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RÉSUMÉ 

 

Le remplacement des combustibles fossiles classiques par des sources d'énergie 
renouvelables et respectueuses de l'environnement, en raison de l'empreinte carbone élevée 
de ces dernières, à entraîné une demande accrue de dispositifs de stockages d'énergie 
présentant des propriétés de puissance et de densité énergétique élevées.  Comme de 
nombreux pays, le Québec (Canada) interdira les voitures à essence d'ici 2035 pour laisser la 
place aux voitures électriques. La recherche de dispositifs de stockage d'énergie performants 
est donc plus que jamais d'actualité. Ces derniers temps, les supercondensateurs sont apparus 
comme une technologie de stockage d'énergie propice pour combler le fossé de la densité 
d'énergie et de puissance des dispositifs de stockage d'énergie traditionnels tels que les 
condensateurs diélectriques et les batteries. Néanmoins, si la densité d'énergie des 
supercondensateurs est supérieure à celle des condensateurs classiques, elle est 
considérablement inférieure à celle des batteries et des piles à combustible. Pour répondre 
aux exigences pratiques des dispositifs de stockage d'énergie, il est souhaitable de fabriquer 
des supercondensateurs avec des matériaux d'électrode nanostructurés à haute capacité, 
présentant une surface spécifique élevée, une densité d'énergie élevée, une longue stabilité 
de cycle et un coût réduit. Comme de nombreux pays, le Canada (Québec) interdira les 
voitures à essence d'ici 2035 pour laisser la place aux voitures électriques. La recherche de 
dispositifs de stockage d'énergie performants est donc plus que jamais d'actualité. Ces 
derniers temps, les supercondensateurs sont apparus comme une technologie de stockage 
d'énergie propice pour combler le fossé entre la densité d'énergie et la de puissance des 
dispositifs de stockage d'énergie traditionnels tels que les condensateurs diélectriques et les 
batteries. Néanmoins, si la densité d'énergie des supercondensateurs est supérieure à celle 
des condensateurs classiques, elle est considérablement inférieure à celle des batteries et des 
piles à combustible. Pour répondre aux exigences pratiques des dispositifs de stockage 
d'énergie, il est souhaitable de fabriquer des supercondensateurs avec des matériaux 
d'électrode nanostructurés à haute capacité présentant une surface spécifique élevée, une 
densité d'énergie élevée, une longue stabilité de cycle et un coût réduit. 

Dans cette recherche, des matériaux d'électrode de supercondensateur nanostructurés 
ont été conçus et synthétisés à l'aide de procédés hydrothermiques et d'électrodéposition et 
leurs propriétés électrochimiques ont été évaluées. Une comparaison des résultats a montré 
que la voie électrochimique est la plus efficace pour synthétiser des matériaux nanostructurés 
avec une capacité élevée proche des valeurs théoriques. Par conséquent, cette thèse est 
principalement axée sur les matériaux d'électrodes de supercondensateur nanostructurés 
fabriqués par le biais du processus électrochimique. 

La première stratégie consiste à fabriquer des matériaux d'électrode de NiO et de Co3O4 
par une voie de synthèse par précipitation chimique simple et rentable. Les électrodes 
fabriquées ont fourni une capacité spécifique maximale de 40 F/g et 28 F/g à un courant 
spécifique de 1 A/g pour les électrodes NiO et Co3O4 respectivement. Cependant, les valeurs 
de capacité spécifique obtenues étaient bien en dessous de la capacité théorique attendue de 
NiO (2573 F/g) et de Co3O4 (3560 F/g). 
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La deuxième stratégie consiste à optimiser le processus électrochimique pour la 
fabrication de films minces nanocomposites Ni-NiO, Co-Co3O4 et Ag/Co-Co3O4 en utilisant 
une nouvelle technique qui combine la voltamétrie cyclique et les techniques 
d'électrodéposition inverse pulsée. Il a été constaté que la cristallinité et les caractéristiques 
morphologiques des films déposés, entraînées par la concentration d'électrolyte avec des 
variations molaires et les modes d'électrodéposition, influencent les performances de capacité 
spécifiques. Les électrodes à couches minces nanocomposites Ni-NiO, Co-Co3O4 et Ag/Co-
Co3O4 fabriquées ont obtenu des valeurs de capacité spécifiques élevées de 2000 F/g, 2580 
F/g et 2800 F/g à un courant spécifique de 1 A/g respectivement. Les électrodes fabriquées 
ont également montré une stabilité à long terme après environ 1000 cycles de charge-
décharge répétés, montrant des valeurs de rétention de capacité de 98,6 %, 78,2 % et 82,6 % 
pour les électrodes Ni-NiO, Co-Co3O4 et Ag/Co-Co3O4, respectivement à 20 A/g. 

