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Abstract 

The aim and objectives of this work are to synthesize cobalt-based hydroxides and transition 

metal disulphides composites with carbon materials such as graphene foam and activated 

carbon by a facile and environmentally friendly hydrothermal technique for energy storage 

application. Because faradaic materials suffer from poor electrical conductivity and low 

electrochemical stability, while carbon materials are known to have good electrical 

conductivity and electrochemical stability, the combination of the two materials to make 

hybrid material should be able to improve the electrochemical properties of the composite 

material. Morphological, structural, surface area and compositions properties of the produced 

materials were evaluated and characterized using methods such as scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), X-

ray photoelectron spectroscopy (XPS), N2 adsorption-desorption isotherm (BET), Fourier 

transformation infrared spectroscopy (FTIR) and Raman spectroscopy. Electrochemical 

characterization involved cycling voltammetry (CV), galvanostatic charge-discharge (GCD), 

electrochemical impedance spectroscopy (EIS) and cycling life were carried out in two 

(asymmetric device) and three-electrode configurations using 6 M KOH aqueous electrolyte 

and they all showed excellent electrochemical performance. For instance the asymmetric 

devices based on CoA-LDH/graphene foam//AEG gave specific capacitance of 101.4 F g
-1

 

with a maximum energy density of 28 Wh kg
-1

 and a corresponding power density of 1420 W 

kg
-1 

at a current density of 0.5 A g
-1

 , VS2//AC gave specific capacity of 155 F g
-1

 and high 

energy and power densities of 42 Wh kg
-1

 and 700 W kg
-1

 respectively at current density of 1 

A g
-1.

and MoS2_150 mg GF //AEG gave high specific capacitance of 59 F g
-1

 with maximum 

energy and power densities of 16 Wh kg
-1

 and 758 W kg
-1 

respectively at a current density of 

1 A g
-1

 respectively . All these results showed the great potential of the hybrid materials 
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derived from the incorporation of cobalt based hydroxides and transition metal disulphides 

with carbon for supercapacitor application. 
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CHAPTER 1 

1.0 INTRODUCTION 

1.1 Background and General Motivation 

The high demand for energy is among the problems leading to the rapid depletion of fossil 

fuels, environmental pollution/deterioration, and global warming. Adequately addressing 

these problems through the design and development of alternative energy sources coupled to 

efficient energy storage and conversion devices have encouraged intensive research 

undertaken by the global scientific community. The latter devices must possess high energy 

and power densities, great cyclic stability with long operating lifetime for mitigating these 

serious environmental and energy issues [1]. Some common energy conversion and storage 

technologies already in use include fuel cells, batteries, and electrolytic capacitors. Batteries 

are the most widely used in many systems and are known to display high energy density due 

to the adopted bulk electrode material characterized by high capacity for charge storage. 

However, the nature of the electrochemical charge storing processes within the bulk of the 

electrode confines reaction kinetics via electron and ion transportation, thereby reducing the 

complete power delivery. 

Recently, supercapacitors (SCs) also known as electrochemical capacitors (ECs) have been 

discovered to be more suitable candidates for next-generation energy storage devices due to 

their moderate specific energy (~10 Wh kg
-1

), higher power density value (>10 kW kg
-1

), fast 

charge-discharge rate, as well as better cycle stability performance as compared to 

conventional batteries and electrolytic capacitors [2]. Supercapacitors have been employed in 

a variety of applications such as portable electronics, mobile communications, hybrid electric 

vehicles, memory backup systems and military devices, where high power density, excellent 

reversibility and long cycle life are highly required [2]. Nevertheless, the main constraint of 
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the state of art supercapacitor lies in their lower energy density compared with batteries. The 

capacitance and the cell voltage have the great impact on the energy density of 

supercapacitor. Although the energy density of supercapacitor is much higher than 

conventional dielectric capacitors, it is still lower than those of common batteries and fuel 

cells in use. Most of the commercially available supercapacitors have a specific energy 

density values less than 10 Wh kg
-1

 [3]. Therefore, there has been an increasing interest in 

energy storage research aimed at increasing the energy density of supercapacitor to be close 

to or even higher than that of commercial batteries. 

The electrode material plays an important part in improving the overall device performance 

and this remains a great challenge in finding unique and efficient electrode materials for this 

purpose. Hence, in order to increase the energy density of supercapacitors, further 

optimization of the capacitance and operating potential of the individual electrode materials is 

essential. This optimization lies in thoroughly understanding the basic physics and chemistry 

of the material electrodes adopted in fabricating the supercapacitor devices.  

Based on the mechanism of charge storage, supercapacitors can be divided into three types, 

namely electrical double-layer capacitors (EDLCs), faradic capacitors and hybrid capacitors. 

EDLCs store charges electrostatically through the reversible adsorption of the electrolyte ions 

onto the active materials surface via non-faradaic reactions, whereas faradaic storage 

mechanism results from the fast reversible redox reactions (reduction-oxidation reactions) at 

the electrode/electrolyte interface [4]. Hybrid capacitors are obtained from either making 

composites of the materials with different charge storage mechanism (EDLC- and faradic-

type behavior) or fabricating two distinct electrodes as positive and negative electrodes to 

form an asymmetric cell. For example, the device could be made from an EDLC-type and 

faradaic-type materials as the negative electrode and positive electrode, respectively. This 

offers the possibility of synergizing the advantages of both electrodes such as the high 
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electrical conductivity and stability of EDLC materials along with the high specific 

capacitance of faradic or pseudo-capacitance materials. The properties of the resulting hybrid 

device span between a supercapacitor and a battery [5]. 

In general, the main electrode materials for supercapacitors are carbon-based materials, 

transition metal oxides/hydroxides and metal chalcogenides materials. Carbon materials such 

as graphene [6], activated carbon [7], carbon nanotubes [8], carbon aerogels [9], carbide-

derived carbons (CDCs) [10], onion-like carbons (OLCs) [11] with unchanged 

physicochemical properties, good conductivity, relatively low cost, and tunable porous 

network can provide a long cycle life but relatively low energy densities which are 

detrimental for most EDLCs applications [12]. They can be used as the main materials in 

device electrode components or as part of a material blend forming composite electrodes in a 

supercapacitor. Graphene-based composites for example, adopted as possible supercapacitor 

materials possess a large advantage in supercapacitor applications due to their superior 

electrical conductivity, large specific surface area and chemical stability [13]. Graphene is a 

2-dimensional (2D) sp
2
-hybridized carbon sheet with one atom thickness and has attracted 

increasing attention because of its unique structure. The electrical conductivity of graphene 

(~64 m S cm
-1

), which is linked to the widespread conjugated sp
2
-carbon network, is about 60 

times greater than that of carbon nanotubes (CNTs) [22] and remains stable over a wide range 

of temperatures suitable for energy applications. Compared with other carbon-based 

materials, graphene shows high electrical properties. However, the restacking and 

aggregation, which is driven by the strong π-π interactions between the graphene sheets limits 

the electrochemical performance of graphene-based energy storage devices .Therefore, 

graphene and other forms of carbonaceous materials have been successfully incorporated into 

faradic materials to obtain hybrid composites with increasing conductivity as well as 

electrochemical properties [14,15]. 
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Activated carbon (ACs) are mainly used as the electrode material in electrochemical 

capacitors because of their good electrochemical stability, better porous nature low cost of 

preparation, high surface area (> 2000 m
2
 g

-1
), nontoxicity, environmental friendliness and 

high cycling stability [16]. Generally, the specific capacitance resulted from the electric 

double layer formed at the interface between the electrolyte and the internal surface of pore 

structure determines the specific capacitance (SSA) of electrodes [17]. However, although the 

high SSA constitutes a large space for storing ions, the complex network of pore structure 

may make difficulties for ion storage and transport mechanism, and also might increase 

diffusion distance and high ion transport resistance during the charge/discharge process [18]. 

These issues can poorly affect the high power capability of the supercapacitor performance. 

The porosity of activated carbon can be tailored to the desired pore size distribution by 

changing the activation process parameters or the type of the synthesis precursor [19]. It has 

been established that the carbonization and activation of carbon precursor in the presence of 

graphene, can form composites with better pore structure. 

Faradic materials such as metal oxides/hydroxides, transition metal chalcogenides and 

conducting polymer materials have proven to exhibit excellent specific capacitance as 

compared to the EDLCs carbon-based materials due to their fast, reversible electrosorption 

and redox processes taking place at or near the solid electrode surface.  

Several pseudocapacitor and/or faradic-type materials like the transition metal oxides/ 

hydroxides (tMOs and tM-OH)) [20], layered double hydroxides (LDHs) [21] and metal 

chalcogenides [22] have been developed for energy storage applications due to their stable 

nanostructures, high theoretical capacity, low preparation cost, environmental friendly nature, 

ability to conduct charges in fast and reversible faradic reactions at the electrode/electrolyte 

interface [23]. The morphology of these materials alongside their redox ability makes them 
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suitable candidates for use in ECs. Unfortunately, they are plagued with relatively low 

mechanical, low conductivity and low cyclic stability. 

Among transition metal oxides/hydroxides, cobalt oxide-based nanomaterials such as cobalt 

hydroxide carbonate and cobalt oxyhydroxide (CoOOH) have been widely adopted as the 

electrode material for supercapacitor due to their flexibility in tuning their structure and 

morphology to attain high specific capacitances [24,25]. Even so, cobalt oxyhydroxide 

(CoOOH) which is an active transition metal hydroxide material with a uniquely defined 

mesoporous nanosheet-like morphology and low conductivity, has been developed by 

researchers as a promising alternative electrode material for supercapacitor applications [26]. 

On the other hand, cobalt hydroxide carbonate has also been used as an electrode material for 

energy storage due to its controllable morphology done by adjusting the interaction properties 

between the positively charged layers and anions [27].  

In addition, other transition metal hydroxides such as layered double hydroxides (LDHs) 

containing double metals in a unique pattern have been widely adopted as interesting and 

promising electrode materials for supercapacitor application [20]. Transitional metal 

chalcogenides materials have also been considered for electrochemical energy storage 

applications due to their diverse chemical and physical properties [22]. For example, two-

dimensional (2D) layered transition-metal dichalcogenides (tMDs) have been extensively 

studied for applications in electrochemical supercapacitors due to their promising 

electrochemical performance, mechanical and thermal stability, cyclability and unique 

morphology [28]. Furthermore, layered transition-metal dichalcogenides (TMDs) 

nanostructures provide a much higher specific surface area as compared with bulk 

counterparts, which is advantageous for energy storage devices because of the possibility of 

improvement of the contact between the device and the interaction media [22]. Although 

(tMOs, tM-OH)) and (tMDs) exhibit higher specific capacitance and better cycling stability 
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as compared to the EDLC materials, their poor electrical conductivity and low accessible 

surface areas limit their use as supercapacitor electrodes. 

EDLCs still show a lower specific capacitance as compared to faradic-type capacitors which 

have much higher specific capacitance values of over 10-100 times, although the 

electrochemical stability of EDLCs is still way higher than the latter. Therefore, the design 

and synthesis of electrode materials with improved electrochemical and physical properties 

are some of the proposed factors which could lead to achieving high energy density and 

power density for supercapacitors. The poor electrical conductivity of the faradic materials as 

a result of the structural degradation of the electrode material during redox process adds to 

the poor stability recorded in faradic-type capacitors and this presents a challenge for their 

application as the sole materials for supercapacitor electrodes.  

It has been observed that modifying the faradic materials with more conductive and 

electrochemically stable carbon materials to form a composite material is one of the common 

and effective methods of increasing the conductivity of the combined electrode material as 

well as its electrochemical properties [29,30]. For example, the enhanced electron transport in 

graphene material is one of the reasons why most researchers adopt it as a material of choice 

in making composites with faradic materials applicable in charge storage devices.  

Lately, a recent study on the fabrication of reduced graphene oxide-based composites by 

introducing layered double hydroxides nano-platelets into the interlayer of graphene oxide 

nanosheets has been reported [21]. An enhancement in the electrochemical performance of 

the CoAl-LDH/rGO composite probably arose from the addition of porous and conducting 

graphene to the CoAl-LDH matrix which provides an enhanced electron transfer rate and 

improved structural support for the growth of CoAl-LDH nanoplatelets on the graphene 

sheets [21].  
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Numerous methods have been extensively carried out to synthesize graphene such as 

substrate-free-gas phase synthesis [31], liquid-phase exfoliation [32], mechanical exfoliation 

of graphite using scotch tape [33], unzipping of carbon nanotubes [34] and chemical vapor 

deposition (CVD) [35]. Amongst these methods, graphene synthesized by CVD offers better 

properties, such as the large crystal domains, mono- to few-layer structure and less defect 

concentration in the graphene sheets, which are beneficial in increasing carrier mobility for 

energy storage applications [36].  

Graphene foam (GF) nanostructure has been widely adopted in the synthesis of functional 

composite materials for energy storage [37]. CVD method is used to synthesize the 3D 

graphene foam nanostructures by using nickel foam (NF) as a growth template and catalyst. 

The as-obtained GF is characterized by a continuous conducting structure accompanied by a 

low density (~20 mg cm
-3

) which makes graphene foam an ideal support matrix for the 

growth of metal nanostructures leading to high surface area and high conductivity of the 

composite materials [37]. High conductivity GF obtained from CVD technique facilitates the 

fast electron transport between the active materials and the current collector.  

The combination of faradic materials with the graphene foam further improves the specific 

capacitance as the faradic materials work as the redox centers [38]. The improved 

supercapacitor performance of the composites is commonly attributed to the synergetic 

electrochemical performance effect of graphene and the other material components making 

up the composite. In another instance, certain faradic materials act as spacing agents to 

prevent re-stacking between the graphene sheets which on their own part offer an 

interconnected electrically conductive channel for fast charge transport and easy accessibility 

of electrolyte ions to the composite electrode. By doing so, it preserves the good performance 

of electrode even at a high charge-discharge current density [39]. 
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There are two main routes adopted for activated carbon synthesis for its large amount 

production with the high specific surface area: The physical and chemical activation methods. 

The physical activation process involves the carbonization of carbon-containing raw material 

followed by the activation of the resulting product in the existence of activating agents such 

as CO2 or steam.  

Chemical activation involves the impregnation of the carbonaceous raw material with 

activating agents such as phosphoric acid (H3PO4), potassium hydroxide (KOH), potassium 

carbonate (K2CO3), or Zinc chloride (ZnCl2). The impregnated materials are then heat-treated 

in an inert gas atmosphere at high temperatures to obtain the final AC products [40,41]. 

Activated carbons prepared by physical or chemical activation have wide pore size 

distribution from ultra micropores (˂ 0.7 nm), micropores (˂ 2 nm), mesopores (~ 2 - 50 nm) 

and macropores (> 50 nm). In general, chemical activation is usually preferred to physical 

activation due to the ability to actively control the material properties towards obtaining the 

desired product for a specific application [7]. 

Based on a different design pattern, carbon-based nanomaterials can also be combined with 

faradic-type (or pseudocapacitive) materials in a dissimilar electrode configuration to obtain 

asymmetric supercapacitors. The advantage of this design lies in combining the electrode 

material properties without altering the individual material electrochemical performance. 

Albeit, the previous technique of actively mixing materials with different charge storage 

mechanisms to produce a composite, also provides an avenue for harvesting other material 

properties in addition to those attributed to charge storage.  

The importance of fabricating an asymmetric cell is to use electrode materials which are 

stable in different operating potential range in the same electrolyte in order to increase the 

full cell voltage. The asymmetric supercapacitor combines the properties of the faradic-type 

material (as the positive electrode) with that of the electric double layer (as the negative 
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electrode) to increase the full cell voltage. Thus, this improves the energy density more 

effectively by providing a wider operating voltage window of the full SC device [42].  

In this work, a facile CVD method was used to synthesize 3D graphene foam nanostructures 

by using nickel foam (NF) as a substrate with subsequent acid etching. The GF product was 

then actively mixed in different mass proportions with faradic-type materials to obtain a 

graphene-based composite material.  

The activated carbon (AC) was also prepared by initial carbonization of the precursor 

materials with further chemical activation using KOH pellets before being used as a 

constituent in a composite material as well as the negative electrode for hybrid asymmetric 

supercapacitors due to the several advantages listed. 

1.2 Aims and Objectives 

The aim and objectives of this research study are as follows: 

 ·Preparation of 3D graphene foam from chemical vapor deposition (CVD) using the 

nickel foam (NF) template 

 Synthesis and characterization of activated carbon (AC) based on graphene foam and 

from expanded graphite 

 Study effect of growth time of hydrothermally grown cobalt hydroxide carbonates on 

its supercapacitor performance 

 Preparation and electrochemical investigation of the cobalt hydroxide 

carbonate/activated carbon nanocomposites for supercapacitor performance 

 Preparation of cobalt oxyhydroxide from CoAl LDH on Ni-GF template and its 

supercapacitor performance 

 Fabrication MoS2 and VS2 metal disulphide-graphene composites using hydrothermal 

technique with graphene in the different configurations such as nanostructured 
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graphene foam and nickel foam – graphene (NF-G) templates as current collectors 

for high-performance supercapacitor applications 

1.3 Thesis Structure 

The structure of this thesis can be summarized as follows 

 Chapter 1 presents an introduction to the electrochemical supercapacitor device 

concept and the techniques to improve the device performance. The aim and 

objectives of this research followed by the organization of the thesis are also included. 

