting method whereby 

the AM was mixed with the polyvinylidene fluoride (binder) and the carbon black (conducting 

additive) using the ratio 8:1:1. A few drops of N-methyl-2-pyrrolidone (NMP) was added to make 

a homogeneous slurry after mixing. The slurry was then pasted on nickel foam disks then dried 

for 12 hours at 60o C. 

Three and two-electrode set-ups were used to evaluate the electrochemical behaviour of the 

individual electrodes and the asymmetric devices, respectively. In three electrode set-ups, the 
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AM on NF, the platinum wire and Ag/AgCl served as the WE, CE and RE respectively. For 

the device, a separator was inserted between the disk-shaped electrodes in a coin cell. The CV, 

GCD and EIS were carried out in both configuration
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CHAPTER 4 

4.0. RESULTS AND DISCUSSION 

 This chapter covers the results obtained after the synthesis and characterisation of all the 

materials. The source of all the results discussed in this chapter is the original research works 

of the author. Some of the work has already been published while the last paper is to be 

submitted to a particular journal for publication.  

 

4.1 Two-step electrodeposition of Hausmannite sulphur reduced graphene oxide and 

cobalt-nickel layered double hydroxide heterostructure for high-performance 

supercapacitor 

4.1.1. Introduction 

Transitional metal oxides (TMO) and hydroxides (TMOH) have been preferred for use as 

positive electrodes for supercapacitor applications. This is attributed to their specific capacities 

which are superior to carbon-based materials such as activated carbon (AC) [146]. Bimetallic 

metal hydroxides such as layered double hydroxides (LDH) which are environmentally friendly 

and naturally abundant have the potential to yield amazing electrochemical performance 

because of their unique porous lamellar structure, tuneable composition, and great redox ability 

due to the presence of abundant exposed redox-active sites [242]. Cobalt Nickel layered double 

hydroxide (CN) has a potential for excellent electrochemical performance because of the 

synergies of nickel (Ni) and cobalt (Co) metals which provide a various oxidation state and the 

large interlayer distance. However, one of the major set-back of CN is the low electrical 

conductivity which is caused by the restacking of the layers during charge-discharge process 

[243]. This can be alleviated by a careful fabrication of a hierarchical structure which provides 

mechanical support of the structure to minimise the restacking and improve the electrical 
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conductivity. The composite of Hausmannite (Mn3O4) and sulphur-reduced graphene oxide 

(RGO-S) can improve the performance of CoNi-LDH. Naturally abundant and 

environmentally friendly Mn3O4 improves the electrochemical performance of CN due to the 

Jahn-Teller effect of the Mn3+ which improves ion diffusion [244]. The presence of divalent 

and trivalent ions also improves the electrochemical activity. RGO-S benefits from the high 

mechanical strength and electrical conductivity to provide the support needed to minimise 

restacking thereby increasing the stability while improving electron transport. The presence of 

sulphur in RGO-S also improves wettability [30].  Different mass loading X (X=0, 25, 50 and 

75 mg) of RGO-S were added to MO before electrodeposition on NF to form MO/RGO-S-X. 

The second electrodeposition was performed to form the final electrode: MO/RGO-S-X@CN. 

SEM, TEM, EDS, XRD and Raman spectroscopy was carried out on the electrodes. For the 

electrochemical performance of the electrodes in a three-electrode configuration, the best 

electrode, MO/RGO-S-50@CN used in a 2 M KOH electrolyte.  

 

4.1.2. Results and discussion 

The results for the synthesis procedures, characterisation and electrochemical evaluations are 

detailed in the following attached publication. 
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4.1.3. Concluding remarks  

Hausmannite sulphur reduced graphene oxide nickel cobalt layered double hydroxide 

(MO/RGO-S-X@CN) was successfully synthesized through a two-step electrodeposition step 

on nickel foam. The presence of nanospheres, nanorods and nanosheets proved the presence of 