Dans la stratégie finale, l'utilisation de l'aluminium comme substrat a été valorisée en 
modifiant la maille d'alliage d'aluminium AA6061 en utilisant un revêtement de nickel. De 
plus, le revêtement de polypyrrole comme matériau actif sur la maille d'aluminium modifiée 
a été réalisé en utilisant une technique simple et économique d'électrodéposition 
potentiostatique. L'aluminium modifié au nickel revêtu de polypyrrole, comparé à une maille 
en acier inoxydable revêtue de polypyrrole, a montré des performances supérieures en 
fournissant une capacité spécifique de ~100 F/g à un courant spécifique appliqué de 1 A/g 
avec une excellente conductivité révélée par une petite résistance série d'équivalence de 0,18 

2. Les résultats obtenus et les observations ont montré que la morphologie pilotée par 
le type de substrat influence les performances des supercondensateurs des électrodes à base 
de polypyrrole. 

Les résultats obtenus dans cette thèse ont démontré que la nouvelle technique combinée 
de voltampérométrie cyclique et d'électrodéposition inverse pulsée présente une méthode 
efficace et rentable pour développer des matériaux d'électrode nanostructurés performants 
pour des applications pratiques dans les dispositifs de stockage d'énergie à supercondensateur. 

 



 
 

ABSTRACT 

 

The switch from conventional fossil-based fuel to renewable and environmentally 

demand for energy storage devices with high power and energy density properties. Like many 
countries, Quebec, Canada will ban the gasoline-powered automobile by the year 2035 to 
make way for electric cars. Thus, the search for high-performance energy storage devices has 
become pertinent now more than ever. In recent times, supercapacitors have surfaced as 
propitious energy storage technology to bridge the energy and power density gap of 
traditional energy storage devices such as dielectric capacitors and batteries. Nevertheless, 
while the energy density of supercapacitors is higher than conventional capacitors, it is 
considerably lower than that of batteries and fuel cells. To meet the practical requirements of 
energy storage devices, it is desirable to fabricate supercapacitors with high capacitance 
nanostructured electrode materials, having high specific surface area, high energy density, 
long cycle stability, and lower cost. 

In this research, nanostructured supercapacitor electrode materials have been 
designed and synthesized using chemical precipitation and electrodeposition processes, and 
their electrochemical properties were evaluated. A comparison of the results has shown the 
electrochemical route to be efficient in synthesizing nanostructured materials with high 
capacitance close to theoretical values. Hence, this thesis is predominantly focused on 
nanostructured supercapacitor electrode materials fabricated through electrochemical 
process. 

The first strategy is the fabrication of NiO and Co3O4 electrode materials by a simple, 
cost-effective chemical precipitation synthesis route. The fabricated electrodes delivered a 
maximum specific capacitance of 40 F/g and 28 F/g at a specific current of 1 A/g for the NiO 
and Co3O4 electrodes respectively. However, the obtained specific capacitance values were 
far below the expected theoretical capacitance of NiO (2573 F/g) and Co3O4 (3560 F/g). 

The second strategy involves optimizing the electrochemical process for the 
fabrication of Ni-NiO, Co-Co3O4, and Ag/ Co-Co3O4 nanocomposite thin films using a novel 
technique that combines cyclic voltammetry and pulse reverse electrodeposition techniques. 
Crystallinity and morphological features of the deposited films, driven by the electrolyte 
concentration with molar variations and the electrodeposition modes have been found to 
influence specific capacitance performance. The fabricated Ni-NiO, Co-Co3O4, and Ag/Co-
Co3O4 nanocomposite thin film electrodes obtained high specific capacitance values of 2000 
F/g, 2580 F/g, and 2800 F/g at a specific current of 1 A/g respectively. The fabricated 
electrodes also exhibited long-term stability after ~1000 repeated charge-discharge cycles, 
showing capacitance retention values of 98.6 %, 78.2 %, and 82.6 % for Ni-NiO, Co-Co3O4, 
and Ag/Co-Co3O4 electrodes, respectively at 20 A/g. 