 Chapter 2 presents the literature review on the working principles and electrode 

materials for electrochemical supercapacitor 

 Chapter 3 presents the synthesis and characterization techniques employed in this 

study 

 Chapter 4 presents the research results obtained and discussion of the results. A 

summary of the conclusions from each experimental result will be presented in 

different sections of chapter 4 

 Chapter 5 contains general conclusions from the entire thesis and details of the future 

work to be performed based on this research study 
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2 CHAPTER 2 

2.1 Literature Review 

Supercapacitors are energy storage devices that make use of high surface area electrode 

materials and thin electrolytic dielectrics to attain capacitance values that are greater than 

those of the conventional capacitors [1,2]. Due to high surface area and thin electrolytic 

dielectrics, supercapacitors are capable of accomplishing high energy densities as compared 

to conventional capacitors while maintaining high power densities as compared to batteries. 

The performance of a supercapacitor device as compared to other energy storage devices is 

shown in Fig. 2.1; known as the “Ragone plot”. This graph shows a clear comparison of the 

energy densities versus the power densities of these devices. From this graph, it can be seen 

that supercapacitor bridges the gap between conventional capacitors and batteries in terms of 

both power and energy densities. In other words, batteries are well known for their high 

energy densities but suffer from low power densities, whereas conventional capacitors 

display high power densities but suffer from low energy densities and supercapacitors have 

energy and power densities values comprised between those of these two devices as shown in 

Fig. 2.1. 
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Figure 2.1: Ragoneplot showing the energy density against power density for various energy storage 

systems [3]. 

Table 2.1 put into perspective some parameters of supercapacitors, batteries and conventional 

capacitors. Although supercapacitors have greater specific capacitance than conventional 

capacitors, they are yet to match the energy densities of batteries and fuels cells. To that 

regard, most of the current research is focusing on the development of cost-effective suitable 

electrode materials with high specific capacitance and large working potential, which will 

improve the energy density of the corresponding supercapacitor.  
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Table 2.1: Comparison of capacitor, supercapacitor and battery characteristics [4]. 

Parameters Capacitor Supercapacitor Battery 

Charge time 10
-5

-10
-3

 sec 1-30 sec  3-4 hrs 

Discharge time 10
-5

-10
-3

 sec 1-30 sec  1-5 hrs 

Energy density(W.h/kg) ˂0.1 1-10 20-100 

Power density (W/Kg) >10 000 1000-2000 50-200 

Cycle life >500 000 >100 000 500-2000 

Charge/discharge efficiency ~ 1.0 0.90~0.95 0.7~0.85 

 

Supercapacitors consist of two electrodes immersed in an electrolyte separated by a dielectric 

separator, as shown in Fig. 2.2. During charging, ions from the electrolyte move between the 

positive and negative electrodes. The positive electrode attracts negative ions, whereas the 

negative electrode attracts positive ions, thus, creating an electric field that permits the 

capacitor to store energy. The electrode/electrolyte interface can be regarded as conventional 

dielectric capacitor, with the capacitor C defined as the ratio of stored charge Q to the applied 

voltage V as defined in equation 2.1: 

V

Q
C 

            2.1 
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Figure 2.2: Schematic sketch of the charging-discharging process in the supercapacitor [5]. 

The two main characteristics of any energy storage devices are their energy and power 

densities. Energy density describes the amount of energy that can be stored while the power 

density describes how fast the energy stored is released. The maximum energy (E) stored and 

maximum power (P) for a capacitor are calculated using equation 2.2 and 2.3. 

2

2

1
VCE sp            2.2 

MR

V
P

s4

2

            2.3 

where   is cell voltage (in volts),     is the total specific capacitance of the cell (F g
-1

) and Rs 

is the equivalent series resistance (ESR) which consists of the electrode resistance, electrolyte 

resistance and resistance due to the diffusion of ions in the electrode pores and M is the total 

mass of the two electrodes. To achieve a supercapacitor with high performance, the essential 

requirements are high operating cell voltage, the large specific capacitance associated to low 

ESR value. These parameters are intimately related to the specific surface area, the pore size 

distribution and the conductivity of the electrode material. 
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The selection of the electrode material and also the electrolyte solution is critical in 

improving the performance of the supercapacitor. For a given electrolyte, the performance of 

the cell depends on upon the electrochemical performance of the electrode themselves. As a 

result, it is important to design electrode materials with suitable microstructure and required 

chemo-physical properties that support the enhancement of specific surface area and porosity. 

In other words, the electrochemical performance of an EC mostly depends on upon the 

performance of the two electrodes in the given electrolyte. Therefore, electrode material 

selection is a very important aspect affecting the supercapacitor performance. As shown in 

Fig. 2.3, electroactive materials that are ideal for supercapacitor should have good electric 

conductivity which can be improved by decreasing the size of the electroactive material-, 

larger specific surface area -which can be developed by producing nano-sized particles with 

micro, and mesoporous structure that facilitate good ion transportation , and appropriate ion 

transportation, which can be accomplished by arranged meso and macro porous electroactive 

materials with systematic pores for fast ions transportation at high rates.   
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Figure 2.3: Diagram presenting factors contributing to the good electrochemical performance of ECs 

materials. 

2.2 Storage Mechanism of Supercapacitor 

Supercapacitors device can be divided into three types depending on the charge storage 

mechanism, namely: electrical double-layer capacitors (EDLCs), faradaic capacitors and 

hybrid systems as shown in Fig. 2.4. Each class is characterized by its distinctive mechanism 

for storing the charge as explained in the introduction of this work. This section will present 

an overview of each of these three classes of supercapacitors and their subclasses with 

distinguished electrode materials. Although the classification is based on the type of 

electrodes used, it also controls the way in which charges are generated and stored.  
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Figure 2.4: Chart showing the different types of supercapacitors. 

 Electrical Double-Layer Capacitors (EDLCs) 2.2.1

In EDLCs, the charge is stored electrostatically through the accumulation of the electrolyte 

ions onto the surface of the active materials and thus forming a double layer at the 

electrode/electrolyte interface as shown in Fig. 2.5. EDLCs electrodes are based on carbon 

materials. During the process of charging, cations travel towards the negative electrodes 

while anions accumulate near the positive electrode surface. For that reason, energy is stored 

in the electric double-layer interface [6]. When the charges are released, the reverse process 

takes place within the electrolyte. There is no transfer of charge between the electrolyte and 

electrode or no ion exchanges occur between the electrode and the electrolyte and the storage 

of electric charge and energy is mostly electrostatic in nature [7]. This indicates that the 

electrolyte concentration remains constant during the charging/discharging processes.  
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Figure 2.5: Schematic of EDLC based on porous carbon electrode material [3]. 

This double-layer capacitance was first proposed by von Helmholtz in the 19
th

 century 

describing the distribution of opposite charges at the interface of colloidal particles [8]. The 

Helmholtz double layer model states that two adjacent layers of opposite charges are 

produced and focused at the electrode/electrolyte interface representing the conventional 

parallel plate capacitor. Ions of opposite sign diffuse through the electrolyte to form a 

condensed layer in a plane parallel to the electrode surface ensuring charge neutrality which 

is called electric double layer (EDL) as shown in Fig. 2.6 (a) 
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Figure 2.6: (a) Helmholtz, (b) Gouy-Chapman and (c) Stern-model of the electric double layer 

formed at a positively charged electrode in an aqueous electrolyte [9]. 

The capacitor can be described according to equation 2.4 below. 

d

A
C r0

           2.4
 

where C is the EDL capacitance (F g
-1

), 0  is the dielectric constant or permittivity of 

electrolyte ( 0  =8.854 ×10
-12

 F m
-1

), r  is the relative permittivity of the dielectric 

electrolyte, A is the specific surface area (cm
2 

g
-1

) and d is the distance between the centers of 

the ions and the porous electrode surface.  

This capacitance model was later refined by Gouy and Chapman by suggesting a constant 

distribution of electrolyte ions (both cations and anions) in the electrolyte solution, 

determined by the thermal motion which is described as the diffuse layer, as shown in (Fig. 
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2.6 (b)) [10]. Nevertheless, the Gouy-Chapman model overestimated the EDL capacitance 

since capacitance of two separated arrays of charges increase inversely with their separation 

distance and a very large capacitance value would be obtained in the case of point charge ions 

close to the electrode surface [11]. Later, Sterns in 1924 proposed a model by combining the 

Helmholtz and Gouy-Chapman models by taking into account the accumulation of the ions 

close to the electrode surface and the hydrodynamic motion of the ionic species in the diffuse 

layer (Fig 2.6 (c)) [12]. These two layers are equivalent to two capacitors in series:    

and   . The total capacitance of the electrode (CDL) is given by the following equation: 

DHdl CCC

111
            2.5 

where dlC  is the capacitance in the EDL from two regions.    is the Helmholtz capacitance 

arising from the compact double layer and    is the diffusion capacitance arising from the 

diffusion region of the double layer capacitance. Different forms of carbon materials that can 

be used in EDLC electrodes are graphene, activated carbons, carbon nanotubes and carbon 

aerogels.  

 Faradaic Capacitors 2.2.2

In faradic capacitors, most of the charge is transferred at the surface or in the bulk near the 

surface of the solid electrode material. Therefore, the interaction between the solid material 

and the electrolyte consists of faradaic reactions, which can be designated as charge transfer 

reactions.  

The charge in these reactions is voltage-dependent resulting in the faradaic capacitors. The 

electrochemical charge storage in faradaic capacitors occurs based on certain faradic 

mechanism such as electrosorption, reduction-oxidation reactions and intercalation as shown 

in Fig 2.7 [13]. Electrosorption underpontential deposition takes place when the electroactive 
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species from the electrolyte gets adsorbed on the surface of the electrode and undergoes 

redox reaction at particular potential. One example is the deposition of lead on the surface of 

a gold (Au) electrode [14]. The reduction-oxidation process occurs when ions are 

electrochemically adsorbed on the surface or near the surface of an electrode material with 

associated faradaic charge transfer. Intercalation process involves the insertion of ions into 

the tunnels or layer of redox active material accompanied by a faradaic charge transfer with 

no crystallographic phase change [15]. These processes may allow faradaic capacitors to 

achieve greater capacitance and energy density than EDLCs, since the electrochemical 

process occur both on the surface and in the bulk near the surface of the solid electrode. 

Reactions that results in faradaic charge transfer process are mainly of redox type similar to 

battery materials. The difference between materials suitable for faradaic and batteries remain 

in the surface reactions. Faradaic materials are based on kinetic behavior, while the battery 

materials utilize the bulk solid state to store energy. Furthermore, reactions that occur at the 

surface of the electrode are limited by the surface available and not by solid-state diffusion 

and then display high rate capability whereas battery materials are limited by the solid-state 

diffusion within the cathode and the anode inhibiting its power capability [15]. Faradaic 

charge storage can be intrinsic or extrinsic to the materials. Intrinsic faradaic materials are 

those which show redox capacity for a broad range of particle sizes and morphologies[16]. 

These are materials such as MnO2 , Nb2 O5 and RuO2.nH2O [17–19] . While the extrinsic 

materials during ion storage do not exhibit any faradaic in the bulk state due to phase 

transformations, these materials increase the surface area through nanostructure to enhance 

high-rate behavior due to a decrease in diffuse distances [16]. Example of widely used 

extrinsic faradaic material is LiCoO2 [20]. 
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Figure 2.7: Different types of reversible redox mechanisms that give rise to faradaic (a) 

electrosorption underpotential deposition, (b) redox and (c) intercalation [15]. 

The faradaic electrode materials commonly used are transition metal oxides/hydroxides, 

conductive polymers and transition-metal dichalcogenides. Hydrous ruthenium dioxide 

(RuO2) was the first faradaic electrode materials discovered in 1971 and has been extensively 

studied [21]. Ruthenium oxide (RuO2) especially in its hydrated form (RuO2.xH2O) is 

considered to be the most advantageous electrode material due to its high theoretical specific 

capacitance (about 1000 F g
-1

), good thermal stability, high rate capability, metallic-type 

conductivity, long cycle life, high reversible redox reactions and high proton conductivity 

[22]. The faradaic behavior of both amorphous and crystalline forms of ruthenium oxides 

have been widely studied in the different acidic electrolyte. It was revealed that amorphous 

hydrous ruthenium oxide ).( 22 OxHRuO displays a much higher specific capacitance of 720 

Fg
-1

 than anhydrous ruthenium oxide [17]. This was attributed to the mixed proton-electron 

conductivity within OxHRuO 22. , as the superficial redox transitions of ruthenium oxide 

consist of proton and electron double injection/expulsion according to the following equation. 
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  yxyx OHRuOeHOHRuO )()(       2.6 

where yx OHRuO )( and   yx OHRuO )( signifies the interfacial oxyruthenium species at 

higher and lower oxidation states. When Ruthenium oxide is used as an electrode material, a 

series of redox process occur, resulting in the variation of oxidation state among the Ru
4+

, 

Ru
3+

, and Ru
2+

. The good conductivity, larger surface area and rapid proton transport all 

contribute to the rapid and reversible faradaic reactions with high capacitance. Hu et al 

reported specific capacitance of 1300 F g
-1

 for a pure bulk nanostructured OxHRuO 22.

electrode [23]. The higher electrochemical performance of OxHRuO 22.  is related to its 

tailored nanotubular arrayed porous architecture with metallic conductivity as well as 

hydrous nature. As shown in equation (2.7) the reversible redox reactions depend on both 

proton exchange and electron-hopping process. The tubular arrayed porous structure and 

metallic conductivity provided an operative pathway for electrolyte and electron 

transportation. Additionally, Long et al reported that hydrous nature of OxHRuO 22.  confirms 

a high rate of proton exchange because the surface of the hydrous oxide reflected to be a 

proton liquid [24]. Therefore, the considered nanostructure is a promising electrode for 

supercapacitor. However, commercial application of ruthenium oxide is obstructed due to its 

high cost, low porosity and toxic nature. Alternatively, other faradaic materials which are cost 

effective in production, have low toxicity and are environmental friendly have been 

considered for supercapacitor application. Other transition metal oxides, metal hydroxides, 

layered double hydroxides (LDHs) and metal chalcogenides have been explored and will be 

explained in coming sections. Although faradaic capacitors offer much higher energy density 

compared to a EDLCs, they usually suffer from relatively lower power density than EDLCs 

because the redox electrodes typically have poor electrical conductivity and faradaic 

processes are generally slower than non-faradaic processes. Additionally, they often sustain 
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poor stability during cycling owing to redox reactions. Therefore, it has been established that 

the composites of these metal hydroxides, layered double hydroxides and metal 

chalcogenides with carbon materials to form so-called hybrid materials enhance the charge 

transfer of the faradaic materials. 

 Hybrid Capacitors 2.2.3

Hybrid capacitors combine two electrodes with different charge storage behavior, one 

electrode being an EDLC (non-faradaic) and the other being faradaic material in order to 

attain better performance. Utilizing both faradaic and non-faradaic processes to store charge, 

hybrid capacitors have attained energy and power densities greater than EDLCs with higher 

cycling stability that has limited the success of faradic capacitors. Research has focused on 

three different types of hybrid capacitors, distinguished by their electrode structure, namely 

composites, asymmetrical, and battery-like hybrids respectively as shown in Fig. 2.4. 

2.2.3.1 Composite Hybrid 

Composites electrodes incorporate EDLCs (non-Faradaic) materials with faradaic materials 

and combine both chemical and physical charge storage together in a single electrode. 

Therefore fabrications of composites by using carbon as a support for faradic materials not 

only increase the effective utilization of the active materials, but also improve the electrical 

conductivity and mechanical strength of the composite materials. Carbon has been used with 

other faradaic materials in order to increase the contact between the faradaic material and the 

electrolyte, but also to increase the composite electrodes capacity through faradaic reaction. 

Carbon materials provide interconnecting mesostructured supports that can facilitate good 

nanoparticle dispersion and electron transport. Carbon materials such as graphene, activated 

carbon and carbon nanotubes are widely used for this purpose.  
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2.2.3.2 Asymmetric Hybrids 

In an asymmetric supercapacitor, two different electrodes based on different charge storage 

mechanism are used. This configuration has increased attention because it has shown to reach 

higher energy density while maintaining high power density of the device [95]. This is 

achieved by using different types of materials as electrodes that work in different 

electrochemical potential window ranges within the same electrolyte. As a result, this will 

increase the device potential and subsequently its energy density [25]. Carbon-based 

materials such as activated carbon (AC), carbon nanotubes (CNTs), graphene [26,27] are 

frequently used as the negative electrodes of asymmetric supercapacitors due to their stability 

in the negative potential region, good electronic conductivity, large surface area and 

relatively low-cost [28]. Various transition metal oxides, transition-metal dichalcogenides 

and conductive polymers  are mostly used as positive electrodes due to their fast and 

reversible electron exchange reactions at the electrode interface which contribute to the high 

power densities and high capacitance of asymmetric supercapacitors [29,30]. Activated 

carbon (AC) is the most suitable negative electrode material adopted for asymmetric 

capacitors due to the numerous merits listed above but also due to its facile preparation 

process [31,32]. 

2.2.3.3 Battery-type Hybrid 

Comparable to asymmetric, battery-type combine two different electrodes. In other words, it 

is a combination of an EDLC and battery materials, for example, lead dioxide, LTO 

(Li4Ti5O12) and activated carbon as the other [33,34]. This particular configuration reflects the 

demand for higher energy supercapacitors and higher power batteries, combining the energy 

characteristics of batteries with the power, cycle life, and recharging times of supercapacitors.  
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2.3 Electrodes Materials for Supercapacitor  

The performance of supercapacitor is determined by the combination of the nature of the 

electrodes and electrolyte used. Supercapacitors are mostly classified through the electrodes 

used. In general, electrode materials including carbon materials, conducting polymers and 

transition metal oxides and their composites have been used for supercapacitor [11]. The 

electrode materials showing either EDLC or faradaic behaviour each have their particular 

advantages and disadvantages [35]. Some properties that are required by a material for EC 

application are listed as follows: 

 Cycling capability (>10
5
) and resulting high stable cycle life 

 Lack of functional groups to undergo an irreversible redox process along the material 

surface 

 High specific surface area to develop the electric double layer, in the range of (1000-

2000 m
2
g

-1
) 

 Thermodynamic stability beyond the potential window of operation 

 Controlled pore size distribution to develop high capacitance while minimizing 

internal resistance. 