Hausmannite (MO), sulphur-reduced graphene oxide (RGO-S) and cobalt nickel layered 

double oxide (CN). MO/RGO-S-50@CN yielded the highest specific capacity of 582.1 mAh 

g-1 at a specific current of 0.5 A g-1 in 2 M KOH, in a three electrode set-up. The right mass 

loading of MO/RGO-S helped to improve the electrical stability and redox activity of CN 

leading to a phenomenal specific capacity. This electrode was incorporated into a symmetric 

device (MO/RGO-S-50@CN//CCBW) with CCBW as the negative electrode. The device 

yielded superb electrochemical results with a specific energy of 56.0 Wh kg-1 at 0.5 A g-1 

corresponding to a specific power of 515 W kg-1. The device also showed great electrochemical 

stability by displaying a capacity retention of 85.1 % at 10,000 GCD cycles at 6 A g-1. The 

synergetic effect of three different materials coupled with the robustness of the  synthesis 

method which is based on electrodeposition contributed to these great results. This also 

provides the synthesized electrode and device as a candidate which can contribute significantly 

to energy storage and in the long term play a role in the transition from fossil fuel to cleaner 

renewable sources of energy. 
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4.2.  Exploration of metal-layered double hydroxide composite material for hybrid 

capacitor produced by facile and efficient electrodeposition process 

 4.2.1. Introduction 

The restacking and low electron transport in cobalt nickel layered double hydroxide (CN-LDH) 

can be improved by incorporating highly redox active materials in a set-up that reduces the 

restacking without incorporating carbon materials. Manganese cobaltite (MCO) is a low cost 

and safe spinel material with a very high theoretical capacity of 3620 F g-1 [245,246]. It also 

benefits from high electrical conductivity, many oxidation states, reversibility and the Jahn-

Teller effect [247]. These traits work together to improve the ion diffusion and electron 

transport. MCO was grown directly on nickel foam (NF) using the process of electrodeposition 

and annealing. A further electrodeposition of CN-LDH was performed on the best sample, 

MCO-2.5 where 2.5 is the scan rate (mV s-1) used for electrodeposition of MCO on NF. SEM, 

EDS, TEM, XRD and Raman spectroscopy was used to characterise the electrodes. The 

electrochemical analysis of the electrodes was performed in 2 M KOH in three and two 

electrode set-ups. 

 

4.2.2. Results and discussion 

The detailed results obtained from the experimental synthesis, characterisation and 

electrochemical evaluations are presented in the following manuscript:  
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4.2.3. Concluding remarks 

The synthesis of MCO, CN-LDH, and MCO-2.5@CN-LDH were successfully carried through 

electrodeposition. The SEM and TEM micrograms of the composite electrode MCO-2.5@CN-

LDH confirm the formation of nanosheets of CN-LDH covering the densely packed MCO-2.5 

nanograins. MCO-2.5@CN-LDH produced outstanding electrochemical results with a specific 

capacity of 415.9 mAh g-1 at a specific current of 1 A g-1 in 2 M KOH. The electrochemical 

stability of the MCO-2.5@CN-LDH was great with a capacity retention of 87.0 % and 

coulombic efficiency of 99.8 % after 5,000 GCD cycles at 7 A g-1. The electrode also served 

as the positive electrode of the asymmetric supercapacitor device MCO-2.5@CN-

LDH//CCBW, where activated carbon from cooked chicken bones (CCBW) was the negative 

electrode. The performance of the device produced specific energy of 55.8 Wh kg-1 and specific 

power of 940.4 W kg-1 at a specific current of 1 A g-1. The device also displayed excellent 

stability with a capacity retention of 81.6 % and coulombic efficiency of 99.8 % after 10,000 

GCD cycles at 8 A g-1. The robustness of the binder-free electrodeposition synthesis and the 

synergetic effect of the spinel and LDH contributed to the excellent electrochemical 

performance. 
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4.3. Assessment of the electrodeposition-synthesized manganese chromite and cobalt-

nickel layered double hydroxide composite for high performance supercapacitor 

applications 

4.3.1. Introduction   

It is possible to assuage cobalt nickel layered double hydroxide (CoNi-LDH)’s low electrical 

conductivity and low electrical stability caused by the restacking without incorporating carbon 

materials such as graphene. This can even be achieved through cheap and environmentally 

friendly bimetallic metal oxide such as manganese chromite (MnCr2O4). MnCr2O4 provides 

several active oxidation states, great electrical conductivity and high theoretical capacity [37]. 

The synthesis methods also plays a crucial role in achieving great electrical performance. 

Electrodeposition is one of the greatest options among binder-free synthesis approaches due to 

the high strength of the adhesion of the active materials to the current collector [248]. An 

optimised composite electrode MnCr2O4-1.2V@CoNi-LDH was synthesized through 

successive electrodeposition of MnCr2O4-1.2V (where -1.2 V signify the lower potential used 

in the CV electrodeposition) and CoNi-LDH on nickel foam. The electrodes were analysed 

using SEM, EDS, XRD and Raman spectroscopy and the electrochemical analysis was 

performed in 2 M KOH. 