In the final strategy, the use of aluminum as a substrate has been valorized by 
modifying AA6061 aluminum alloy mesh using a coating of nickel. Furthermore, 
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polypyrrole coating as active material on the modified aluminum mesh was performed using 
a simple cost-effective potentiostatic electrodeposition technique. The polypyrrole-coated 
nickel-modified aluminum compared to a polypyrrole-coated stainless-steel mesh has shown 
superior performance by providing a specific capacitance of ~100 Fg-1 at an applied specific 
current of 1 Ag-1 with an excellent conductivity revealed by a small equivalence series 

2. The obtained results and observations have shown that the 
morphology driven by the type of substrate influences the supercapacitor performance of 
polypyrrole-based electrodes. 

The results obtained in this thesis have demonstrated that the novel combined cyclic 
voltammetry and pulse reverse electrodeposition technique presents an efficient and cost-
effective method for developing high-performing nanostructured electrode materials for 
practical applications in supercapacitor energy storage devices. 
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CHAPTER 1: INTRODUCTION 

 

This chapter introduces the quest for clean and renewable energy and the potential 

solution of addressing these issues via higher energy storage technology such as 

supercapacitors. The objectives, the novelty of the research, and the methodology are 

provided in this chapter. 

 

1.1 Introduction 

 

The rapid development of the global economy coupled with the depletion of fossil 

fuels and increasing environmental concerns of global warming requires the switch to 

alternative energy sources which are clean and renewable. Green energy sources such as solar, 

hydroelectric, and wind energy are important energy sources to replace traditional fossil fuels. 

However, most of these renewable energy sources are typically periodic [1]. Thus, the 

fabrication of energy storage devices capable of storing intermittent renewable energy for 

future use has become one of the key approaches to the practical application of renewable 

energy sources. In recent times, electrochemical energy storage devices in the form of 

electrochemical supercapacitors (ES) have received much attention as they can produce a 

large amount of energy in a short period and are used in many application areas such as 

emergency doors on the airbus, low-emission hybrid electric vehicles and consumer 

electronics [2-4]. Several factors affect the efficiency of energy storage and conversion 

devices, but their overall performance relies strongly on the structure and properties of the 
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electrode materials [3]. The major electrode materials that are used in current supercapacitors 

are those made of graphene and carbonaceous materials (Carbon nanotubes, activated carbon, 

etc.) [5]. The desire to use carbon materials comes from the fact that they store the charges 

electrostatically using reversible adsorption of ions of the electrolyte onto active materials 

that are electrochemically stable and have high surface area [5]. However, they have low 

specific charge storage and energy density, and thus, the research into other electrode 

materials such as transition metal oxides (RuO2, NiO, Co3O4, MnO2, etc.), transition metal 

sulfides (NiS, CoS, MoS2, etc.), and conducting polymers (Polypyrrole (Ppy), polyaniline 

(PANI), etc.). Among them, noble transition metal oxides such as RuO2 have exhibited the 

best energy and power performance however, their high cost and toxicity have limited their 

commercialization as a supercapacitor electrode material [6-8]. On the other hand, base 

transition metal oxides including NiO and Co3O4 are preferred due to their high storage 

capacity (High theoretical capacitance), environmental friendliness, and low cost [1, 3, 9]. 

However, drawbacks such as poor conductivity and high capacitance fading (resulting from 

large volume expansion leading to the pulverization and deterioration during cycling) of 

these metal oxides have limited their commercialization as supercapacitor electrode materials 

[1, 7].  