 Surface wettability of the electrolyte 

 Mechanical reliability for its integration into a practical electrochemical capacitor 

(EC)  cell 

 Electrode Material for EDLC Supercapacitors 2.3.1

2.3.1.1 Carbon-based materials 

Different forms of carbon materials that can be used to store charge in EDLC electrodes such 

as carbon nanotubes, activated carbon, carbon nanofibers and graphene have been intensively 

studied in recent times due to their unique structural and morphological properties [35]. A 
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wide range of structures is attainable as a result of four crystalline allotropes of carbon, 

including diamond (sp
3
 bonding), graphite (sp

2
), fullerenes (distorted sp

2
) and carbide (sp) 

[36]. The important factors influencing the electrochemical performance of carbon materials 

are the specific surface area, pore-size distribution, pore shape and structure, electrical 

conductivity, and surface functionality. 

 Graphene  a)

Graphene is a promising candidate as electrode material for EDLC supercapacitor. Due to its 

unique hexagonal lattice structure (Fig 2.8), graphene exhibit appealing properties which 

were already discussed in chapter 1. Graphene layer can be considered as the basic building 

block for carbon materials of all allotropic dimensionalities such as 0D fullerene, 1D 

nanotubes and 3D graphite as shown in Fig 2.8. Experimental synthesis, firstly done by Geim 

and Novoselov et al. in 2004, has enticed wide interest because of its unique two dimension 

(2D) structure [37]. The electrical conductivity of graphene is high; it has excellent 

mechanical, chemical and electrical properties. However, graphene suffers from irreversible 

capacity loss due to the re-stacking of the graphene sheets because of their strong π-π bond 

interaction between the neighboring sheets, leading to inter-sheet resistance, decrease in the 

accessible of surface area for electrolyte ions, resulting to low specific capacitance for the 

pristine graphene electrode. Furthermore, 2D pristine graphene sheets also show several 

limitations for their direct applications, arising from zero band gaps, propensity of 

aggregation and poor diffusion in common solvents, which lessen the accessible surface 

areas, perimeter electron and ion transportation and thus modest improvement in the cell 

performance. Also disordered nanocomposite films containing aggregated graphene makes it 

difficult for ions to gain access to the electrode surface and therefore become a challenge 

[38].  
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Figure 2.8: Graphene building block for carbon materials with different dimensionalities [39] . 

To avoid the re-stacking of graphene sheets, composites made of graphene and faradaic 

materials seem to be a good solution. This is beneficial for both materials because of their 

synergistic effect. Faradaic materials prevent graphene from re-stacking, and hence increase 

the available surface area. Graphene helps the formation of nanostructured faradaic materials 

with uniformly dispersed and controlled morphologies, suppressing the volume change and 

agglomeration of faradaic materials. Most results on graphene-based nanocomposites have 

been achieved by incorporating various nanostructures. Here will give examples of such 

reports for Co based oxides/hydroxides and metal chalcogenides which are the materials of 

the interest in this study. 

For example Zhang et al. reported a synthesized porous CoAl-layered double 

hydroxide/graphene composite by simple gas-liquid interfacial method .The composites 

provided the specific capacitance of 479.2 Fg
-1

 at current density of 1 Ag
-1

 with enhanced 

capacitive performance for supercapacitor. The improvement in the CoAl-layered double 

hydroxide/graphene was attributed to homogeneously attachment of CoAl-LDHs crystallites 
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to conductive graphene [40]. Huang et al. also synthesized CoAl-LDHs on graphene oxide 

nanosheets by hydrothermal method, explaining the growth mechanism and final application 

as electrodes for electrochemical capacitors. The formation of CoAl-LDHs platelets on 

graphene nanosheets prevent the restacking of the as-reduced graphene nanosheets which 

contribute to the improvement of specific capacitance of LDHs [41]. Wang et al. synthesized 

Co-Al LDH-NS/GO by mixing Co-Al LDH-NS dispersed in the formamide and GO 

dispersed in water as electrode materials for supercapacitor in which they showed an 

improved electrochemical performance as a result of the incorporation of graphene oxide 

nanosheets [42]. In another report, Fang et al. provided a complete study of microwave-

assisted synthesis of CoAl-layered double hydroxide/graphene oxide composite The results 

exhibited a high specific capacitance of 772 Fg
-1

 at 1 Ag
-1

 which shows fabrication of 

graphene oxide and CoAl-LDH enhanced their contact area and electron transport between 

active materials and charge collector [43]. Ramachandran et al. have prepared Co9S8-

graphene composites by a simple chemical route. In their work, they provided a maximum 

specific capacitance of 808 Fg
-1 

 at scan rate of 5 mVs
-1

 with 9 wt% graphene loading .The 

composite electrode showed enhanced specific capacitance due to contribution of high 

electrical conductivity of graphene and Co9S8 [44]. da Silveira Firmiano et al also reported 

MoS2 deposited by microwave heating on a reduced graphene oxide with different 

concentrations of MoS2 loaded on graphene oxide. In their work, they produced a specific 

capacitance of 128, 265 and 148 Fg
-1

with low, medium and high concentration of MoS2 The 

good capacitive behavior was due to the combination of faradic and non-faradic process of 

active MoS2 layers coupled with high conductive graphene sheets [45] . Recently Patil et al 

synthesized MoS2/GO composites using facile electrophoretic deposition method. In their 

study, they provided a high specific capacitance of 613 Fg
-1

 with the energy density of 23 Wh 

kg
−1

 and power density of 17 kWkg
−1

at scan rate of at 25 mVs
-1

. The improved 
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supercapacitive performance of MoS2/GO composites arises from the synergistic support 

between graphene and MoS2 nanosheets. 

During the past years, numerous methods have been established to synthesize graphene such 

as substrate-free-gas phase synthesis [46], liquid-phase exfoliation [47], mechanical 

exfoliation of graphite using scotch tape [48], unzipping of carbon nanotubes [49] and 

chemical vapour deposition(CVD) [50], as shown in Fig 2.9. To further increase the 

performance of graphene as electrode in supercapacitor, three-dimensional (3D) structural 

design of graphene (e.g. foams, networks, gels), that could mitigate the poor ionic and 

electronic transport in the electrode materials, resulting in high performance devices have 

been recently established [51,52]. 

 
 

Figure 2.9:A schematic showing the conventional methods commonly used for the synthesis of 

graphene along with their key features, and the current and future applications [53]. 
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So far various synthesis strategies for 3D graphene have been developed including hydrogels 

and aerogels [54,55], graphene sheets for 3D sponges [56] and foams [57] and the direct 

synthesis via chemical vapour deposition (CVD) for 3D graphene foams [58,59]. Among all 

the methods, the preparation of graphene by CVD method has drawn tremendous attention. 

Cheng et al. synthesized 3D graphene on nickel foam by CVD, which showed good 

mechanical and electrical properties [58]. The 3D graphene not only retained the intrinsic 

properties of graphene but also offer high specific surface area, good mechanical strength, 

and excellent electrical conductivity and also exhibits fast transfer of electrolytes ions. 3D 

Graphene-based materials have been widely investigated as a conducting template to support 

the redox reaction of transition metal oxides [60], metal hydroxides [61], layered double 

hydroxides (LDHs) [61], metal chalcogenides [29] and conducting polymers[62]. This 

process facilitates the diffusion of metal oxides/hydroxides and metal chalcogenides 

nanoparticles and the foam acts as a highly conductive matrix to enhance the cycling 

properties and rate performance. Graphene also has a chemical resistance appropriate for use 

as a substrate and can be employed to develop composites by incorporation of faradaic 

materials to further enhance the energy density. In this thesis, we will focus on CVD grown 

3D graphene foam electrode. 

 Carbon nanotubes b)

Carbon nanotubes (CNTs) have attracted a great deal of attention in supercapacitor 

application due to superior electrical properties, unique pore structure and good thermal and 

mechanical stability [63–65]. These nanostructured materials which can be classified as 

single-walled carbon nanotubes (SWNTs) or multi-walled carbon nanotubes (MWNTs), keep 

a high electrical conductivity and great mechanical and thermal stability, which are 

advantageous properties for characteristically high power, exceptionally stable 
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electrochemical capacitors. Their use as a pure electrode materials can results in a specific 

capacitance that range between 15 and 200 F g
-1

, which is mainly affected by their production 

procedure, that influences their morphology and purity [66]. The tube entanglements can 

result in an irregular pore distribution that both decrease the mobility and availability of ions 

through the material. This effect was reported by Futaba et al. using arranged carbon 

nanotubes with larger organic electrolyte ions to achieve high energy density of 35 Whkg
-1

 

and a lower operation resistance compared with an entangled network [67]. The active 

surface area can be increased using chemical activation techniques, but this process can affect 

the electrical conductivity and the stability and hence there is a need for further optimization 

to make sure that an overall performance enhancement is achieved. CNT together with 

carbon aerogel have been used to develop a composite through the uniform distribution of the 

aerogel into the CNT matrix. This was accomplished without affecting the unique properties 

of the matrix to produce a composite with a high specific surface area of 1059 m
2
 g

-1
 and 

large specific capacity of 524 Fg
-1

 [68]. However, the difficulty in preparing this material is 

an important drawback regarding commercial product [68]. The commercialization CNT 

based EDLCs faces the challenge of improving the restricted energy density of the material 

by means of a low-cost procedure of producing high quality mass production of CNTs.  

 Activated carbon c)

Amongst carbon-based materials, activated carbon (AC) is the mostly used electrode material 

in commercial supercapacitor due to the well-developed manufacturing technologies of its 

porous structure, high specific surface area, and easy production in large quantities at low 

cost, its electrochemical stability and its high electrical conductivity. Activated carbon 

consists of a variety of materials ranging from an amorphous carbon to ordered graphite. 

Activated carbon can be produced using either physical and chemical processes or a 
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combination of both with various carbonaceous precursors such as coconut shells [69], pine 

tree, rice husk [70], cigarette filter peat [71], coal, yeast cells [72], seaweeds [73], hemp basts 

[74] and wood sawdust [75].  

The physical activation process consists of gasification of the carbon produced from 

carbonization at elevated temperature (up to 1200
°
C) with an oxidizing gas such as air, O2, 

CO2, argon, steam or their mixture to generate pores. Chemical activation process is usually 

carried out at relatively low temperatures (400 to 800 
°
C) with an activation agent such as 

such HNO3, KOH, H3PO4, NaOH and ZnCl2. During the chemical activation process, 

carbonization and activation are done via thermal decomposition of the precursor soaked with 

a activating chemical. This increases the porosity and the specific capacitance of the material 

which removes disordered carbon from the structure in an oxidizing atmosphere, where large 

variety of carbonaceous can be converted into activated carbon. The properties of the 

activated carbon depend on the nature of the activating agent, the nature of the raw material 

used and the condition of the activation process. Activated carbon materials produced using 

the activation methods have different pore size distributions including micropores, (< 2 nm), 

mesopores (2- 50nm) and macropores (> 50 nm) to achieve high specific surface area as 

show in Fig. 2.10. With the use of aqueous and organic electrolytes, capacitance values 

ranging from 150 to 300 Fg
-1

 were obtained from using AC as electrode material [76]. The 

difference in capacitance observed through the use of distinct electrolytes is due to the 

relation between pore and ions size, where organic ions are larger than their aqueous 

counterparts and thus cannot penetrate the pore volume.  
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Figure 2.10: Schematic diagram of the pore size network of an activated carbon [77].  

High capacitance of an AC derived from a highly functionalized pitch was achieved by 

Alonso et al. (400 Fg
-1

), and this result was attributed to the high KOH/C ratio, furthering the 

degree of chemical activation to improve the surface area. Zhai et al. reported controlled 

adjustment to the microcrystallinity and subsequent pore size distribution through pre-

carbonization treatments, including a reduction in pore size ranging from 1.5 to 2.4 nm. 

Morphological effects from pyrolysis and carbonization treatments and pre-carbonization to 

any subsequent faradaic contribution are both important factors that affect the resulting 

capacitive ability of the material. Wettability as an important factor to increase the accessible 

surface of ACs which be improved through surface fictionalization, enhancing the attraction 

between the electrolyte and carbon [78]. Despite a wide choice of precursors for the 

production of AC, the improvement in capacitance is based on the enhancement of the 

surface area, the porosity and the structure through activation techniques, as well as the 

optimization of functional groups so that conductivity and operational stability is not 

compromised.  
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2.4 Electrode Materials for Faradaic Supercapacitors 

Faradaic electrodes materials offer high energy density than carbon materials, and better 

electrochemical stability than conducting polymer materials. Several faradaic materials like 

transition metal oxides [60], metal hydroxides [79], layered double hydroxides (LDHs) [61] 

and metal chalcogenides [29] have been developed for energy storage applications. 

 Transition metal oxide/hydroxide 2.4.1

Transition metal oxides or hydroxides are considered to be suitable candidate for 

electrochemical capacitor due to their high specific capacitance, great flexibility in structure 

and morphology, together with very low resistance resulting in high specific power, quick 

and reversible redox reactions involved in the charge storage/delivery process, making them 

very attractive for commercial applications. Among the transitional oxides, ruthenium oxides 

and manganese oxide are the most promising electrode materials which show 

pseudocapacitance behavior, due to its long life cycle, high conductivity, high specific 

capacitance, good electrochemical reversibility and high rate capability [80–82]. These 

materials have the electrochemical signature of capacitive electrode such as observed in 

EDLCs materials, that is displaying a linear dependence of the charge-discharge curves as 

function of time, however the charge storage originates from different reaction mechanisms 

from that EDLCs [83].The capacitance of ruthenium oxide is obtained through the insertion 

and de-insertion, or intercalation of proton into its amorphous structure.  

Similarly, over the past few decades transitional metal hydroxide nanostructures with 

different morphologies ranging from nanowires to nanosheets have also been fabricated and 

tested for supercapacitor applications. These materials exhibit faradaic behaviour because of 

involving quick redox reactions for charge storage and are normally called battery like 

materials. 
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Among other transition metal oxides, cobalt –based hydroxides such as cobalt hydroxide [84] 

carbonate, cobalt hydroxide [85–87] and cobalt oxyhydroxides [88] have attracted major 

research interests as electrode material for energy storage in supercapacitor due to their low 

cost, environmental friendliness, high aerial capacitance (25 F cm
-2

) based on high mass 

loading [89] and cycling stability up to 10 000 cycles [90]  

The oxidation mechanism between different cobalt compounds is crucial, based on the 

synthesis methods which results into different phases such as cobalt hydroxide, cobalt 

hydroxide carbonates and cobalt oxyhydroxide [91]. The oxidation mechanism is relevant to 

the electrochemical cycling rate and stability as well as the thermal stability of the electrodes.  

2.4.1.1 Cobalt based electrode materials 

Cobalt hydroxide has arisen as a promising alternative faradic electrode material for 

supercapacitor application due to its low cost, good resistance to corrosion, layered structures 

with large interlayer spacing, environmental friendliness and well-defined redox activity and 

the possibility of enhanced performance through different preparation methods [92,93]. 

Cobalt hydroxide has a hexagonal-layered structure which can be divided into α and β-Co 

(OH) 2, where α- Co (OH) 2 has a better capacitive performance because of its larger 

interlayer spacing compared to β-Co (OH) 2. The possible reactions mechanism can be 

expressed by equation 2.7 and 2.8 below [94]. 

  eOHCoOOHCoOOH 22        2.7 

  eOHCoOOHOHOHCo 22)(        2.8 

The theoretical specific capacitance of Co(OH)2 is about 3600 - 3700 F g
-1

 and practical 

specific capacitance can reach a high rate [95].The capacitive performance of the electrode 

materials strongly depends on the morphology, and as a result also on the specific surface 
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area. Therefore, hierarchical structures of Co(OH)2 such as flowerlike shapes [96], nanocone 

arrays [97], mesoporous nanowires [98], nanoflake films [99], coral-like shapes [100] and 

hollow core-shell structures were fabricated and developed for electrochemical capacitor 

applications. Surfactant content, ion concentration, the reaction temperature and aging play 

significant role in the size and morphology of Co (OH) 2 nanocrystals. The surface of Co 

(OH) 2 structures displays randomly distributed, interconnecting configurations, resulting in a 

network-like structure with many cavities between the adjacent blocks. The high specific 

surface area and numerous pores in the Co (OH) 2 can facilitate the penetration of electrolytes, 

and thus contribute to the excellent capacitive properties. Chanchal et al. demonstrated the 

fabrication of porous 3D β-Co (OH) 2 nanoflower at room temperature. The 3D β-Co(OH)2 

nanoflower demonstrated an enhanced supercapacitor with a specific capacitance of 416 F g
-1

 

at 1 A g
-1

 current density. The porous nanostructure with high surface area facilitates the 

contact and transport of electrolyte, providing longer electron pathways and therefore giving 

rise to highest capacitance in nanoflower morphology [101]. Cao et al. also prepared Co 

(OH) 2 nanocone arrays by facile hydrothermal method. The Co (OH) 2 nanocone arrays 

display a specific capacitance of 562 F g
-1

 at 2 A g
-1

 and good cycling stability. The improved 

electrochemical capacitive performance is due to the porosity and large surface area of the 

porous 1D array architecture [97]. Xue et al. investigated the influence of electrochemical 

parameters and heat treated temperature on mesoporous Co (OH) 2 nanowires structure and its 

electrochemical behavior. The Co (OH) 2 nanowires structure provided a specific capacitance 

of 993 Fg
-1

 at 1 Ag
-1

 current density [98]. 