 

4.3.2. Results and discussion 

The results obtained after the synthesis and characterization of the electrodes are displayed in 

the following manuscript which is about to be submitted for publication. 
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 4.3.3 . Concluding remarks   

  

The combination of MnCr2O4-1.2 V and CoNi-LDH synthesized using the electrodeposition 

and annealing method achieved exceptional electrochemical performance. The successful 

fusion of the MnCr2O4 nanograins and CoNi-LDH nanosheets was seen in the SEM 

micrograms. The composite electrode MnCr2O4-1.2 V@CoNi-LDH attained wonderful results 

in three- an electrode configuration with a specific capacity of 424.7 mA h g-1 at 1 A g-1 in 2 

M KOH with an excellent coulombic efficiency of 99.9 % and capacity retention of 73.6 %.  

This electrode served as the positive electrode of the MnCr2O4-1.2 V@CoNi-LDH//AMH with 

activated carbon from Amarula husk (AMH) as the negative electrode. The asymmetric device 

achieved outstanding performance with a specific energy and power of 80.2 Wh kg-1 and 

1117.7 W kg-1, respectively at a specific current of 1 A g-1 and a high coulombic efficiency and 

capacity retention of 99.7 and 72.9 % after 15,000 cycles. This proves the compatibility of 

electrodeposition-synthesised MnCr2O4-1.2 V@CoNi-LDH with porous biomass material 

devices which is a contender for high-performance renewable energy storage devices. 



 

169 

 

References    

 [1] M.A.A. Mohd Abdah, N.H.N. Azman, S. Kulandaivalu, Y. Sulaiman, Review of the 

use of transition-metal-oxide and conducting polymer-based fibres for high-performance 

supercapacitors, Mater. Des. 186 (2020) 108199. 

https://doi.org/10.1016/j.matdes.2019.108199. 

[2] S.J. Patil, N.R. Chodankar, R.B. Pujari, Y.K. Han, D.W. Lee, Core-shell hetero-

nanostructured 1D transition metal polyphosphates decorated 2D bimetallic layered double 

hydroxide for sustainable hybrid supercapacitor, J. Power Sources. 466 (2020) 228286. 

https://doi.org/10.1016/j.jpowsour.2020.228286. 

[3] N. Song, S. Hong, M. Xiao, Y. Zuo, E. Jiang, C. Li, H. Dong, Fabrication of Co(Ni)-P 

surface bonding states on core–shell Co(OH)2@P-NiCo-LDH towards electrocatalytic 

hydrogen evolution reaction, J. Colloid Interface Sci. 582 (2021) 535–542. 

https://doi.org/10.1016/j.jcis.2020.08.086. 

[4] S.A. Beknalkar, A.M. Teli, T.S. Bhat, K.K. Pawar, S.S. Patil, N.S. Harale, J.C. Shin, 

P.S. Patil, Mn3O4 based materials for electrochemical supercapacitors: Basic principles, 

charge storage mechanism, progress, and perspectives, J. Mater. Sci. Technol. 130 (2022) 

227–248. https://doi.org/10.1016/j.jmst.2022.03.036. 

[5] D.J. Tarimo, K.O. Oyedotun, A.A. Mirghni, N. Manyala, Sulphur-reduced graphene 

oxide composite with improved electrochemical performance for supercapacitor applications, 

Int. J. Hydrogen Energy. 45 (2020) 13189–13201. 

https://doi.org/10.1016/j.ijhydene.2020.03.059. 

[6] R. Hassandoost, A. Kotb, Z. Movafagh, M. Esmat, R. Guegan, S. Endo, W. 

Jevasuwan, N. Fukata, Y. Sugahara, A. Khataee, Y. Yamauchi, Y. Ide, E. Doustkhah, 

Nanoarchitecturing bimetallic manganese cobaltite spinels for sonocatalytic degradation of 

oxytetracycline, Chem. Eng. J. 431 (2022). https://doi.org/10.1016/j.cej.2021.133851. 

[7] S.G. Krishnan, M.H.A. Rahim, R. Jose, Synthesis and characterization of 

MnCo2O4cuboidal microcrystals as a high performance psuedocapacitor electrode, J. Alloys 

Compd. 656 (2016) 707–713. https://doi.org/10.1016/j.jallcom.2015.10.007. 