Various strategies have been probed to improve the performance of these materials 

and one effective strategy is to design nanostructured electrode materials (nanoparticles, 

nanowires, nanosheets, nanorods, etc) using techniques such as hydrothermal, chemical 

precipitation, sol-gel, spray pyrolysis, and electrodeposition [10-13]. Nanostructured 

electrodes are advantageous as they give rise to porous structures to facilitate electron, ion 
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transport, and electrolyte diffusion. They also offer large surface areas favorable for 

increased redox reactions [9]. 

This research addresses the advances in the engineering of nanostructured 

supercapacitor electrode materials by hydrothermal and electrodeposition techniques for 

energy storage. More emphasis has been placed on the electrodeposition technique as it has 

been found to provide materials with superior performance. 

 

1.2 Problem statement 

 

The imminent ban on gasoline-dependent automobiles in 2035 by the Quebec 

government in Canada for non-emission electric cars has further heightened the quest for 

high-performing energy storage devices [14]. Supercapacitor energy storage devices present 

a practical approach for the storage of sporadic renewable energy sources to mitigate the 

burgeoning energy demand and environmental pollution. However, the key limitation for the 

wider application of supercapacitor energy storage devices is their limited energy density (E) 

which is expressed in equation (1.1)  

 

where C is the capacitance and V is the cell voltage. The two main approaches to increasing 

the energy density are by developing electrode material with high Capacitance (C) and 

developing electrolytes with a wide potential window to increase the cell voltage (V). Most 

research in the field of supercapacitors is centered on developing new electrode materials 

with high capacitance however, despite the enormous research efforts commercialization of 
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these materials is still limited by low experimental capacitance, poor conductivity, limited 

surface area, low energy density, poor cycle life, and complexity in synthesis processes. 

Therefore, it is essential to find materials and reproducible techniques for practical and 

sustainable supercapacitor energy storage. 

After careful consideration of the state of the art in the field for supercapacitors, the 

originality of the research, objectives, and the appropriate methodology are provided below. 

 

1.3 Originality Statement 
 

Non-stop rising demand for long-lasting environment-friendly energy production and 

storage keeps the research world under constant pressure in finding solutions. 

Supercapacitance is one of the fields of research, however, with challenges in finding 

materials with high capacitance and long durability. While the choice of materials is an 

important factor, considered for exploration in this research work proposed, the role of 

surface features, especially, a high apparent surface area on capacitance and electrochemical 

performance of an electrode necessitates strategical approaches in its realization. In this 

research work, novel electrode surface preparation techniques have been applied to achieve 

a highly electrochemically active surface with enhanced surface features to improve 

electrode performance.  

The originality of this research is in the approach of combining pulse reverse potential 

(PRP) and cyclic voltammetry (CV) modes of electrodeposition to achieve high surface, 

carbon-free, and binder-free materials. Since a negative potential can be used to deposit metal 

and a positive potential a metal oxide, a pulse reverse potential deposition mode employing 
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both negative and positive potentials deposits multilayers of metals and metal oxides to 

achieve nanostructured composite materials with an increased surface area from appropriate 

metal precursor solutions chosen carefully based on an extensive literature review. The metal 

in the composite serves as a conduction path for electron transport to enhance conductivity 

while the metal oxide provides the charge storage site during the supercapacitor charge 

storage and delivery processes.  

One additional novel approach to obtaining enhanced nanostructured morphology 

leading to increased surface area and activity involves the fabrication of cobalt-based 

nanoelectrodes by a single electrodeposition electrolyte of cobalt salts where ionic radii of 

the constituent anions play a significant role in the nucleation and growth processes in a 

controlled manner. This approach explored as a potential alternate, also provides optimum 

coating thickness and mass loading, in addition to the increased surface area resulting from 

the nanostructured morphology obtained. Indeed, surface characterization and 

electrochemical performance evaluation are carried out at all stages of the fabrication for 

parametrical optimization as a default procedure to the novel approaches used in this research 

work. 

 

1.4 Objectives 

 

The electrode material for a supercapacitor is of significance as it is the site for energy 

storage. The specific surface area resulting from the morphology plays an important role 

hence techniques to develop electrode materials with high surface area and high performance 

have been the focus of recent research. By careful engineering through optimization of 
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synthesis parameters, materials with desired properties can be obtained. The global objective 

of this thesis is to engineer nanostructured electrode materials for supercapacitor energy 

applications via different synthesis techniques. The specific objectives to attain global 

objective are as follows: 

1. Synthesis of nanostructured supercapacitor electrode materials by chemical precipitation 

route. 