Cobalt oxyhydroxide (CoOOH) is another faradaic material with controlled morphology in 

micrometer/nanometer scale [102,103]. Layered hydroxide cobalt acetate (LHCA) were first 

prepared by chemical bath deposition (CBD) method, the as-synthesized LHCA films were 

then transformed to CoOOH by alkaline treatment [102]. This CoOOH retains the specific 
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capacitance of 200 F g
-1

 at a scan rate at 10 mV s
-1

, because of its relatively low conductivity 

[102]. To improve the ionic transport and electrical conductivity, composites of CoOOH and 

carbon materials were considered. Zheng et al. synthesized carbon nanotubes/cobalt 

oxyhydroxide nanoflake through electrodeposition method. The multi-walled carbon 

nanotubes provided a large surface area for the deposition of CoOOH layer that facilitated the 

transportation of the electrolyte ions, resulting in improved capacitance performance of 

CoOOH to 389 F g
-1 

[88]. Zhu et al. also synthesized composites of CoOOH nanoplates with 

conducting multi-walled carbon nanotubes by hydrothermal-oxidation two-step method. The 

pristine CoOOH electrode exhibits specific capacitance of 126 Fg
-1

 and 270 Fg
-1

 for 

composites at 1 Ag
-1

 current density. The good capacitive behavior is due to MWCNTs 

spread into the CoOOH nanoplates, creating an interconnected conductive network [104]. 

Zheng et al. also fabricated multilayered films of cobalt oxyhydroxide nanowires/manganese 

oxide nanosheets by potentiostatic deposition and electrostatic self-assembly on indium-tin 

oxide coated glass substrate. The multilayered film electrodes exhibit excellent specific 

capacitance of 507 Fg
-1

 and cycling stability with capacity loss of less than 2 % after 5000 

charge-discharge cycles [105].  

Cobalt hydroxide carbonates nanostructures with different morphologies intercalated with 

carbonate anions have been effectively produced using block copolymers or surfactants 

which resulted in different structures such as nanorods , sisal-like, dandelion-like ,nanowires , 

urchin-like , pinecone-like and flower-like [106–111]. For examples, Zhao et al. [112] 

produced 3D nanorods-based urchin-like and nanosheets-based flower-like cobalt basic salt 

nanostructures. Nevertheless, pure cobalt hydroxide carbonate show low specific capacitance 

compared with other TMOs, hence several methods have been developed to improve the 

capacitance [113–116]. Lu et al. reported cobalt carbonate hydroxide (MPCCH) nanosheets 

fabricated from Co-Al LDH nanosheets. The removal of the Al cations by alkali etching 
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thinned the nanosheets, generated pores and improved the surface area, which are important 

parameters for better penetration of electrolytes into the electrodes and shortening of the 

diffusion distance. The basic etched electrode shows enhanced specific capacitance of 1075 F 

g
-1

 at 5 mA cm
-2

, much higher than that of Co-Al LDH nanosheets (~390 Fg
-1

). Furthermore, 

the MPCCH retained 72.4 % of its highest capacitance, whereas the Co-Al LDH only 

retained 56.8 % of its highest capacitance after 2000 cycles [117]. Garakani et al. prepared 

cobalt carbonate/graphene aerogel composites through one-pot hydrothermal process [118]. 

The interface between the cobalt carbonate hydroxide and graphene aerogel were 

successfully improved capacitive performance, because large surface area of the graphene 

aerogel presented large reaction sites that were available to electrolyte ions, whereas its 

excellent electrical conductivity reduced the charge transfer resistance of electrons. 

Furthermore, by depositing highly capacitive nano-shape on conducting micro-substrate 

enhanced the performance of supercapacitor. Xie et al also prepared composite of cobalt 

carbonate hydroxide (CCH) nanowire on N-doped graphene (NG) nanosheets by one –step 

hydrothermal method. The composite exhibited a specific capacitance of 1358 Fg
-1 

at current 

density of 10 Ag
-1 

and cycling stability retaining 94.2 % after 10 000 cycles .The assembled 

asymmetric supercapacitor based on the optimal composite showed a high discharge areal 

capacitance of 153.5 mF cm
-2

 and high energy density of 0.77 Wh m
-2

 and power density of 

25.3 Wm
-2 

[119].  

2.4.1.2 Cobalt based Layered Double Hydroxides (Co Al-LDH) 

Layered double hydroxides (LDHs) are class of two-dimensional anionic clays consisting of 

positively charged brucite-like host layers and exchangeable charge-balancing interlayer 

anions that can be represented by the general chemical formula 

OyHAOHMM nx

n

xx 2/2

32

1 .]][)([ 

  
[61]. A fraction of divalent metal ions such as Mg

2+
,Zn

2+
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,Ni
2+

 and Co
2+

 coordinated octahedrally by hydroxyl groups in the brucite-like layers are 

homogenously replaced by trivalent metals such as Al
3+

 ,Fe
3+

 ,Mn
3+

 ,Cr
3+

 or Fe
3+

 with the 

molar ratio of M
3+

/(M
3+

+M
2+

) (the value of x) normally between 0.2 and 0.4 [120]. LDHs 

containing transition metals such as (Co-Al, Fe-Al and Ni-Al have been reported as excellent 

candidates for faradaic capacitors due to their high redox activity and effective utilization of 

metal atoms [121]. Su et al. reported CoAl-LDH nanoparticle material synthesized by the 

traditional co-precipitation method which only gave a limited specific capacitance of 145 F g
-

1
 at 2 A g

-1
. Wang et al. also showed the electrochemical properties of double oxides obtained 

from the annealing of CoAl LDH, which had a specific capacitance of 684 F g
-1

 at a current 

density of 60 mA g
-1 

[122]. However, the low electric conductivity of LDH limits electron 

transfer, resulting in poor charge and discharge capability that poorly affects the performance 

of electrode materials. To solve this problem, some efforts have been made to improve the 

performance of LDHs based supercapacitors by hybridizing with carbon materials. These 

composites exhibited improved electrochemical properties such as good rate capability, 

higher cycling stability and higher surface area. Zhang et al. prepared a facile synthesis of 

porous CoAl-layered double hydroxide/graphene composite by simple gas-liquid interfacial 

method. The results showed that this composite ,gave the specific capacitance of 479.2 Fg
-1

 at 

current density of 1 Ag
-1

 [123]. Shu et al. also reported the immobilization of Co-Al Layered 

double hydroxides on graphene oxide nanosheets by hydrothermal treatment, which showed 

improved capacitive performance. The specific capacitance of LDHs was enhanced by 

presence of GNS which prevented the restacking of the as reduced graphene nanosheets [41]. 

Johong et al. also provided synthesis of CoAl-layered double hydroxide/graphene oxide 

composite by a microwave-assisted reflux method and its application in a supercapacitor 

which showed that assembly of graphene oxide and CoAl-LDH improved their contact area 

and electron transport between active materials and current collector. The composites showed 
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the specific capacitance of 772 Fg
-1

 at 1 Ag
-1

with cycling stability of 73 % at 6 Ag
-1

 after 10 

000 cycles [43]. In another report Kim et al. synthesized GNS/CoAl-LDH through a layer-

by-layer deposition process while varying the concentration of graphene. The as-prepared 

composites showed the specific capacitance 971 Fg
-1

 at a scan rate of 10 mVs
-1

 [124]. 

 Transition Metal Dichalcogenides (TMDs) 2.4.2

Two-dimensional (2D) layered transition-metal dichalcogenides (TMDs) have attracted great 

attention due to the unique chemical, electronic, physical, mechanical, optical and magnetic 

properties [125] for supercapacitor. 2D layered transition-metal dichalcogenides (TMDs) 

such as MoS2, CoS2, VS2 and NiS2 have been extensively studied for applications in 

electrochemical supercapacitors because they are known to be electrochemically active with 

good electrochemical performance [126] and have analogous structure like graphene. 

Depending on the co-ordination and oxidation states of the metal atoms, TMDs can be metal, 

semi-metal or semiconductor. Originating from the cooperation between the cationic d-levels 

and anionic sp-levels, most transition metal atoms (M) will react with chalcogen atoms (X) to 

form a X-M-X configuration with stoichiometry MX2 [127]. Although the bonding within the 

hexagonal M layer and two X layers is covalent, adjacent sheets stack via weak van der 

Waals interactions to form a 3D crystal. Among TMDs being considered for electrode 

materials, MoS2 which has a graphene-like single layer structure has attracted great interest in 

phototransistors, catalysis, lithium ion batteries and supercapacitor due to its intrinsic fast 

ionic conductivity and higher theoretical capacity, electrical properties and unique 

morphology [128–130]. In order to increase the active surface area and the density of the 

edge sites of MoS2, hydrothermal techniques have been implemented to produce different 

nanostructures of MoS2 [131,132]. However poor crystallinity and aggregation of layers 

MoS2 constrain its performance in supercapacitor application. In order to improve the 
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electrochemical performance of MoS2, constructing composites or hybrids with carbon 

materials is one of the most effective ways of increasing the conductivity as well as its 

electrochemical performance. Hun et al. reported porous tubular C/MoS2 nanocomposites and 

bulk MoS2 using porous anodic aluminium oxide as a template. The C/MoS2 nanocomposites 

exhibit the specific capacitance of 210 Fg
-1

 at 1 Ag
-1

 with excellent stability of 94.1 % after 

1000 cycles [133]. Fan et al. also synthesized flower-like MoS2/C composite by hydrothermal 

method. The results showed specific capacitance of 201 Fg
-1

 at current density of 2.7 Ag
-1 

[134].  

Among other TMDs with intrinsically high conductivity, VS2 could be an alternative to 

graphene. VS2 is a hexagonal crystal with layered, graphite-like structure, with a S-V-S 

stacking layers and the layers are connected via interlamination Van der Waals forces [135]. 

Few researchers have demonstrated that various stoichiometrically different forms of VS2 can 

be synthesized through facile hydrothermal techniques for various applications [136–140]. 

Feng et al. has demonstrated that VS2 shows exceptional in-plane supercapacitor properties 

due to the correlation between electrons of vanadium atoms [141].The fabricated in plane 

device displayed a specific capacitance of 317 F cm
-3

, similar to graphene-based electrode, 

with a good stability of 90% after 1000 cycles. These results showed that VS2 has the 

required physical and electrochemical properties to be used extensively in energy storage 

application. 

2.5 Electrolytes 

 

Electrolyte plays the important role in electrochemical supercapacitor performance, providing 

ionic conductivity and thus facilitating charge compensation on each electrode in the cell. 

The electrolyte contains dissolved and solvated ions that migrate to and from the electrodes 
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during charge and discharge .The physical and chemical properties of the electrolyte are the 

temperature coefficient and conductivity which are the important factor, and mainly 

determine the internal resistant and the operating voltage of the cell of the electrochemical 

supercapacitor. Other requirements of the electrolytes in electrochemical supercapacitor 

include high chemical and electrochemical stability, low solvated ionic radius, low viscosity, 

low toxicity, low cost ,wide voltage window and availability at high purity [142]. Both two 

key parameters, namely energy and power densities of electrochemical capacitors are affected 

by the types of the electrolytes used. The energy density is affected by voltage window and 

ion concentration of the electrolyte while the power density is impacted by the resistance of 

the electrolyte. The types of electrolytes used in the supercapacitor research can be classified 

into three groups (i) aqueous, (ii) organic and (iii) ionic liquids electrolytes. The choice of the 

electrolytes depends on the three parameters, namely the resistance, ease of production and 

potential window in which the electrolyte will remain stable. 

 Aqueous Electrolytes 2.5.1

Aqueous electrolytes such as basic solution (KOH), neutral (Na2SO4) and acidic (H2SO4) are 

the most commonly used electrolytes because of high ionic conductivity, low cost, non-

flammability , safety , non-corrosive and convenient assembly in air compared to organic 

electrolytes which are believed to be less conductive, expensive usually flammable and 

higher toxic. Aqueous electrolytes composed of strong acids, bases or strong acids dissolved 

in water and high conductivity. However, aqueous electrolytes preserve both high 

conductivity resulting in high power density and high capacitance but working voltage have 

the thermodynamic limit of (~ 1.23 V) restricted by the decomposition of water and this 

limits the amount of energy that can be stored. The introduction of redox active material in 
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aqueous electrolytes can successfully enhance the capacitance through extra redox reaction 

between the electrode and electrolyte due to the ionic concentration and smaller ionic radius. 

 Organic Electrolytes  2.5.2

Organic electrolytes are the most often used electrolytes in commercial supercapacitors due 

to their high operation potential window of almost 3.5 V compared to aqueous electrolytes. 

The increased operation cell voltage can offer a significant improvement in both the energy 

and power densities. However, organic electrolytes consist of difficult purification and 

assembling processes in a strictly controlled environment to remove any residual impurities 

that can lead to large performance degrading and serious self-discharge  and hence these 

make them be non-cost effective for industrial use [13]. The most widely used organic 

electrolytes for the commercial EDLCs comprises of a quaternary ammonium salts such as 

tetraethylammonium tetrafluoroborate (TEABF4), tetraphosphonium, tetrafluoroborate and 

triethylmethylammonium that dissolve in the acetonitrile (ACN) and propylene carbonate 

(PC). ACN is capable of dissolving larger amounts of salts, but is toxic, whereas PC-based 

electrolytes are more environmentally friendly, presenting a wide working temperature, wide 

working voltage and lower but relatively good conductivity [143]. Although  higher operating 

voltage of the cell gives the reasonable advantage of organic electrolytes over aqueous 

electrolytes, they still have disadvantages like relatively high equivalent series resistance 

(ESR), lower conductivity (20 mS/cm), high cost, toxicity and vulnerable to moisture [144]. 

 Ionic Liquids Electrolytes 2.5.3

Ionic liquids (ILs) electrolytes are room temperature molten salts and are totally composed of 

cation and anions, which affect the physical and chemical or electrochemical properties. 

Mostly, the cation confines the negative potential window while the anion affects the positive 

potential window as well as the melting point, which affects the working temperature range. 
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Ionic liquids electrolyte exhibit negligible vapor pressure, wide electrochemical windows, 

good conductivity at temperatures (≥ 60°C), non-volatility and non-flammability and 

excellent electrochemical and thermal stabilities [145]. They have been studied and employed 

in various applications such as catalysis [146], fuel cells [147], pharmaceutical [148] and 

electrochemical synthesis [149]. As electrolytes in supercapacitor they have been used for 

providing a large stability potential window when used with a non-porous electrodes [150]. 

Various studies has shown that ionic liquids can enable operative voltages up to 4.5 V while 

displaying higher viscosities and thus lower conductivities compared to aqueous and organic 

electrolytes leading to higher internal resistance and reduced power capabilities [151]. The 

increase in operative voltage in combination with a comparable viscosity and conductivity 

significantly influences the energy and power storage capabilities of the devices. Using ionic 

liquids can also reduce the safety and environmental concern since ionic liquids electrolytes 

have excellent thermal stability, non-volatility and non-flammability [152]. Regardless of 

several advantages of ionic liquids their application in electrochemical supercapacitor is 

affected by low conductivity which intensifies the power response. 

The ILs electrolytes mainly studied for supercapacitors application are commonly created on 

imidazolium, pyrrolidinium, ammonium, sulfonium, phosphonium cations and salts of anions 

like tetrafluoroborate, trifluoromethanesulfonate, bis(trifluoromethanesulfonyl)imide, bis 

(fluoromethanesulfonyl) imide, bis(fluorosulfonyl)imide and dicyanamide [153]. 

2.6 Electrode Preparation and Electrochemical Characterization 

 

The test-cell configuration for the electrode materials performance typically consists of the 

two (2), three (3) or/and four (4) electrodes. Electrodes cell consist of a reference electrode 

(RE), a working electrode (WE) and counter electrode (CE). The working electrode contains 

the active material that is being tested for its electrochemical properties .The working 
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electrode is generally coated on the current collector by active electrode materials being 

tested .Typically, the binder such as polytetrafluoroethylene (PTF) or polyvinylidene (PVDF) 

and conducting agents such as acetylene black and carbon black are part of  active electrode 

materials to make sure that the material is bound properly together and provide good 

electrical conductivity and make sure enough interaction and mechanical permanence are  

reached  upon electrochemical cycling. 

Reference electrodes such as saturated calomel electrode and silver/silver chloride electrode 

(Ag/AgCl) are electrodes which have stable and well –known electrode potential and they are 

often used as a point of reference in the electrochemical cell for the potential control and 

measurements. The counter electrode (CE) is an electrode which is used to close the current 

circuit in the electrochemical cell. It is usually made of the inert materials such as Pt, Au, 

graphite and glassy carbon. The suitable materials for CE are conductive materials which do 

not react with electrolytes in which they are exposed to. Therefore, the choice of electrolytes 

is highly associated with the counter and reference electrodes. For example, in alkaline 

aqueous solutions a mercury/mercury oxide electrode (Hg/HgO) is used as the reference 

electrode. In acidic aqueous solutions, a current collector of working electrode should be 

titanium, the counter electrode is platinum or carbon and the reference electrode is saturated 

calomel electrode (SCE) or silver/silver chloride electrode (AG/AgCl). In neutral aqueous 

solutions, basically the same configuration is used but nickel foam and carbon paper can be 

used for a current collector and the counter electrode. For non-aqueous electrolyte solutions 

case by case approach is required depending on the composition of electrolyte [153]. 
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 Two Electrodes Setup 2.6.1

 

Figure 2.11: Schematic view of two electrode setup [154]. 