[8] A.A. Lourenço, V.D. Silva, R.B. da Silva, U.C. Silva, C. Chesman, C. Salvador, T.A. 

Simões, D.A. Macedo, F.F. da Silva, Metal-organic frameworks as template for synthesis of 

Mn3+/Mn4+ mixed valence manganese cobaltites electrocatalysts for oxygen evolution 

reaction, J. Colloid Interface Sci. 582 (2021) 124–136. 

https://doi.org/10.1016/j.jcis.2020.08.041. 

[9] F.F. Alharbi, S. Aman, N. Ahmad, S.R. Ejaz, S. Manzoor, R.Y. Khosa, M.U. Nisa, 

M.A. Iqbal, S. Abbas, M. Awais, Design and fabrication of novel MnCr2O4 nanostructure: 

electrochemically deposited on stainless steel strip with enhanced efficiency towards 

supercapacitor applications, J. Mater. Sci. Mater. Electron. 33 (2022) 7256–7265. 

https://doi.org/10.1007/s10854-022-07909-3. 



 

170 

 

[10] L. Xiao, P. Yao, T. Xue, F. Li, One-step electrodeposition synthesis of Ni/NiSx@NF 

catalyst on nickel foam (NF) for hydrogen evolution reaction, Mol. Catal. 511 (2021) 

111694. https://doi.org/10.1016/j.mcat.2021.111694. 

 

 

 

 



 

171 

 

CHAPTER 5 

 

5.0. GENERAL CONCLUSION AND FUTURE WORK 

This chapter is about the overall conclusion of all the results and discussion which emanate 

from the preceding chapters. The chapter also looks into possible future work. 

 

5.1. General conclusion 

Cobalt nickel layered double hydroxide (CoNi-LDH) and its spinel and sulphur-reduced 

graphene oxide composites were fabricated successfully through processes based on 

electrodeposition. The micrographs, electrode thickness, chemical composition and structural 

properties were analysed using the scanning electron microscope (SEM) which also 

incorporated energy-dispersive X-ray spectroscopy (EDS), Transmission electron microscope 

(TEM), and Raman spectroscopy. The electrochemical analysis of the electrodes and the 

devices were all performed using 2 M KOH in three- and two-electrode configurations, 

respectively. 

CN and Hausmannite RGO-S (MO/RGO-S) were produced using cyclic voltammetry (CV) 

electrodeposition and galvanostatic electrodeposition, respectively, while RGO-S was 

produced using a modified Hummer’s method. CN showed a nanosheet-like morphology, 

while RGO-S and MO showed a mixture of nanoribbons and nanospheres. The TEM 

micrograms of the composite (MO/RGO-S@CN) showed the CN wrapped around the 

nanospheres and nanoribbons. The composite electrode (MO/RGO-S-50@CN) with an RGO-

S mass loading of 50 mg yielded an outstanding specific capacity of 582.1 mAh g-1 at a specific 

current of 0.5 A g-1. This was superior to all the other mass loading and the pristine CoNi-LDH 

proving the synergetic effect of materials with different charge storage mechanisms for 
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excellent electrochemical results. The fabricated asymmetric device (MO/RGO-S-

50@CN//CCBW) showed great electrochemical performances with a specific energy and 

power of 56.0 Wh kg-1 and 515 W kg-1 at 0.5 A g-1. It also revealed excellent electrochemical 

stability with a coulombic efficiency and capacity retention of 99.7 and 85.1 % after 10,000 

GCD cycles at 6 A g-1. These excellent results can be credited to the strength of the bond 

between the nickel foam current collector and the electrode material and the compatibility of 

the positive electrode with the biomass-activated materials in producing a high-performance 

supercapacitor device. 

To improve the specific capacitance of cobalt nickel layered double hydroxide (CN-LDH) 

without carbon materials, manganese cobaltite (MCO) was incorporated into a composite 

electrode (MCO-2.5@CN-LDH) using CV electrodeposition at a scan rate of 2.5 mV s-1. 

Manganese chromite (MnCr2O4) was produced using CV electrodeposition and annealing.  