2. Synthesis of nanostructured supercapacitor electrode materials including metal oxides and 

composite metal oxide thin films by electrodeposition. 

3. Valorization of aluminum as a substrate for nanostructured supercapacitor electrode 

materials by synthesizing conductive polymer coatings on a nickel-modified aluminum mesh. 

4. Investigating the influence of microstructure and chemical composition on electrochemical 

performance including capacitance, cyclic stability, and impedance of the engineered 

supercapacitor electrode materials. 

 

1.5 Methodology 

 

Major procedures for achieving the objectives of this research consist of the following 

steps below. However, A comprehensive description of the experimental procedures has been 

provided in Chapter 3 and also in the contributing chapters (4, 5, 6, 7, 8, and 9) of the thesis.  

1. Engineering of nanomaterials through materials synthesis 

(a) Chemical precipitation synthesis: NiO and Co3O4 electrode materials were synthesized 

by the addition of an alkaline solution to relevant salt precursors and subsequent 
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hydrothermal treatment of the solutions in an autoclave. The as-synthesized materials were

then fabricated into single-cell electrodes through the conventional slurry coating method.  

(b) Electrodeposition synthesis: Nanostructured Ni-NiO, Co-Co3O4, and Ag/Co-Co3O4 

electrode materials were synthesized through the electrodeposition process by optimization 

of precursor electrolyte molar (100, 80:20, 50:50) and electrodeposition mode (cyclic 

voltammetry, positive and negative potenstiostic modes) 

(c) Aluminum (Al) mesh as a substrate was valorized by creating nickel coatings on Al to 

protect the mesh from electrolyte attack via potentiostatic (+1 V) electrodeposition process. 

Polypyrrole coatings are then potentiostatically deposited on the nickel-modified aluminum 

mesh from a pyrrole monomer solution. 

2. Characterization of the engineered nanomaterials 

(a) Physical, compositional, and structural analysis: the morphological and elemental studies 

of the engineered nanostructured electrode materials were performed using scanning electron 

microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy (EDX). The X-ray 

diffraction (XRD) analyses were carried out for crystallographic studies and an attenuated 

total reflection  Fourier transform infrared spectroscopy (ATR-FTIR was used to confirm 

and quantify the resulting functional groups. 

(b) Electrochemical characterization: The performance of the engineered nanomaterials as 

potential supercapacitor electrode materials was evaluated using electrochemical techniques 

including Cyclic voltammetry (CV), Charge-discharge, and Electrochemical impedance 

studies to evaluate the charge storage mechanism, capacitance, cycle stability, and charge 

transfer kinetics. 
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The rest of the thesis is organized as follows: Chapter 2 provides a detailed literature 

review on the state of the art in supercapacitor energy storage, the types of supercapacitor 

energy storage mechanisms, various supercapacitor electrode materials, fabrication, and 

challenges with current electrode materials, among others. Detailed experimental methods 

used for the fabrication of supercapacitor electrode materials are provided in Chapter 3. 

Chapter 4 focuses on the preparation of NiO and Co3O4 electrode materials using the 

chemical precipitation synthesis route. Chapter 5 presents the result of a published article 

focusing on the electrochemical properties of carbon-free Ni-NiO electrode material. Chapter 

6 elaborates on the optimization of the molar ratio of cobalt precursors (Cobalt acetate and 

cobalt chloride) for the electrochemical preparation of Co-Co3O4 nanocomposite electrode 

material. Chapters 7 and 8 present the result of published articles focusing on electrochemical 

properties of Co-Co3O4, and Ag/Co-Co3O4 thin film nanocomposite electrode materials for 

supercapacitor energy storage respectively. Further, the electrochemical properties of 

polypyrrole electrode material on different substrates are highlighted in Chapter 9. Finally, 

Chapter 10 provides overall conclusions on the findings of the contributing chapters, and 

future recommendations, though each contributing chapter (chapters 4 through 7) is 

accompanied by its respective conclusions. 
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CHAPTER 2: LITERATURE REVIEW 

 

This chapter provides a review of the current understanding of recent advances in 

supercapacitor energy storage application with areas such as the charge storage mechanisms, 

electrode materials, techniques for evaluating electrode performance, and fabrication process 

presented and discussed.  