Unlike three electrode configuration, the “full cell” 2-electrode configuration usually takes 

place in a two electrode system, and shows the more practical performance of active 

materials than the half-cell, because full cell test works similar to a practical supercapacitor 

which has a positive electrode and negative electrode. In a full cell both electrodes are 

assembled with active materials soaked and separated by a separator.  

Figure 2.11 below shows such setup. The setup of two electrode experiments has the current 

and sense leads connected together. Working sense measures or controls the voltage between 

itself and the sense electrode. Working and working sense are connected together as the 

positive (working) electrode and reference and counted are connected together as the negative 

(second) electrode. 

 Three Electrodes Setup 2.6.2

In order to characterize the electrode materials, an active material can be tested in a three 

electrode. To record the potential of the working electrode, a reference electrode whose 

potential is almost a constant in a narrow potential range is used.  
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Figure 2.12: Schematic view of three electrode setup [154]. 

In addition, a counter electrode is also essential to transmit the current coming across from 

the working electrode, which can inhibit the reference electrode from carrying current leading 

to the potential change of the reference electrode (see schematic diagram in figure 2.12). In 

the three-electrode experiment the reference is separated from the counter .The reference 

electrode is most frequently situated so that it is evaluating point very close to the working 

electrode (which has both working and working sense leads attached). 

 Four Electrode Setup 2.6.3

Four electrode cell is used to investigate process taking place within the electrolyte, between 

two measuring electrodes separated by a membrane. In this configuration, the working and 

the counter electrodes allow current to flow and used to achieve electronic or ionic 

conductivity measurements. The setup in the four-electrode setup is comparatively 

uncommon in electrochemistry. The four-electrode experiment measures the effect of an 

applied current on the solution itself or some barrier in the solution (see schematic diagram in 

figure 2.13). 
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Figure 2.13: Schematic view of four electrode setup [154]. 

2.7 Electrode fabrication for electrochemical capacitors 

 

The electrode material forms the main component of the cell, and controls the 

electrochemical supercapacitor performance in terms of life expectation, capacity, self-

discharge, and resistance. However, the electrolyte, the current collector and the separator are 

important parameters to consider for fabrication of a supercapacitor. Electrodes must have 

good electronic conductivity, high temperature stability, high corrosion resistance, long-term 

chemical stability, and high surface area per unit volume and mass. Therefore, the electrode 

fabrication as well as an active material covering process is the most significant step to attain 

both high performance and durability. Generally, nickel foam because of its chemical 

stability, high current-carrying, commercial availability, high processability and low price is 

mostly used as a current collector. In the method of coating electrodes on the current 

collector, initially active materials, binder e.g. polyvinylidene fluoride (PVDF) or poly 

(tetrafluoroethylene) (PTFE) and conductive additives e.g. acetylene black and carbon black 

are mixed to obtained a homogeneous slurry with the wanted density, and the slurry is 

uniformly pasted on a nickel foam current collector or roll-pressing to attain a uniform 

electrode coating layer. The mass of the electrode materials must be known and if possible 

the electrode volume or area should be measured.  
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Figure 2.14: Schematic view of (a) three and (b) two electrode setup for testing in electrode material 

[155]. 

Depending on the active material used and the suggested application the electrode thickness 

is usually a few micrometers to sub-millimeter. The acquired active material served as 

working electrode. Electrochemical test cells ,whether for EDLC or faradaic evaluation can 

be fabricated using a three -electrode or two-electrode cell configuration which is used in 

supercapacitor application as shown in Fig 2.14 [156].  

The three-electrode system is normally used for examining the fundamental electrochemical 

properties of the electrode material like electrolyte potential window stability and whether the 

electrode material works better in the negative or positive potential widow and the two 

electrode used to characterized fully fabricated device. If the active materials in the two 

electrodes are the same and are not the same, the supercapacitor is referred to as symmetric 

and asymmetric respectively.  
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A two-electrode supercapacitor cell can be considered as two capacitors in series, and the 

total capacitance )( TC  of the cell can be calculated as follows:  

npcell CCC

111


          2.9

 

In which cellC  is the capacitance in (F g
-1

), pC  and nC  are the capacitance of the positive 

(anode) and negative (cathode) electrodes based on the two-electrode setup, respectively. If (

pC = nC ) the corresponding supercapacitor is called a symmetric supercapacitor. For 

symmetric supercapacitor the total capacitance value equals half the value of single electrode. 

The symmetric supercapacitor can be expressed in terms of the specific capacitance (Fg
-1

) of 

a single electrode ( spC ) which is related to the specific capacitance of the cell. With the 

galvanostatic charge-discharge plots based on the two-electrode cell, the specific capacitance 

of single electrode, the maximum energy density( mE ) (Wh kg
-1

) and the power density mP( ) 

(kW kg
-1

) of the supercapacitor are calculated using the following equations below [157] 
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where Csp is the specific capacitance of single electrode of the cell, I is the constant discharge 

current (A), Δt is the discharge time(s), ΔV is the voltage window (V), and m is the total mass 

(g) of the active material in both electrode, respectively. The maximum power density 
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mP( ) (kW kg
-1

) can also be calculated by using equivalent series resistance (ESR) with the 

following equation [158] 

mESR

V
P

)(4

2




        2.13

 

where, m is the total mass of active material and V is the voltage window (V). 

In the case ( pC ≠ nC ) (the anode and the cathode have two different electrode materials, the 

corresponding electrochemical supercapacitor is called an asymmetric. In order to obtain the 

optimal performance of the asymmetric full cell supercapacitors, a charge balance       

between the two electrodes should be done; where    and    are the charges stored in the 

positive and negative electrodes, respectively. The charge can be expressed by [159]: 

UmCQ s 
                   2.14

 

where Cs is the specific capacitance of the active material, m is the mass of each active 

material and ΔU is the potential range during the charge–discharge process. In order to 

get      , the mass balancing follows the equation 
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The energy density (E, in Wh kg
-1

) of supercapacitor can be calculated from specific 

capacitance, Cs according to the following equations:  
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The power density (P, in W kg
-1

) of a supercapacitor can be determined by  

t

E

t

E

t

E
P ddd

d










6.3

1000

3600

                 2.17
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

75 

 

where Ed is the average energy density (W h kg
-1

), Cs is the specific capacitance based on the 

electro-active material (Fg
-1

), ∆U is the potential window, Pd is the average power density (W 

kg
-1

) and t is the discharge time (seconds). 

The above equations normally work well for EDLCs especially eqn 2.10 where charge-

discharge (CD) curves show the linear dependence of voltage vs CD time. But for faradic 

materials one normally talks of specific capacity which can indeed be converted into specific 

capacitance. The specific capacity for non-EDLC material can be calculated using the 

following expression 

6.3




m

tI
Q D

D
                     2.18 

where І is the discharge current (A), t is the discharge time (s), m is the mass of the active 

material (g), and QD is the specific discharge capacity (mAh g
−1

). 

 

2.8 Measurements Techniques for Evaluating the Performance of a 

Supercapacitor 

 

To evaluate supercapacitor performance parameters such as cell (total) capacitance, CT, 

operating voltage V0 and equivalent series resistance(RS) are often used to determine energy 

and power performance. In order to calculate the above-mentioned parameters various test 

modes have been developed and applied to characterize the electrochemical performance of 

supercapacitors. Cycling voltammetry (CV), Galvanostic charge-discharge (GCD) and 

electrochemical impedance spectroscopy (EIS) are employed as electrochemical 

measurements techniques in analyzing the performance of supercapacitor. All such methods 

can be used to measure the three fundamental parameters such as voltage, current and time 

and other metrics including the capacitance, equivalent series resistance, operating voltage 
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and successively the time constant, energy and power performance of supercapacitors can be 

derived from them.  

 Cycling Voltammetry (CV) 2.8.1

Cycling voltammetry is a common electrochemical characterization technique used to study 

the electrochemical property of a material. CV testing applies a linear change in electric 

potential between positive and negative electrodes for two electrodes, or between the 

reference and working electrodes for three electrodes. The characteristics of the CV is 

determined by number of factors  

 The voltage scans rate 

 The rate of the electron transfers reactions 

 The chemical reactivity of the electroactive types. 

The speed of the potential change in mVs
-1

 is designated as the sweep rate or scan rate ѵ and 

the range of potential change are called the potential window or operating potential. To study 

the charge storage mechanisms of supercapacitors materials where EDLCs and faradaic types 

are separated, CV testing with the three electrode setup is considered as the most suitable 

approach. The experimental results can first be examined by investigating the shape of the 

CV curves for both EDLC and faradaic materials. The shape of the EDLC curves is relatively 

rectangular suggesting a pure capacitive behaviour of an ideal double layer capacitor without 

any chemical reaction whereas faradaic can be marked by redox peaks occurring in a highly 

reversible method as shown in Fig 2.15. CV test are also suitable to determine the operating 

voltage or potential window for supercapacitor materials through reversal of potential in a 

three electrode system and the reversibility of the charge and discharge process can be 

studied simultaneously. Further the specific capacitance of the supercapacitor materials can 

be obtained via the integration of the CV curves.  
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Figure 2.15:Cyclic voltammograms showing rectangular features for an EDLC system and 

superimposed reduction and oxidation peaks for redox active faradaic [157]. 

From the area of the CV curve, the specific capacitance for both electrode that is exhibiting 

EDLCs and battery-like (faradaic) materials calculated with the following equation [160]: 




c

a

V
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                       2.19 

where I is the average current (A) ,V is the voltage difference (V), v is the potential sweep 

rate (mVs
-1

) ,m is the mass of the active material (g) and ( ca VV  ) represents the potential 

window.  
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 Galvanostatic Charge-Discharge (GCD) 2.8.2

Galvanostatic charge-discharge (GCD) testing is most commonly used method for 

characterization of supercapacitor under direct current. Constant current charge -discharge is 

a more accurate technique to calculate the specific capacitance of active materials of 

supercapacitor under direct current. It is conducted by monotonous charging and discharging 

of the supercapacitor device or the working electrode at a constant current level with or 

without a dwelling period and normally a plot of the potential (E) vs. time(s) is the output. 

All the parameters of supercapacitor devices such as CT , RES ,Vo can be tested through GCD 

and successively used to derive most of the other properties such as the time constant, 

leakage and peak currents, power and energy densities. Additionally, it is suitably used to 

study the cycling stability of supercapacitor devices. Furthermore, by using a three electrode 

setup the specific capacitance, reversibility and potential window for supercapacitor materials 

can also be attained through GCD test. A typical GCD curve is shown in Fig. 2.16, in which 

the voltage is drawn as a function of the time. Meanwhile EDLCs display linear 

charge/discharge behavior with a constant slope and the specific capacitance is basically 

unchanged over the full potential range. For faradaic materials, the discharge curve can be 

definitely non-linear due to redox reaction taking place during discharge process. The 

specific capacitance of EDLCs electrode materials is best determined from the GCD by the 

potential window, current density and discharge time with the following equation which is 

similar to 2.12 

Vm

tI
Cm




                      2.20 

where   is the discharge current (A),   is the discharge time (s),   is the mass of active 

material (g),    is the potential range of discharge (V), and    is the specific capacitance 

(F/g).  
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Figure 2.16: Discharge curves for an EDLC and faradaic [157]. 

 Electrochemical impedance spectroscopy (EIS) 2.8.3

EIS testing is known as the dielectric spectroscopy testing, analyses the impedance of a 

power cell as a function of frequency by applying a low amplitude alternative voltage 

(normally 5 mV) superimposed on a steady-state potential. The resulting data are generally 

articulated graphically in a Bode plot to determine the cell response between the phase angle 

and frequency, and in a Nyquist plot to demonstrate the imaginary and real parts of the cell 

impedances on a complex plane [62, 63]. Furthermore, for supercapacitor materials EIS has 

also been used to describe the charge transfer, mass transport and charge storage mechanisms 

as well as to evaluate the capacitance, energy and power properties [64, 65]. The Nyquist plot 

is characterized by two distinct parts, a semi-circle loop at high frequency and the linear line 

at low-frequency regions, signifying different electrochemical phenomena during the 

electrochemical process on the electrode surface as shown in Fig 2.18.  
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Figure 2.17: Scheme of the impedance plane (Nyquist plot). 

 

The semicircle at high frequency represents (larger than 10
4
 HZ) the charge transfer 

resistance (RCT) in the equivalent circuit ,which depends on the conductivity at the interface 

between the active material and the electrolyte, the porous morphology of the electrode 

material and the thickness of the active material [161], while at medium frequency region (10 

to 1 Hz) it displays a faradaic charge transfer résistance, which is recognized to the porous 

electrode used. Rs corresponds to the solution (electrolyte) resistance and is the same as ESR. 

The Bode phase angle is another representative of EIS, which represents the plot of phase 

angle against the applied frequency. For an ideal capacitive material, the phase angle is closer 

to 90° and for faradaic material, the phase angle is closer to 45° [165,166]. Based on this 

model, the real and imaginary part of the capacitance as a function of the frequency can be 

calculated using equations below; 
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where   is the complex impedance written as  ( )    ( )    ( ),      , 

  ( ) represents the real accessible capacitance of the cell at the corresponding frequency 

which signifies the deliverable capacitance, while   ( ) represents the energy loss due to the 

irreversible process of the electrodes.       and   represent the real and imaginary parts of the 

Nyquist plot respectively [167]. The specific capacitance can be calculated from the Bode 

plot as shown in the following equation 

)(2

1

Zfm
C


                     2.25 

where C  is the specific capacitance, f is the frequency and ''Z  is the imaginary component. 

Another method introduced by Simon et al is [167] use the equations below for calculation of 

real and imaginary capacitances 
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Where 22 )Im()Re( ZZZ  is the overall complex impedance, f 2 is angular 

velocity, )Re(Z is the real part of the complex impedance, )Re(C and )Im(C  are the real and 
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imaginary capacitances, respectively. )Im(C is the term related to the energy dissipation of 

the cell and )Re(C calculated at the lowest-frequency applied, indicates the energy stored. 

The maximum in  capacitance   ( ) versus frequency curve is associated with frequency ƒ0 

which can be used to calculate the relaxation time
02

1

f
  [78,168]. The relaxation time 

constant is a measure of how fast the device can be charged and discharge reversibly. 

 Cycle Stability 2.8.4

Cycle performance of the electrode is very important for practical application in the 

supercapacitor. Cycle life is also determined by using both charge-discharge and CV cycles. 

The coulombic efficiency can be calculated by the following equation: 

%100
C

D

t

t
                    2.28 

where   is the coulombic efficiency, Dt  is the discharging time(s), Ct  is the charging time 

(s). The coulombic efficiency can also be calculated from CV by comparing the first and the 

end cycle [169]. 
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3 CHAPTER 3 

3.1 Experimental Procedure and Characterization Techniques 

To achieve the research task, all the experiments were done in the laboratory, followed by the 

characterizations of the obtained materials and evaluation of their electrochemical 

performance. This chapter describes the experimental procedures used and typical materials 

synthesis methods. This includes a description of the equipment used for materials 

characterization. 

 Atmospheric Pressure Chemical Vapour Deposition (AP-CVD) 3.1.1

The atmospheric pressure chemical vapour deposition (AP-CVD) has been considered as the 

most promising, inexpensive, high efficiency and feasible method for the preparation and 

production of large-area graphene with optical and excellent properties appropriate for device 

electrode applications [1]. Transitional metal substrates such as nickel (Ni) and copper (Cu) 

and the mixture of gases of high purity (i.e. argon (Ar), grade 5-99.999%), hydrogen (H2), 

grade 5-99.999% and methane (CH4), grade 4-99.999%) are commonly used as catalysts in 

CVD for production of large-area graphene. Ni and Cu have received the most consideration 

as substrates in CVD because of their low-cost and high etchability [1,2]. 

Fig 3.1(a) represents the CVD system used in this work. This study focuses on the graphene 

foam growth using polycrystalline Ni foam (Ni-F) (3D scaffold template with a macroporous 

structure with an areal density of 420 g m
−2

 and 1.6 mm in thickness, as shown in Fig 3.1(b). 

Nickel foam is used due to large and uniform macropores, large supporting area and high 

electrical conductivity which plays the vital role in the electrochemical applications. For 

graphene foam growth, the Ni-F substrate was treated with dilute hydrochloric acid, ethanol 

and distilled water to clean the surface of the foam. A cleaned Ni-F was put at the centre of 

the AP-CVD quartz tube for graphene growth and annealed at 1000 °C under a flow of Ar 
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(300 sccm) and H2 (200 sccm) gases for 60 min to remove any surface contamination that 

might have originated from the manufacturing or packaging processes. The growth of 

graphene was performed at 1000 °C under the flow mixture of the Ar: H2: CH4 (300: 200: 10 

sccm) gases for 10 min as shown in Fig 3.1. Immediately, after the growth, the CH4 flow was 

stopped and samples were cooled down to room temperature under Ar (300 sccm) and H2 

(200 sccm) gases by pushing the quartz tube to the cooler region of the furnace. After growth; 

a micrograph of graphene on Ni foam shows wrinkles and ripples of graphene sheets. In 

CVD, the CH4 act as the carbon source and during graphene growth, the amount of carbon 

precipitating on the nickel surface is strongly determined by the cooling rates (quenching) as 

shown in Fig 3.2. 

 

Figure 3.1:(a) The CVD system used in this work (b) A schematic view of AP-CVD setup showing a 

quartz tube with gas inlet and outlet. Ni foam was placed at a centre of a quartz tube for graphene 

growth from a mixture of Ar: H2: CH4 gases at a temperature of 1000 °C for 10 min. 
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An extremely fast and slow rate usually gives patches of graphene deposition on the Ni 

substrate. Then, a medium cooling rate gives an appropriate amount of carbon in the nickel 

substrate surface which produces few layer graphene. 