Nanograins morphology was observed for MnCr2O4. This array increases the accessible surface 

area for ions and increases the specific capacity. This composite electrode yielded a 

phenomenal specific capacity of 415.9 mAh g-1 at a specific current of 1 A g-1. This was 

superior to the specific capacity of the individual electrodes which were 237.3 and 325.1 mAh 

g-1 for MCO-2.5 and CN-LDH, respectively. This demonstrated the benefit of the two materials 

for improved specific capacity. The composite also produced great stability with capacity 

retention and coulombic efficiency of 87.0 and 99.8 %. The presence of the MCO-2.5 

nanograins helped to assuage the restacking of CN-LDH to achieve this great stability. The 

composite electrode served as the positive electrode of a supercapacitor device (MCO-

2.5@CN-LDH//CCBW). The device showed a highly competitive performance with specific 

energy and power of 55.8 Wh kg-1 and 940 W kg-1 at 1 A g-1, respectively. It reached a high 

cell potential of 1.6 V. The stability of the device was remarkable with a coulombic efficiency 
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and capacity retention of 99.8 and 81.6 %. This is an important result proving a cost-effective 

way of synthesising electrode materials for use in high-performance supercapacitor devices. 

To further improve the electrochemical performance of cobalt nickel layered double hydroxide 

(CoNi-LDH) using a sustainable, cost-effective and safe approach, MnCr2O4 was used because 

of high electrical conductivity and multiple oxidation states.  The CV electrodeposition and 

annealing were used to synthesize MnCr2O4 − ϕ by varying the electrodeposition potential 

(ϕ = −1.0, −1.2 and − 1.4 V). MnCr2O4 − 1.2 V yielded the best electrochemical 

performance and was therefore used to synthesize the composite electrode, MnCr2O4-1.2 

V@CoNi-LDH. The SEM micrograms of the composite showed nanograins from MnCr2O4 −

1.2 V and nanosheets due to CoNi-LDH.  The electrode produced an outstanding performance 

with a specific capacity of 424.7 mAh g-1 at a specific current of 1 A g-1. The electrode also 

produced great stability with a capacity retention of 73.6 % after 5,000 galvanostatic charge-

discharge (GCD) cycles at a specific current of 9 A g-1. The electrode was incorporated into an 

asymmetric device (MnCr2O4 -1.2 V@CoNi-LDH//AMH) where AMH is the activated carbon 

from Amarula husk which operated as the negative electrode. The device yielded very 

competitive results with specific power and energy of 111.7 W kg-1 and 80.2 Wh kg-1, 

respectively at a specific current of 1 A g-1. The coulombic efficiency and capacity retention 

were 99.7 and 72.9 %, respectively after 10,000 GCD cycles at 9 A g-1. 

Among the most important parameters in comparing the electrochemical performance of 

energy storage devices are specific energy and power. The best visual tool for this comparison 

is the Ragone plot. The Ragone plot in figure 5.1 compares the specific power and energy of 

the three asymmetric devices in this thesis. All the tests were carried out in 2 M KOH in a two 

-electrode set-up. From the figure, CoNi-LDH based devices showed an outstanding specific 

energy and specific power. These results are a testimony of the contribution of carbon based 
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materials and bimetallic manganese based metal oxide in improving the conductivity of LDH 

materials leading to such phenomenal performances. 

 

Figure 5.1: Ragone plot of cobalt nickel layered double hydroxide (CoNi-LDH) devices for 

an asymmetric device. 

 

The electrodeposition synthesis method also played a very crucial role in attaining great results. 

This is due to the inseparable binding of active material with the substrate coupled with the 

absence of resistive polymeric binders. 

MnCr2O4-1.2V@CoNi-LDH//AMH had superior specific energy and a competitive specific 

power compared to the other devices. This is due to the many positive traits of MnCr2O4 such 

as more active oxidation states, Jahn-Teller distortion and higher electrical conductivity. These 

results, therefore, demonstrate the potential of the MnCr2O4-1.2V@CoNi-LDH synthesised 

using successive electrodeposition steps and annealing as a candidate electrode for high-

performance supercapacitor devices. In summary, the research has managed to provide a novel 

way to yield very high-performance devices through the utilisation of the successive 
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electrodeposition route to combine up to three materials which have different charge storage 

properties.  

 

5.2. Future work 

Proposed future work emanating from this study includes attempting to widen the operating 

voltages through experimenting with ionic liquids and a mixture of ionic and aqueous 

electrolytes at various mixing ratios while trying to maintain the high specific capacity and 

stabilities at room temperature.  

There are also prospects of using the same electrode material using flexible conducting 

substrates such as carbon fibres and solid-state electrolytes with a long-term goal of 

incorporating the supercapacitor device into wearable devices such as heart pacemakers. 

 

 

 