 

2.1 Introduction to supercapacitors 

 

The ever increase in demand for renewable and sustainable energy production and 

storage urges researchers to search for new materials and processes to develop highly 

efficient, environmentally friendly, and improved energy storage devices (batteries, fuel cells, 

supercapacitors, etc.). Supercapacitors (SC) which are also known as electrochemical 

capacitors or ultracapacitors are energy storage devices that convert and store chemical 

energy into electrical energy. They have recently received massive attention from researchers 

due to their high power density (>104 W/kg), long lifecycle (~106), and bridging function for 

the power and energy gap between traditional dielectric capacitors (which have high power 

output) and batteries and fuel cells (which have high energy storage) (Figure 2.1) [1-4]. A 

typical supercapacitor is made up of three major parts; working electrodes (with a high 

specific surface area) which contain active materials, an electrolyte, and a separator that 

electrically separates the two electrodes [5-7]. 
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Figure 2.1 Ragone plot for different energy storage systems: capacitors, 
supercapacitors, batteries, and fuel cells (Specific power against specific energy). 

Reproduced with permission from reference [3]. Copyright © 2019 Springernature. 

 

2.2 Types of supercapacitors 

 

Based on the choice of electrode material, charge storage mechanism, and electrolyte, 

supercapacitors can be classified into three main groups: Electric Double-Layer Capacitors 

(EDLCs), Pseudocapacitors (PCs), and Hybrid Capacitors. 

 

2.2.1 Electrochemical double-layer capacitors (EDLCs) 
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EDLCs comprise two electrodes made of carbon materials immersed in an electrolyte 

with a separator isolating the two electrodes [7]. They store electric energy through non-

faradaic processes or the electrostatic accumulation of charges at the electrode/electrolyte 

interface leading to the formation of electrical double [8]. The double-layer capacitance (Cdl) 

can be estimated using equation 2.1: 

 

 

r 0 is the permittivity of free 

space, A is the surface area of the electrode, and d (5-10 Å) is the thickness of the double 

layer [8]. The double layers are connected to an increase in surface area and a reduction in 

the electrode distance. Due to this reason, EDLCs can obtain higher energy densities 

compared to conventional capacitors [9]. When a voltage is applied, electrons travel from the 

negative electrode to the positive electrode through an external load and within the electrolyte, 

cations migrate towards the negative electrode while anions move towards the positive 

electrode. In this type of supercapacitor, there are no charge transfers across the electrode/ 

electrolyte interface, and no ion exchanges occur between the electrode and the electrolyte 

(Figure 2.1). This implies that no chemical or compositional change occurs in the system 

therefore, ELDCs can sustain longer charge-discharge cycles up to 106 cycles compared to 

batteries which are limited to 103 cycles [5, 7-9].  

Additionally, carbon-based materials such as activated carbon (AC), carbon 

nanotubes (CNTs), and graphene are used as EDLC electrode materials owing to their 

properties such as low cost, high surface area, and environmental friendliness [9, 10]. Despite 
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the long cycle life of EDLCs, the selection of electrode materials is restricted because of the 

requirement for very conductive electrodes. Therefore, recent research is geared toward 

developing ionic conducting electrolytes particularly solid ionic electrolytes [10, 11].  

 

 
Figure 2.2 Schematic presentation of an Electrochemical double-layer capacitor 

(EDLC). Reproduced with the permission of reference [12]. Copyright © 2019 MDPI 
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2.2.2 Pseudocapacitors (PCs)

 

Pseudocapacitors (PCs) are another type of supercapacitor, however, unlike EDLCs, 

they store energy mainly by fast and reversible faradaic redox reactions occurring on the 

electrode material as shown in Figure 2.3. Materials that undergo redox reactions such as 

conducting polymers and transition metal oxides including RuO2, NiO, MnO2, and Co3O4 

are used in Pseudocapacitors [5, 6, 13].  