Furthermore, in order to get the free-standing graphene foam; the graphene on Ni foam 

samples were further soaked in 3.0 M HCl and placed on a hot plate at 60 °C to ensure 

complete etching of the Ni supporting structure. After complete etching of the Ni, the 

remaining graphene foam was washed several times with deionized water and dried in an 

oven to obtain the final GF product. The synthesized Ni foam graphene (Ni-FG) substrate and 

graphene foam samples were used in this study for electrochemical applications. Graphene 

foam was mixed with other materials as will be discussed below to form composites using 

hydrothermal methods technique. 

 

Figure 3.2: Illustration of different cooling rates during graphene growth [3]. 
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 Hydrothermal Method  3.1.2

The hydrothermal synthesis is an inexpensive, simple, effective and convenient process to 

prepare highly ordered nanostructures on substrate, converting metal oxide/hydroxide and 

transitional metal disulphide into desired nanostructured materials and composites materials 

of different nanostructures materials like nanorods, nanoflowers, nanowires, nanoribbons, 

nanoparticles, nanotubes and nanosheets with their corresponding chemical and physical 

properties suitable for supercapacitor application [5–9]. The hydrothermal process uses water 

as the reaction medium in sealed stainless-steel autoclave system, which is adapted for 

ensuring the high temperature and pressure build-up. The temperature used is often higher 

than 100 °C so that the autogenous pressure will be established in a closed system. Figure 3.3 

below shows the complete hydrothermal system that was used in this work which shows in 

(a) the stainless steel autoclave system with 120 mL Teflon lining and (b) showing the 

electric oven often used. 

 

                                (a)                                                      (b) 

Figure 3.3: Complete system for the hydrothermal growth, (a) shows the stainless steel autoclave 

system with the Teflon lining (b) shows the electric oven used for heating. 
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The pressure produced within the reactor is not strongly determined by the reaction 

temperature only, but also depends on the experimental factors such as the amount of liquid 

added and any dissolved salts. 

The characteristics of hydrothermal method are that when the starting materials are exposed 

to special conditions, some relative reaction takes place, followed by the formation of 

morphologies. Furthermore, the morphologies can be controlled by changing the parameters 

in the reaction system such as choice of solvent, capping reagent/surfactant, control of 

temperature/time, changing of PH value [4].Typical reactions include an initial nucleation 

and growth of crystallites followed by the final assembly to form the final product. The 

hydrothermal process also prepares highly ordered nanostructures on numerous substrates 

which allow the in-situ fabrication of radical micro, meso and macro-particulate hybrid 

structures [5].  

Solvothermal chemical growth used is similar to hydrothermal process. The solution used in 

solvothermal can be the aqueous and non-aqueous solution at the temperature higher than that 

of the boiling point of such solvent. At relatively high temperatures and pressures, 

solvothermal methods can significantly increase the solubility and reactivity of reactant.  

In this study, hydrothermal growth was used to prepare cobalt hydroxide carbonate, CoAl-

LDH, cobalt oxyhydroxide and MoS2. 

 Synthesis of Activated Carbon (AC) 3.1.3

In this study two types of activated carbon (from Polyvinyl alcohol PVA and graphene foam 

denoted as AGF and from expanded graphite denoted as AEG) was produced using the 

hydrothermal technique, and they are discussed briefly below. 
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 Synthesis of Activated Carbon from PVA and graphene foam d)

Activated carbon used for the production of the composite materials and asymmetric device 

was from the procedure reported by Fashard et al and Bello et al [6,7]: Briefly, a graphene 

foam (GF) and polyvinyl alcohol (PVA) were used as starting material for the production of 

hydrogel, which was then used to produce porous carbon materials after the activation 

process. Graphene foam (GF) was prepared by CVD as described above under CVD section. 

The three-dimensional hydrogel was synthesized via the hydrothermal process. The 

preparation was carried as follows; 100 mg of the GF was dispersed in 10 ml of polyvinyl 

alcohol (PVA) in a vessel glass by ultrasonication followed by addition of 1.5 ml of 

hydrochloric acid (HCl) as the cross-linker. The resultant mixture was transferred into a 150 

ml Teflon-lined autoclave vessel and kept at 190 °C for 12 h [8]. After cooling to room 

temperature the hydrogel was washed with deionized water for several times and dried for 6 

h. The as-prepared hydrogel was then soaked in aqueous KOH solution with a KOH/hydrogel 

mass ratio of 7 for 24 h. The composite mixture was then placed in a horizontal tube furnace 

ramped from room temperature to 800 °C at 10 °C/min under argon gas flow for 1 h of 

activation. This procedure transformed the composite hydrogel into carbon materials 

consisting of a continuous porous network material. The activated material denoted as AGF 

was neutralized with 0.1 ml HCl, washed with deionised water and dried at 120 °C for 12 h 

after which samples were characterized. This activated carbon was used to make the 

composite with other materials because it showed the existence of some functional groups 

which will make it easier to react with other materials. 
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 Synthesis of Activated Carbon from Expanded Graphite (AEG) e)

Activated carbon from expanded graphite designated as AEG used for the making 

asymmetric devices was from the procedure reported by Fashard et al [12]. In a typical 

procedure, 1g of expanded graphite was dispersed in 100 ml of 10 wt % polyvinylpyrrolidone 

(PVP) solution to produce concentrated dispersions, and the mixture was transferred to a 

vessel glass and sonicated for 12 h. 5 g of KOH was then added to the solution ,which was 

stirred for 2 h at 60°C. After 2h of stirring, the EG formed a solid precipitate at the surface of 

the solution. The solid precipitate obtained was collected and dried at 70 °C for 12 h. The 

dried solid precipitate was then placed in a horizontal tube furnace ramped from room 

temperature to 800 °C at 5 °C/min under argon and hydrogen gas flow for 2 h of activation. 

The activated material was neutralized with 1 M HCl, washed with deionized water and dried 

at 60 °C for 12 h. This material was used as the negative electrode for the asymmetric devices 

that were studied in this work because it showed good stability and high specific capacitance 

when tested in the negative potential as compared to other activated carbon produced from 

PVA and graphene foam. 

 Hydrothermal Growth of Cobalt-Based and Composites Materials 3.1.4

The hydrothermal growth method is a bottom-up method used in this study to synthesize 

cobalt-based hydroxide and composites. 

 Synthesis of Cobalt Hydroxide Carbonate/Activated Carbon Composites a)

The cobalt hydroxide carbonate nanorods were first synthesized using the hydrothermal 

technique by varying the growth time. In a typical procedure: CoCl2. 6H2O (1 mmol) and 

urea (1.0 mmol) were added to 20 mL of water and stirred for 10 minutes. The mixture was 

then transferred to a 120 mL Teflon-lined stainless steel autoclave and kept at 120
°
C for 3, 6, 
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9 and 12 h growth times, respectively. After cooling to room temperature the light-pink 

product was washed with deionized water and dried at 60
°
C for further characterization and 

analysis. 

In order to improve the electrochemical performance of the pure cobalt hydroxide carbonate, 

AGF was incorporated into cobalt hydroxide carbonate to produce cobalt hydroxide 

carbonate/AC composite. 

This was prepared by the usual process of dissolving the precursor materials which included 

CoCl2.6H2O (1 mmol) and urea (1.0 mmol) in 20 mL of deionized water containing 15 mg of 

activated carbon which had been earlier subjected to ultrasonication for 12 h for uniform 

dispersion  at room temperature. The obtained solution was then transferred to a 120 mL 

Teflon-lined stainless steel autoclave and kept at 120 
°
C for 6 h. After naturally cooling to 

room temperature the product cobalt hydroxide carbonate/activated carbon was washed with 

deionized water and dried at 60 °C for 6 h for further characterization and analysis. 

 Synthesis of Cobalt Aluminium – Layered Double Hydroxide (LDH)/Graphene b)

Foam Composite and Cobalt Oxyhydroxide Derived From CoAl - LDH 

Firstly, 1.09 g of CoCl2.6H2O, 1.2 g of AlCl3.6H2O and1.2 g of Urea were added to 40 mL of 

water and stirred for 10 minutes for the synthesis of pure CoAl-LDH. The mixture was then 

carefully transferred into a sealed 120 mL Teflon-lined stainless-steel autoclave and kept at a 

temperature of 120
°
 C for 18 h. After cooling to room temperature, the pinkish product was 

repeatedly washed with deionized water and ethanol several times to remove any unreacted 

precursor and residual. Following procedures to obtain the final product was in the same 

method as described for the cobalt hydroxide carbonate materials. 
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Figure 3.4: Preparation of CoAl-LDH/GF. 

To improve the electrochemical performance of the pristine CoAl-LDH material, graphene 

foam material was added to produce CoAl-LDH/graphene composite through the same 

bottom-up approach described above. In the case of LDH/GF composite, the addition of 

porous and conducting graphene foam to the CoAl-LDH matrix provided an improved 

electron transfer rate and better structural support for the growth of CoAl-LDH flakes on the 

graphene sheets. 

Fig 3.4 represents schematic diagram for the preparation of CoAl-LDH/GF composite. 

Typically, 25 mg of the as-synthesized GF was dispersed in 40 mL of water by 

ultrasonication for 12 h at room temperature. Then, 1.09 g of CoCl2.6H2O, 1.2 g of 

AlCl3.6H2O and 1.2 g of urea were added to the pre-sonicated GF solution and the entire 

mixture was stirred for 10 min. The resulting mixture was then transferred to a 120 mL 

Teflon-lined stainless steel autoclave and kept at 120 °C for 18h. After naturally cooling to 

room temperature the product CoAl-LDH/GF composite was washed with deionized water 

and ethanol, and dried at 60 °C for 6 h. 

The mesoporous nanosheets of cobalt oxyhydroxide (CoOOH) were also derived on Ni-FG 

by alkaline etching of the Al cations in CoAl-LDH using a NaOH solution.  

In a typical procedure, a nickel foam graphene substrate was synthesized by growing 

graphene sheets on the polycrystalline Ni foam (3D scaffold template with a macroporous 

structure) using atmospheric pressure chemical vapour deposition (AP-CVD) as discussed 
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above. CoOOH nanosheets supported on nickel foam graphene were deduced from en-sute 

hydrothermally prepared CoAl-LDH on Ni-FG substrate by alkaline etching in concentrated 

NaOH solution as reported in ref [9]. A solution (pink in colour) for the hydrothermal 

reaction was prepared by adding Co (NO)3. 6H2O (2 mmol), Al (NO3)3.6H2O (2 mmol), 

NH4F (8 mmol) and CO (NH2)2 (10 mmol) in 36 mL of deionized water and stirred for 10 

min, as demonstrated in Fig 3.5. Ni-FG substrate was immersed into the above solution and 

then carefully transferred into a 120 mL sealed Teflon-lined stainless-steel autoclave and kept 

at a temperature of 100°C for 24 h. After 24 h and cooling of an autoclave to room 

temperature, the obtained CoAl-LDH coated on Ni-FG was cleaned with deionized water. 

Then, the CoAl-LDH coated Ni-FG was immersed in 5 mol L
−1

 NaOH for 48 h and 

subsequently rinsed with deionized water, followed by ethanol for 5 min using ultrasonic bath 

and dried at 60 °C for 6 h to obtain the final product CoOOH nanosheets (shown by 

micrograph image) on Ni-FG substrate, as demonstrated in Fig 3.5. The weight of the Co 

CoOOH film on Ni-FG substrate was measured by weighing the Ni-FG substrate before and 

after the hydrothermal process and a mass loading of ~5 mg cm
−2

 was obtained.  
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Figure 3.5: A schematic view of the hydrothermal growth of CoAL−LDH on graphene synthesized 

on Ni foam and alkaline etching in concentrated NaOH solution which produces a mesoporous 

structure of CoOOH on Ni foam graphene.  

 Synthesis of Transition Metal Dichalcogenides  3.1.5

 Synthesis of VS2 c)

The solvothermal process was used in this study to synthesize VS2 nanosheets. Fig 3.6 

presents the preparation process of VS2 nanosheets. In a typical procedure, ammonium 

metavanadate (NH4VO3) (2 mmol) was added to an 18 ml mixture of 15 ml deionized water 

and 3 ml ammonia, accompanied by vigorous stirring to completely dissolve the ammonium 

vanadate. Subsequently, thioacetamide (CH3CSNH2) (10 mmol) was added to the above 

solution under vigorous stirring. The final homogeneous solution was transferred into a 

sealed Teflon-lined stainless-steel autoclave and kept at a temperature of 180
°
 C for 20 h. 

After cooling to room temperature, the black powder was washed with deionized water and 

dried at 60 
°
C.  
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Figure 3.6: Preparation procedure of VS2 nanosheets. 

 Synthesis of MoS2/Graphene Composites d)

Firstly, 1 mmol of ammonium molybdate was dissolved in 30 ml of deionized water under 

vigorous stirring for 20 min, 5 mmol of thiourea (CH4N2S) was then added to this solution 

and stirring of the mixture was further continued for 30 min. The mixture was then carefully 

transferred into a sealed 120 mL Teflon-lined stainless-steel autoclave and kept at a 

temperature of 150
°
 C for 20 h. After cooling to room temperature, the black powder samples 

were repeatedly washed with deionized water and ethanol several times and finally dried at 

60
°
 C for 6 h.  

To improve systematically the physical and electrochemical properties of MoS2 material, 

different graphene foam mass loading from 50 mg to 200 mg were added to produce 

MoS2/GF composite. Fig 3.7 presents the preparation of MoS2/GF composite by the 

hydrothermal system in order to obtain the MoS2/graphene foam (MoS2/GF) composite. 

Typically, 50,100, 150 and 200 mg of laboratory synthesized GF samples were dispersed in 

30 mL of water by ultrasonication for 12 h at room temperature. Then 1 mmol of ammonium 

molybdate and 5 mmol thiourea were added to the different GF solutions and the mixtures 

were all stirred for 10 min.  
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Figure 3.7: Preparation of MoS2/GF 

The obtained solutions were then transferred to 120 mL Teflon-lined stainless steel autoclave 

systems and kept at 150 
°
C for 20h. After naturally cooling to room temperature, the final 

MoS2/GF product containing different amounts of GF was washed with deionized water and 

dried at 60 °C for 6 h. 

3.2 Material characterization 

 Structural and Qualitative Phase studies 3.2.1

 X-Ray Powder Diffraction (XRD) e)

X-ray diffraction technique is the non-destruction technique which provides information 

about the crystallographic structure, lattice parameter, crystal orientation and particle sizes of 

materials and thin films. This technique is built on detecting the scattered intensity of an X-

ray beam hitting a sample as a function of incident and scattered angles. The X-ray beam is 

scattered on the crystalline material and the intensity of the diffracted beam due to the 

periodic preparation of atoms in the sample is measured as the function of the diffraction 

angle 2θ as shown in Fig 3.8.  
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Figure 3.8: Schematic diagram of XRD. 

The diffraction from crystals is defined by the well-known Bragg’s equation: 

 nd sin2             3.1 

where d is the spacing between diffraction planes, θ is the incident angle, n is an integer value 

(1, 2, 3…),  λ is the wavelength of the beam.  

The number of peaks or lines, intensities of peaks or lines and the angular positions of peaks 

in terms of 2θ are used to identify the crystal structure of the material.X-ray diffraction 

(XRD) patterns of all prepared samples in this study were collected using an XPERT-PRO 

diffractometer (PANalytical BV, Netherlands) with theta/2theta geometry. Co K1α radiation 

with a wavelength of 1.7890 Å was used as the X-ray source and a tube was operated at 50 

kV and 30 mA. 

 Raman Analysis  f)

Raman spectroscopy is used to study low-frequency, vibrational and rotational modes of 

atomic and molecular system of a sample. In Raman spectroscopy, the sample is irradiated 

with a monochromatic laser beam which interacts with the molecules of the sample and emits 
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a scattered light. To construct a Raman spectrum, the scattered light having a frequency 

different from that of incident light (inelastic scattering) is used. A scattered radiation with a 

frequency equal to the frequency of incident radiation is known as Rayleigh scattering, but 

that with only a small fraction of scattered radiation being different from the frequency of 

incident radiation is known as Raman scattering. However, if the frequency of incident 

radiation is higher than frequency of scattered radiation, the Raman scattering is known as 

Stokes lines, [10]while in the case of the frequency of incident radiation being lower than the 

frequency of scattered radiation, then anti-Stokes lines are being observed [10].  

Raman spectroscopy is usually used to analyze carbonaceous materials such as (graphene, 

activated carbon and carbon nanotubes) which are composed of first order and second order 

regions. In the first order region, the graphite bands (D and G bands) occur between 1100 - 

1800 cm
-1

. The spectra in this order is characterized by two main bands, the graphitic (G) 

band, which occur at ~ 1600 cm
-1

, and the disorder (D) band, which occurs at ~1350 cm
-1

 

(see Fig 3.9). The G-band represents in-plane vibrations of aromatic carbons in the graphitic 

structure. The G-band occur at about 1580 cm
-1

 and involves the in-plane bond stretching 

motion of pairs of carbon sp
2
 atoms . 

 

Figure 3.9 : Raman spectra of carbon showing the disordered (D), graphitic (G) and 2D bands.  
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All of the sp
2
 carbon materials exhibit a strong peak in the range of 2700-2800 cm

-1
 in the 

Raman spectra called 2D (see Fig 3.9). The 2D band (double-phonon process) has a strong 

frequency which depends on the excitation laser because of the double resonance process 

which occurs between two K-points in the electronic band structure of graphene, for example 

[11].  

In this study, Raman spectroscopy measurements were carried out using a Jobin Yvon Horiba 

TX 6400 micro-Raman spectrometer equipped with a triple monochromator system to 

eliminate contributions from Rayleigh lines and using LabSpec (Ver. 5.78.24) analytical 

software. The samples were analyzed with a 514 nm argon excitation laser and 1.5 mW laser 

power. 

 Fourier Transform Infra-red Resonance (FTIR) Spectroscopy g)

Fourier transformation infrared spectroscopy is used for identification the presence of certain 

functional groups in a molecule. In FTIR, absorption of IR radiation takes place when the 

photon is transferred to a molecule and excites it to higher energy states [12] . A transmission 

emission and absorption infrared spectrum are acquired over wide spectra range articulated as 

wavelength. FTIR measurements were done to determine the different vibration modes 

arising from the IR-excitation of the samples. Fourier transform infrared (FTIR) spectra of 

the samples were recorded using a Bruker Vertex 77 v FTIR spectrometer.  

 X-ray Photoelectron Spectroscopy (XPS) h)

X-ray photoelectron spectroscopy is a quantitative spectroscopic surface chemical analysis 

technique used to estimate the elemental composition, chemical and electronic state of the 

elements on the surface of a material. XPS works on irradiating the sample surface with 

monochromatic X-ray and the emitted photoelectrons are detected. The detected electron 

originates from only the top few atomic layers of the sample because the mean-free paths of 
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the emitted photoelectrons are very small. The kinetic energy of the photoelectrons depends 

on the energy of the photon  

BEhvKE             3.2 

where BE the binding energy of the particular electron in the atom, hv  is the energy of the X-

ray source and KE is the kinetic energy of the emitted electron that is measured. Electron 

spectrometer identifies the electrons emitted from the sample according to their kinetic 

energy. The binding energy is considered as ionization energy of the atom for the particular 

shell involved. Since there are different electrons and binding energies in an atom, there is the 

resultant variation of kinetic energies of the emitted electrons. Furthermore, there is the 

different possibility for each process. The energy intensity and position distribution of the 

photoelectrons lines are used as a fingerprint to identify the elements present and together 

with measured peak areas of well-defined cross sections. 

In this study, X-ray photoelectron spectroscopy (XPS, K-alpha, and Thermo Fisher) with 

monochromatic Al Kα radiation as the X-ray source was used. 

 The Brunauer Emmet and Teller Techniques (BET) i)

The Brunauer-Emmett-Teller (BET) method is mostly used for determining the surface area, 

average pore volume, porosity, and the general pore size distribution of powders and porous 

materials. In this study, the surface area was calculated by the Brunauer–Emmett–Teller 

(BET) method from the adsorption branch in the relative pressure range (P/P0) of 0.01–1.The 

pore size distribution of the synthesized materials was studied using Barrett-Joyner-Halenda 

(BJH) method from the desorption branch of the isotherm nitrogen at the temperature of 77K. 

Adsorption–desorption isotherms were measured at -196°C using a Micrometrics ASAP 

2020. All the samples were degassed at 180° C for more than 12 h under vacuum conditions. 

The degassed sample was then transferred to the main chamber for the complete analysis 
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using N2 gas at 77K. Firstly, the sample is dosed with a specific amount of gas which is then 

evacuated to get the quantity of gas absorbed by the sample in excess of a relative pressure 

range, P/P0 (i.e.0.01˂ P/P0˂0.2). The nature of the isotherm produced also gives an indication 

of types of pores and their sizes in the sample. 

The first classification of physical adsorption isotherms was first presented by Brunauer in 

1940 [13]. He suggested five isotherm types established on the known experiment. In 1985, 

the IUPAC Commission on Colloid and Surface Chemistry proposed the classification of 

pore sizes and gas sorption isotherms that reflect the relationship between porosity and 

sorption [14,15]. Depending on the pore structure of different materials, IUPAC classification 

of adsorption/desorption isotherm can be classified in various types as illustrated in Fig 3.11 

(a). The six types of isotherms are characteristics of adsorbents that are microspores (type I), 

nonporous or macroporous (type II,III,VI), or mesoporous (type (IV and V) [14]. The 

adsorption hysteresis (IV and V) are classified and generally show that there is the 

association between the shape of the hysteresis loop and texture (e.g., pore geometry, pore 

size distribution and connectivity) of the mesoporous material. Such hysteresis loops show a 

wide variety of shapes as shown in Fig 3.11 (b). The type H1 is often associated with the 

porous material consisting of well-defined cylindrical-like pore channels or agglomerates of 

approximately uniform spheres. Type H2 attributes materials that are often disorder where 

the distribution of pore size and shapes are not well-defined. The H3 isotherms do not exhibit 

any limiting adsorption at
op

p
, with aggregates of plate-like particles giving rise to slit-shaped 

pores. H4 is associated with narrow slit-like pores [16]. 
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Figure 3.10: (a) The IUPAC classification of adsorption isotherms showing both the adsorption and 

desorption pathways and (b) the relationship between the pore shape and the adsorption-desorption 

isotherm [17]. 

 Morphological Studies  3.2.2

 Scanning Electron Microscopy (SEM) j)

The scanning electron microscopy is used to give the microstructural morphology and 

elemental composition of the sample by using focused beam energy dispersive x-ray 

spectrometer (EDS) with the scanning electron microscopy. It uses focused electron beams 

which are made with a Schottky field emission source that utilizes a high applied field in an 

ultra-high vacuum to generate a variety of signals at the surface of solid specimens . Fig 3.12 

shows the typical layout of SEM, which encompasses the electron gun which produces an 

electron beam (electron source and acceleration anode), electromagnetic lenses to focus the 

electrons, a vacuum chamber housing the specimen stage and a selection of detectors to 

collect the signals emitted from specimen. The electrons interact with specimen surfaces 

producing various signals that contain information about the composition and sample surface 
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topography recorded as signals by suitable detectors. The types of signals produced by SEM 

include secondary electrons(SE), reflected or back-scattered electrons(BSE), characteristics 

X-rays, bremsstrahlung X-rays, absorbed current (specimen current) transmitted electrons 

(thin samples) and cathodoluminescence . 

Secondary electrons are used for imaging to obtain information about the morphology at the 

sample surface. High-resolution images of the order of 1 nm are visible with SEMs having 

secondary electron detectors for secondary electron imaging. X-ray emission consists of 

electron rearranging inside the energy levels of the electronic structure and as such the 

characteristics x-rays are used to identify composition and measure elemental quantity in the 

sample. The BSE is associated with the atomic number of the signatory element at the sample 

surface. As such, the BSE are frequently used to analytical SEM in conjunction with the x-

ray to provide information about the elemental distribution of the sample. EDS 

characterization is usual integrated into SEM instrument and comprises a sensitive X-ray 

detector, a liquid nitrogen Dewar for cooling and software to collect and analyze energy 

spectra. EDS detector is used to separate the characteristic X-rays of different elements into 

an energy spectrum and EDS software is used to analyze the energy spectrum in order to 

determine the specific elements present in the sample [18]. EDS can also be sued to find the 

chemical composition of materials down to a spot size of a few microns, and to create an 

elemental composition. The morphology of all samples in this study was studied using the 

high-resolution Zeiss Ultra plus 55 fields emission scanning electron microscope (FE-SEM) 

operated at 2.0 kV. Energy dispersive x-ray (EDX) patterns were taken with a JEOL 5800LV 

microscope equipped with an energy-dispersive X-ray spectrometer operated at 20 kV and 

was used to estimate the elemental composition of the produced materials. 
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Figure 3.11: Schematic diagram of SEM [19]. 

 Transmission Electron Microscopy (TEM) k)

Transmission electron microscopy (TEM) provides information from micro down to atomic 

scale. The TEM uses a high electron beam transmitted through a very thin sample (˂50 nm) 

to image and analyzed the structure of materials. An (HRTEM) (Joel JEM-2100F Field 

Emission Electron Microscope, with a maximum analytical resolution of 200 KV and a probe 

size of 0.5 nm), with selected area electron diffraction (SAED) observations were used in this 

work to analyzed the morphology and structure of the samples. The samples were prepared 

by dissolving the active material in powder form in ethanol and ultrasonic to uniformly 

dissolve it. The ethanol solution containing the sample for the study was dropped on a lacey 

carbon-coated copper grid and left for particular minutes to dry before being loaded into the 

chamber for analysis.  
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 Electrode Preparation and Electrochemical Characterization 3.2.3

The electrochemical measurements of all samples coated on nickel foam (NF) and nickel 

foam graphene (NF-G) as current collectors were carried out in both three and two electrodes 

configurations using a Biologic VMP-300 potentiostat (Knoxville TN 37,930, USA) 

controlled by the EC-Lab® V10.37 software. The PGSTAT workstation is an electronic 

instrument designed to control the potential difference applied to the working electrode (WE) 

with a current flow (in the form of either a half cell or a full cell) and the reference electrode 

(RE) with no current. The PGSTAT generates characteristics cycling voltammetry curves 

which give information about the possible electrochemical reactions in the system. For all 

electrochemical measurements performed in a three-electrode configuration, the as prepared 

electrodes served as the working electrodes, Ag/AgCl (3 M KCl) served as the reference 

electrode and glassy carbon plate as the counter electrode as shown in Fig 3.13 (a). In the 

two-electrode configuration, with coin-type cells using a glass micro fiber filter paper as the 

separator as shown in Fig 3.13(b). The electrodes for supercapacitor were prepared as 

follows: The synthesized material and polyvinylidene fluoride (PVDF) binder and carbon 

black (CB) to improve the conductivity (if the material conductivity is not good) were mixed 

in a weight ratio of 8:1:1 which was homogenized and dispersed in N-methylpyrrolidone 

(NMP) solution to obtain the slurry. The slurry was then uniformly coated on a nickel foam 

current collector and dried at 60
°
 C in an oven for 8 h to ensure complete evaporation of the 

NMP. A 6 M KOH aqueous electrolyte which provides ionic conductivity and facilitates 

charge compensation on each electrode in the cell was used. Cycling voltammetry (CV), 

Galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS) 

and cycling life were carried out for all the samples.  
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Figure 3.12: Schematic view of (a) three [20] and (b) two electrode setup for testing in the electrode 

material [21]. 
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4 CHAPTER 4 

In this chapter, the results obtained from all experimental procedures outlined in the previous 

chapter are fully described. The resulting publications from each research topics are also 

presented afterwards. 

4.1 Effect of Growth Time of Hydrothermally Grown Cobalt Hydroxide 

Carbonate on its Supercapacitive Performance 

 Introduction 4.1.1

Transitional metal oxides/hydroxides have attracted major research interests as electrode 

material for energy storage for supercapacitors because of their favourable capacitive 

characteristics and environmental friendliness.Specifically, cobalt-based hydroxides have 

been studied by researchers as faradic materials for supercapacitor due to good cycling 

stability layered structure with large interlayer spacing and the fact that their morphology 

may be successfully controlled by transforming the interface between the positively charged 

layers and anions [1].  

Various morphology of cobalt hydroxide carbonates (Co2 (OH)2 CO3) such as nanorods, 

nanowires, sisal-like, dandelion-like, pinecone-like, urchin-like and flower-like-structures 

have been successfully synthesized by different methods. As reported in previous studies the 

reaction temperature, surfactant content, ion concentration and aging time play important role 

in the morphology and size of cobalt hydroxide carbonate (Co2(OH)2CO3) nanostructures [1–

3]. Sun et al investigated the structural transformation and electrochemical characterization of 

cobalt hydroxide carbonates from non-crystal nanosheets to single –crystal nanorods and 

nanosheets using amino acid (glycine) as the direct reagent. In their work, they showed that 

glycine molecules play a crucial role in the transformation of phases and morphologies. 
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In this section, cobalt hydroxide carbonate nanorods were successfully synthesized using a 

hydrothermal method at a temperature of 120 °C with different synthesis times of 3, 6, 9 and 

12 h, respectively. It was noticed that increasing growth time plays a crucial role in the 

transformation of phases and morphologies. The systematic study was made of the effect of 

growth time, the morphology and SSA of cobalt hydroxide carbonate nanorods. The 

electrochemical characterization of cobalt hydroxide carbonate nanorods was investigated 

using three-electrode configurations. After characterizing all the samples produced, it was 

realized that the sample grown for the longest time of 12 h had shown the well-defined 

compact nanorods, the highest specific surface area and the best electrochemical 

performance. It was also established that the increase in growth time beyond 12 h resulted in 

producing cobalt oxide with different electrochemical properties from the cobalt hydroxide 

carbonates.  

 Results and Discussions 4.1.2

A detailed summary of the results of the analysis of hydrothermal synthesized cobalt 

hydroxide carbonate nanorods and the effect of growth times on the electrochemical 

performance is presented in the paper below.  
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 Conclude Remarks 4.1.3

Cobalt hydroxide carbonate nanorods were successfully synthesized using a hydrothermal 

method at a temperature of 120 °C with different synthesis times from 3 to12 h to adjust their 

morphological properties. The morphologies of cobalt hydroxide carbonate showed 

systematic improvements as function of reaction time. Cobalt hydroxide carbonate nanorods 
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synthesized with 12 h reaction time exhibited the highest specific capacitance of 466 F g
-1

 at 

current density of 1 A g
-1

 and capacity retention of 99 % after 2000 cycles at a current density 

of 10 A g
-1

 before the material transformed into cobalt oxide at high reaction time. These 

results suggest that cobalt hydroxide carbonate nanorods with the low cost and simple 

preparation process can be the promising electrode materials for supercapacitor application. 

4.2 Preparation and Electrochemical Investigation of the Cobalt 

Hydroxide Carbonate/Activated Carbon Nanocomposite for 

Supercapacitor Applications. 

 Introduction 4.2.1

In section 4.1.1., cobalt hydroxide carbonate nanorods were successfully synthesized using a 

hydrothermal method at a temperature of 120 °C with different synthesis times from 3 to12 h 

to adjust their morphological properties. These section present results obtained when 

activated carbon (AC) was incorporated to cobalt hydroxide carbonate using a hydrothermal 

method at a temperature of 120 °C for 6 h to produce cobalt hydroxide carbonate/AC 

composites. 

The reason for adding activated carbon is due to the fact that hydroxides normally suffer from 

poor electrical conductivity and low electrochemical stability, while carbon materials are 

known to have good electrical conductivity and electrochemical stability, so the synergy 

between the two materials should improve the electrochemical properties of the composite 

material. Therefore, the electrochemical performance of cobalt hydroxide carbonate can be 

improved by combining with three dimensional porous carbon materials to form a composite 

to increase the conductivity as well as the electrochemical properties of cobalt hydroxide 

carbonate. Porous carbon materials such as activated carbon (AC) have been used as 

electrode materials in the production of EDLCs due to their good electrical conductivities, 
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long cycle-life and large surface area. Based on this suggested concepts, hydrothermal 

method was used to synthesize cobalt hydroxide carbonate nanorods in the presence of 

activated carbon (AC) (from Polyvinyl alcohol PVA and graphene foam) denoted as AGF to 

obtained cobalt hydroxide carbonate/AC composites. This method showed that the 

synthesized cobalt hydroxide carbonates confirmations nanorods shape-like structure and that 

there is constant coverage of the AC by such nanorods. The morphological, structural and 

electrochemical properties of the synthesized cobalt hydroxide carbonate/AC composites 

were studied. 

 Results and Discussions 4.2.2

Detailed information on results obtained from this work is presented in the paper below. 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

140 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

141 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

142 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

143 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

144 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

145 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

146 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

147 

 

 

 Conclude Remarks 4.2.3

Cobalt hydroxide carbonate/AC composite electrode was successfully synthesized by 

hydrothermal method. The result revealed that fabricating AC with the cobalt hydroxide 

carbonate clearly improved the surface area and electrochemical performance of the 

composite electrode. This was indicated by the increase of both SSA and specific capacitance 

from 32.7 m
2
g

-1
 and 253.2 Fg

-1
 (at 1 Ag

-1
) to 164.3 m

2
g

-1
 and 301.4 Fg

-1
 (at 1 Ag

-1
) for both 

pristine cobalt hydroxide carbonate and the composite with AC respectively accompanied by 

excellent constant coulombic efficiency of 95.6 % after 1000 charge-discharge cycles at 

current density of 4 A g
-1

. These results showed that cobalt hydroxide carbonate/AC 

composite electrode could be the promising candidate as electrode material for high-

performance supercapacitors. 
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4.3 High Performance Asymmetric Supercapacitor Based on CoAl-

LDH/GF and Activated Carbon from Expanded Graphite  

 Introduction 4.3.1

Having established that the cobalt based hydroxides can be such good materials for 

electrochemical capacitors application, we then considered the synthesis of cobalt based 

double layered hydroxides (LDH) composite with carbon materials. This was motivated by 

the previous study that showed that the addition of carbon material into hydroxides indeed 

improved both their specific surface area and electrochemical performance. In this study the 

composite of CoAl-LDH with graphene foam (GF) was considered and the asymmetric 

supercacitor device was produced with CoAl-LDH/GF as the positive electrode and AC 

carbon synthesized from expanded graphite as negative electrode. 

Asymmetric supercapacitors involving different materials as cathode and anode (such as 

faradic and EDLC materials) have been found to be an effective way of increasing the energy 

density of supercapacitor due to the fact that combines the properties from the faradic 

material cathode with that of the electric double layer anode which normally have different 

potential windows in the three electrode measurements. The importance of assembling an 

asymmetric cell is to use electrode materials which are stable in different potential windows 

in the same electrolyte in order to increase the full cell voltage. Therefore, this will enhance 

the device energy density because the energy density depends on potential window squared 

[4]. 

Layered double hydroxides (LDHs) containing transition metals have attracted remarkable 

attention because of their unique structural anisotropy, high specific capacitance, low cost 

and environmentally friendly nature, tunable composition, flexible ion-exchangeability [5,6]. 