The three types of faradaic processes occurring at the electrodes of pseudocapacitors 

are reversible surface adsorption of electrolyte ions, redox reactions occurring in metal oxides, 

and electrochemical doping-de-doping of conducting polymers [3, 6]. The faradaic process 

taking place on both the surface and in the bulk of the electrode material allows for 

pseudocapacitors to achieve higher specific capacitance (10-100 times higher) and energy 

densities compared to EDLCs and the theoretical capacitance of pseudocapacitors can be 

estimated using equation 2.2: 

 

Where n is the number of electrons transferred in the faradaic reaction, F is the Faraday 

constant, M is the molar mass of the active material and V is the voltage window [3]. However, 

due to the redox reactions occurring on the electrode material as in the case of batteries, they 

suffer from poor cyclic stability and low power density [5, 6, 8, 14]. 
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Figure 2.3 Schematic diagram of the charge storage mechanism of a Pseudocapacitor. 
Reproduced with the permission of reference [13]. Copyright © 2019 John Wiley and 

Sons. 

 

2.2.3 Hybrid supercapacitors 

 

Hybrid supercapacitors combine Faradaic and non-Faradaic charge storage processes. 

Therefore, they exploit the high power density, long cycle life of EDLCs, and the high energy 

densities of pseudocapacitors [5]. Furthermore, maximum operating voltage together with 

lower equivalent series resistance is an additional benefit of hybrid supercapacitors [3]. 

Although both electrical double-layer capacitance and faradaic capacitance occur 

simultaneously, only one plays a greater role [6]. Current research is focused on three 

different types of hybrid supercapacitors which are composite, asymmetric, and battery-type. 
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2.3 Supercapacitor electrode materials 

 

Electrodes are one of the critical components of SCs as the electrochemical 

performance of SCs is strongly dependent on the properties of the electrode materials. To 

enhance the capacitive performance of SCs, the selection of appropriate electrode material 

and the fabrication process play a critical role [15]. Furthermore, SC electrode materials must 

have a high specific surface area (SSA), thermal stability, high electrical conductivity, be 

environmentally friendly, and have corrosion resistance [6]. Based on the capacitance and 

charge storage used in SCs, electrode materials can be classified into different types: (1) 

materials that use double-layer capacitance (carbon materials); (2) redox pseudocapacitive 

materials (transitional metal oxides and hydroxides, transition metal sulfides, and conducting 

polymers), and (4) composite materials [6, 8].  

 

2.3.1 Carbon materials 

 

Carbon materials (activated carbon, carbon nanotubes, and graphene) are the most 

used supercapacitor electrode materials as they have high electrical conductivity, large 

surface area, good corrosion resistance, high-temperature stability, and moderate cost [5]. 

The charge storage in carbon materials is by the electrical double-layer mechanism and 

therefore the capacitance depends on the surface area accessible to the ions of the electrolyte 

[6]. In addition, factors such as pore-size distribution, pore structure, and shape, specific 

surface area, and surface functionality influence their electrochemical performance [3].  



17 
 

2.3.1.1 Activated Carbon materials (ACs) 

 

Among all the carbon materials activated carbons (ACs) are widely used as they have 

a high specific surface area and are less expensive compared to other carbon materials. They 

are produced by physical or chemical activation of carbonaceous materials such as wood, 

rice husks, and coconut shell to produce a porous structure with a large surface area (300 

m2/g) [8, 16]. The pores of activated carbon are classified according to their size namely, 

micropores (diameter < 2 nm), mesopores (diameter from 2  50 nm), and macropores 

(diameter > 50 nm) as shown in Figure 2.4. Empirically, it has been observed that a high 

surface area does not necessarily translate into a high capacitance due to the inability of 

electrolyte ions to diffuse into them to contribute to the charge storage [16, 17]. It has there 

been observed that in addition to a large surface area, surface functionalization of carbon 

materials can improve the adsorption of electrolyte ions resulting in increased wettability and 

rapid ion transport. The functional groups may also increase the total capacitance by inducing 

faradaic redox reactions [6, 16]. For example, the specific capacitance of an Ac-based 

supercapacitor was increased from 66 F/g to 106 F/g by nitric acid treatment [18]. Similarly, 

Lee et al. reported a high specific capacitance of 1089 F/g for a Sulphur functionalized 

graphene aerogel [17]. 
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Figure 2.4. Schematic representation of the pore size network of activated carbon 
grain. Adapted from the reference [19] with permission. Copyright © 2008 The 

Electrochemical Society. 