CoAl-LDH ,with divalent Co
2+

 ion and trivalent Al
3+

 ion is one of the most commonly 

studied LDHs which could contribute to the faradaic redox reaction due to the conversion 
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Co
2+

 to Co
3+ 

and vice versa
 
[7]. Nevertheless, the relatively low conductivity restrains 

electron transfer, causing in poor high rate charge and discharge capability and therefore 

influences the performance of these electrode materials. Therefore, a hybrid electrode which 

incorporates LDH on high-surface conducting materials is alleged as a supreme method to 

enhance electrochemical performance of such material. Based on the above investigation, the 

graphene-composite can significantly improve the electrochemical properties due to its large 

surface area, high thermal/chemical stability and high electrical conductivity [7]. Previous 

study showed supercapacitor behavior of electrostatic self-assembly reduced graphene 

oxide/CoAl-LDH nanocomposites improved the capacitive performance of the electrodes due 

to the fact that electrostatic self-assemble behavior between CoAl-LDH-NS and RGO 

nanosheets can prevent the agglomeration of RGO [8]. 

In this section CoAl-LDH and CoAl-LDH/graphene foam (GF) were synthesized using a 

facile and environmentally friendly hydrothermal technique. The CoAl-LDH was well 

dispersed in the graphene foam matrix which is essential for providing the necessary surface 

area required for efficient charge transport and storage. An asymmetric supercapacitor was 

fabricated using CoAl-LDH/GF composite and activated carbon derived from expanded 

graphite (AEG) as cathode and anode electrodes respectively in a 6 M KOH aqueous 

electrolyte. The choice of the AEG as the anode material was informed by its extended 

potential window and its excellent electrochemical stability as reported in the study by 

Barzegar et. al [9]. 

 Results and Discussion 4.3.2

The result of asymmetric cell made from CoAl-LDH/GF// AEG is presented in the paper 

below. 
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 Conclude Remarks 4.3.3

An asymmetric supercapacitor based on CoAl-LDH/GF and AEG material as positive and 

negative electrodes has been developed in 6M KOH aqueous electrolyte solution. This 

asymmetric device showed high specific capacitance of 101.4 F g
-1

 at a current density of 0.5 

A g
-1

 with a maximum energy density of 28 Wh kg
-1

 and a corresponding power density of 

1420 W kg
-1

, with excellent stability of∼ 100% capacitance retention with no capacitance 

loss after 5000 cycles. The most important aspect of this device is that it demonstrated a high 

energy density while retaining the high power density of the supercapacitor, unlike other 

supercapacitor devices that will show a high energy density but then a low power density. 

Such asymmetric device is anticipated to be an extremely promising candidate for application 

in high performance energy storage systems. 

4.4 High Electrochemical Performance of Hybrid Cobalt 

Oxyhydroxide/Nickel Foam Graphene  

 Introduction 4.4.1

In section 4.3 CoAl-LDH was synthesized using a facile and environmentally friendly 

hydrothermal technique. In this section mesoporous nanosheets of cobalt oxyhydroxide 

(CoOOH) were synthesized on Ni foam graphene (Ni-FG) substrate by facile two-step 

processes, namely, hydrothermal reaction to produce CoAl-LDH nanosheets on Ni-FG which 

were converted to CoOOH nanosheets on Ni-FG by alkaline etching of the Al cations in 

CoAl-LDH using a NaOH solution. This is another simple route to produce a different phase 

of cobalt hydroxide material for electrochemical capacitors application. The in-sute synthesis 

of CoOOH on nickel foam graphene current collector was informed by our previous work 

which demonstrated that nickel foam electrical conductivity and the adhesion surface area 

can be improved by covering Ni-foam with graphene through CVD method [10].  
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 Results and Discussion 4.4.2

The result of CoOOH on the Ni-FG substrate is presented in the paper below. 
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 Conclude Remarks 4.4.3

The morphology of the synthesized CoOOH on the Ni-FG substrate showed a homogenous 

coating of well-ordered intersected nanosheets showing porous structure. The morphology of 

synthesized graphene sheet on the Ni foam showed wrinkles and ripples of graphene which 

retained the advantages of homogeneous adsorption and distribution of CoOOH intersected 

nanosheets on Ni-FG substrate. The morphology and structural analysis confirmed elemental 

composition and crystalline structure of the CoOOH compound before and after 

electrochemical analysis of the electrode. The electrochemical behavior indicated that the 

CoOOH/Ni-FG electrode is a good Faradic electrode material exhibiting a high specific 

discharge capacity of 199 mAh g
−1

 at a current density of 0.5 A g
−1

. In addition ,the 

supercapacitor also exhibit good cycle stability with a 98 % capacity retention after 1000 

cycles. These results suggest that the CooOH/Ni-FG electrode material has great potential as 
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a high capacitiy device and is further expected to contribute significantly to the ongoing 

scientific reports on Faradaic electrode materials for electrochemical applications. 

4.5 Asymmetric Supercapacitor Based on VS2 Nanosheets and Activated 

Carbon Materials. 

 Introduction 4.5.1

As much as we considered the cobalt based faradic materials for electrochemical capacitor 

applications because of their excellent redox reaction of which making hybrid materials with 

EDLC materials was found to be the best way of improving electrochemical performance, we 

then extended our work to include the transition metal chalcogenides. The main reason to 

consider these faradic materials was that they have similar 2D structure like graphene but still 

suffer low electrical conductivity and poor electrochemical stability because of redox 

reaction. Hence like other faradic materials their composite with carbon materials like 

graphene should be able to improve their electrical conductivity, electrochemical stability and 

prevent restacking so that a large surface area can be realized. In this study we considered the 

VS2 nanomaterial that was synthesized through solvothermal approach as cathode and AEG 

as anode materials respectively for asymmetric supercapacitor for the same reason that this 

kind of approach has a potential of increasing the energy density of the supercapacitor. 

Vanadium sulphides have been investigated as low-cost electroactive material ,with good 

mechanical properties and high electrochemical performance [11,12]. 

 Results and Discussion 4.5.2

The results obtained from this work are presented in detail in the paper below. 
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 Conclude Remarks 4.5.3

Asymmetric supercapacitor based on VS2//AC electrode demonstrated a high capacity of 155 

F g
-1

 and high energy and power densities of 42 Wh kg
-1

 and 700 W kg
-1

 respectively at 1 A 

g
-1.

.The device also displayed a good stability with ∼ 99% capacitance retention and no 

capacitance loss after 5000 cycles at a current density of 2 Ag
-1

 at an extended operating 

voltage of about 1.4 V .Therefore, these above results showed that pairing such hybrid 

materials could be an excellent method for tailoring high-performance supercapacitor 

electrodes. 

4.6 High Performance Asymmetric Supercapacitor Based on MoS2/GF 

and Activated Carbon from Expanded Graphite  

 Introduction 4.6.1

One of the mostly studied transition metal chalcogenides material for electrochemical 

capacitance is molybdenum disulphide (MoS2) due to its excellent mechanical and 

electrochemical properties and unique morphology [13]. 

Molybdenum disulphide comprises of covalently bonded S-Mo-S atoms which are held 

together by weak van der Waals forces [14,15] just like few layer graphene. It has been 

established that modifying the MoS2 with carbon materials to obtain a composite material is 

one of the most effective ways of increasing the conductivity as well as its electrochemical 

properties [16–21]. In this study hybrid composite materials consisting of MoS2 and different 

graphene foam mass loading were synthesized through hydrothermal synthesis. The 

composites were characterized through different techniques and the electrochemical 

measurements were studied as a function of graphene foam mass loading in three electrode 

configuration. The best performing composite was used to make asymmetric device where 

such composite was used as cathode and AEG as anode electrodes respectively.  
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 Results and Discussion 4.6.2

The results obtained from this work are presented in detail in the paper below. 
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 Conclude Remarks 4.6.3

Graphene foam was demonstrated to improve systematically the physical and electrochemical 

properties of MoS2 material as the mass load was increased from 50 mg to 150 mg with 

150mg found to be the optimum mass for such improvement to be observed. We then 

successfully fabricated an asymmetric supercapacitor cell based on porous activated carbon 

derived from expanded graphite material as negative electrodes and MoS2_150 mg as positive 

electrode. The asymmetrical device displays high specific capacitance of 59 F g
-1

 at a current 

density of 1 A g
-1

 with maximum energy and power densities of 16 Wh kg
-1

 and 758 W kg
-1

, 

respectively. In addition, the supercapacitor also exhibit a good cycle stability with 95 % 

coulombic efficiency over 2000 charge-discharge cycles at a current density of 2 A g
-1

 with 

an extended operating voltage of about 1.4 V in 6 M KOH aqueous electrolyte. This study 

illustrated the merit of combining such hybrid materials as an exceptional method to produce 

supercapacitors with high energy and power densities. These results offer a useful and 

realistic way to fabricate asymmetric hybrid supercapacitors based on MoS2/GF and AEG 

with high energy density while retaining the high power density property of supercapacitor. 
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5 CHAPTER 5 

5.1 General conclusions and future works 

 

In this chapter, the main results reported and discussed in chapter 4 are summarized below. 

This chapter includes a brief discussion on the possible future work of this study.  

Cobalt-based hydroxides and transitional metal dichalcogenides with carbon materials were 

synthesized using a hydrothermal technique. Two types of activated carbon (from Polyvinyl 

alcohol PVA and graphene foam denoted as AGF and from expanded graphite donated as 

AEG) were produced using the hydrothermal technique. The activated carbon from Polyvinyl 

alcohol PVA and graphene foam was used to make the composite and the expanded graphite 

was used as the negative electrode for the asymmetric devices. Three-dimensional graphene 

foam (GF) has been synthesized successfully by AP-CVD using nickel foam as a growth 

substrate. Because faradaic materials suffer from poor electrical conductivity and low 

electrochemical stability, while carbon materials are known to have good electrical 

conductivity and electrochemical stability, therefore the faradaic materials were incorporated 

with carbon materials to improve the electrochemical properties of the composite materials. 

Based on this suggested concepts, hydrothermal method was used to synthesize cobalt 

hydroxide carbonate nanorods in the presence of activated carbon (AC) (from Polyvinyl 

alcohol PVA and graphene foam) denoted as AGF to obtained cobalt hydroxide 

carbonate/AC composites. Faradaic materials were also synthesized using various routes in 

order to make graphene-based composites materials. The CoAl-LDH and MoS2 have been 

synthesized using hydrothermal technique in order to enhance both the electrical double layer 

properties from graphene with faradaic properties from CoAl-LDH and MoS2 component. 

Graphene was also involved in the growth of a thin film of few-layer graphene on the NF 

current collector to form a cobalt oxyhydroxide/nickel foam graphene. 
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Each of the produced materials was characterized by scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), N2 adsorption-desorption isotherm (BET), Fourier transformation 

infrared spectroscopy (FTIR) and Raman spectroscopy. All produced materials were also 

analysed in the electrochemical system as electrodes for supercapacitors both in the two and 

three electrode configurations. 

In section 4.1. Cobalt hydroxide carbonate nanorods were successfully synthesized using a 

hydrothermal method at a temperature of 120 °C with different synthesis times from 3 to 12 h 

for transformation of phases and morphologies. The results from XRD characterization and 

scanning electron microscopy with the morphology of nanorods exhibited the crystal 

structure consisting of the mixture of both monoclinic and orthorhombic phases. Different 

measurements that have been done on these samples show systematic improvements of the 

specific capacitance as function of increasing reaction time. Cobalt hydroxide carbonate 

nanorods synthesized with 12 h reaction time, which is the reaction time just before the 

materials transforms into cobalt oxide under the same synthesis conditions exhibited the 

highest specific capacitance of 466 F g
-1

 at a current density of 1 A g 
-1

 in 6M KOH 

electrolyte and also showed excellent stability with ∼99 % capacitance retention after 2000 

cycles at a current density of 10 A g
-1

. These results suggest that cobalt hydroxide carbonate 

nanorods with the low cost and simple preparation process can be promising electrode 

materials for supercapacitor application. 

Activated carbon (AC) was incorporated to cobalt hydroxide carbonate using a hydrothermal 

method at a temperature of 120 °C for 6 h reaction time sample to produce cobalt hydroxide 

carbonate/AC composites. The reason for adding activated carbon to growth time of 6 h is 

due to the fact that the synergy between the two materials should improve the electrochemical 
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properties of the composite material since the carbon will add the electrical conductivity and 

stability, while cobalt hydroxide carbonate will contribute high specific capacitance. The 

results are discussed in section 4.2 where activated carbon was incorporated into cobalt 

hydroxide carbonate. The result revealed that fabricating AC with the cobalt hydroxide 

carbonate clearly improved the surface area and electrochemical performance of the 

composite electrode. This was indicated by the increase of both SSA and specific capacitance 

from 32.7 m
2 

g
-1

 and 253.2 F g
-1

 (at 1 A g
-1

) to 164.3 m
2 

g
-1

 and 301.4 F g
-1

 (at 1 Ag
-1

) for 

both pristine cobalt hydroxide carbonate and the composite respectively accompanied by 

excellent constant coulombic efficiency of 95.6 % after 1000 charge-discharge cycles at 

current density of 4 A g
-1

. This demonstrated that cobalt hydroxide carbonate/AC composite 

electrode could be promising candidate as electrode material for high performance 

supercapacitors. 

Having established that the cobalt based hydroxides could be good materials for 

electrochemical capacitors application; another approach was to synthesis cobalt based 

double layered hydroxides (LDH) composite with carbon materials. In section 4.3 The cobalt 

based double layered hydroxides (LDH) composite with graphene foam (GF) synthesized via 

hydrothermal method synthesis as electrode material for supercapacitor application had been 

discussed. The asymmetric supercacitor device was also produced with CoAl-LDH/GF as the 

positive electrode and AC carbon synthesized from expanded graphite as negative electrode 

to increasing the energy density of supercapacitor. This asymmetric device showed high 

specific capacitance of 101.4 F g
-1

 at a current density of 0.5 A g
-1

 with a maximum energy 

density of 28 Wh kg
-1

 and a corresponding power density of 1420 W kg
-1

, with excellent 

stability of ∼100 % capacitance retention with no capacitance loss after 5000 cycles. These 

promising results show the potential of these asymmetric device for high energy and power 

densities supercapacitor devices.  
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In section 4.4 mesoporous nanosheets of cobalt oxyhydroxide (CoOOH) were synthesized on 

Ni foam graphene (Ni-FG) substrate by facile two-step processes, namely, hydrothermal 

reaction to produce CoAl-LDH nanosheets on Ni-FG which were converted to CoOOH 

nanosheets on Ni-FG by alkaline etching of the Al cations in CoAl-LDH using a NaOH 

solution. The electrochemical behavior showed that the CoOOH/Ni-FG electrode exhibit a 

high specific capacity of of 199 mAh g
−1

 at a current density of 0.5 A g
−1

 accompanied by 

excellent constant coulombic efficiency of 98 % after 1000 charge-discharge cycles at current 

density of 10.0 A g
−1 

after 1000 cycles . 

As stated before the transition metal chalcogenides have similar 2D structure like graphene, 

but still suffer low electrical conductivity and poor electrochemical stability because of redox 

reaction. Hence like other faradic materials their composite with carbon materials like 

graphene should be able to improve their electrical conductivity, electrochemical stability and 

prevent restacking so that a large surface area can be realized 

In section 4.5 the VS2 nanomaterial synthesized through solvothermal approach as cathode 

and AEG as anode materials respectively for asymmetric supercapacitor to increasing the 

energy density of the supercapacitor was discussed. The asymmetric devices showed a 

specific capacitance of 155 F g
-1

 at 1 A g
-1

 with a maximum energy density as high as 42 Wh 

kg
-1

 and a power density of 700 W kg
-1

 with good stability after 5000 cycles at a current 

density of 2 A g
-1

 at an extended operating voltage of about 1.4 V. These results showed that 

asymmetric hybrid supercapacitors constructed on VS2 and AC has a great potential as a 

high-performance energy storage device. 

In section 4.6 pure MoS2 and MoS2/graphene foam (GF) with different graphene foam mass 

loading synthesized by hydrothermal process to improve on the specific capacitance of the 

composites were reported. An asymmetric supercapacitor were fabricated using the best 

performing Mos2/GF composite and activated carbon derived from expanded graphite (AEG) 
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as positive and negative electrodes respectively in an aqueous electrolyte. The asymmetrical 

device exhibited high specific capacitance of 189 F g
-1

 at 0.5 A g
-1

 with a maximum energy 

density of 51 Wh kg
-1

 and power density of 1765 W kg
-1

. In addition, the supercapacitor also 

exhibited a good cycle stability with 95 % coulombic efficiency over 2000 charge discharge 

cycles at a current density of 2 A g
-1

 in addition to an extended operating voltage of about 1.4 

V in 6 M KOH aqueous electrolyte. These results offer a convenient and effective way to 

fabricate asymmetric hybrid supercapacitors based on MoS2/GF and AEG with high energy 

density while maintaining the high power density property of supercapacitor. 

In summary, the results clearly showed the great potential of incorporating carbon materials 

into the cobalt based hydroxide and transition metal chalcogenides to obtain carbon-based 

composites for energy storage device electrodes. The improvement of the electrochemical 

properties could also be achieved by mounting ACs produced as negative electrode and 

faradaic-type materials such as cobalt-based materials and transition metal chalcogenides as 

positive electrodes in order to increase the energy density by utilizing the resulting wide 

operating voltage window. 

Future work could be further exploration of the effects of different carbon materials such as 

activated carbon, carbon nanotubes on the electrochemical performance of transition metal 

chalcogenides composite materials as supercapacitor electrodes. This could be achieved by 

optimization of composite materials which will give high energy and power densities by 

fabricating asymmetric supercapacitor by using different electrolytes of the supercapacitor 

device. 
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