 

2.3.1.2 Carbon nanotubes (CNTs) 

 

CNTs electrodes are also carbon materials which are have been explored as SC 

electrode materials as a result of their accessible external structure which offers a high 

specific surface area (SSA), high mechanical strength, low densities, high electrical 

conductivity, and an internal network of mesopores [15]. CNTs can be conceptualized as 

ordered hollow tubes of rolled-up two- dimensional graphene sheets with diameters in the 

nanometer range and length typically on the micrometer scale [20]. Based on the tubular 

morphology, CNTs can be categorized into single-walled carbon nanotubes (SWNTs) and 

multi-walled carbon nanotubes (MWCNTs) as shown in Figure 2.5. SWNTs normally have 

their diameter in the range of 1-2 nm and length in tens of microns. However, despite the 

desirable properties of CNTs, their commercialization as SC electrode material is restricted 

by their high cost. 
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Figure 2.5. Schematic diagram of (A) single-walled carbon nanotube (SWCNT) and 

(B) multi-walled carbon nanotube. Adapted from reference [21] with permission. 
Copyright © 2013 SAGE Publications. 

 

MWCNTs on the other hand are made up of concentric cylindrical layers of carbon 

with an interlayer distance of approximately 0.36 nm and a diameter usually on the order of 

10-20 nm [22]. CNTs are prepared by catalytic decomposition of some hydrocarbons using 

processes such as laser ablation, electric arc, and chemical vapor deposition (CVD) of which 

CVD is the most suitable method for producing large quantities of CNTs and the length, 

diameter, and the number of walls can be tunned during the growth process as reported by Li 

et al in their review of the mechanical properties and structural health monitoring 

performance of carbon nanotube-modified Fiber-reinforced polymer (FRP) composites [23]. 

Moreover, CNTs with large surface area (SWNTs>1600m2g-1, MWNTs>430 m2g-1) together 

with good electrical ( 5000 S cm-1) properties have been studied as the active electrode 

materials in supercapacitors [24].  
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Figure 2.6 (a)SEM micrograph (b) cyclic voltammetry curves at different scan rates 

(CV), (c) galvanostatic charge-discharge profiles at different specific currents of 
3DG/CNT composite material. Adapted from reference [25] with permission. 

Copyright © 2020 Elsevier. 

 

The specific capacitance (Cs) of MWCNTs electrodes is found to be in the range of 4-135 

F/g whiles a maximum of 180 F/g has been recorded for SWCNTs electrodes [26]. For 

example, Zhang et al. reported a Cs value of 197.2 F/g for their three-dimensional 

graphene/carbon nanotube (3DG/CNT) synthesized via a CVD process (Figure 2.6) [25]. 

Like all carbon materials, the CVs of the 3DG/CNT in Figure 2.6(b) present a nearly 

rectangular shape indicating EDLC charge storage mechanism. Also, the absence of IR drop 

in the discharge curves indicates the high conductivity of CNTs [25]. 

 



21 
 

2.3.1.3 Graphene 

 

Graphene is a 2D structure allotrope composed of a one-atom-thick layer of sp2-

bonded carbon atoms which are arranged in a honeycomb-like crystal structure [15, 24]. 

Graphene like other carbon materials exhibits excellent properties including large surface 

area, high electrical conductivity, and high carrier mobility. Also, graphene is regarded as 

the basic building block for carbon materials of all other dimensionalities including 0D 

fullerene, 1D nanotubes, and 3D graphite [11]. Due to the unique 2D structure which reduces 

the thickness leading to a larger potential window, higher flexibility, and thermal and 

chemical stability, graphene-based electrodes have been explored as a powerful candidate for 

supercapacitor energy storage application. In addition, unlike ACs and CNTs, graphene 

electrodes do not depend on the pore distribution in the solid state and both exterior surfaces 

of the graphite sheet are accessible by the electrolyte [16, 24]. Up until now, several processes 

have been used to produce various types of graphene including micromechanical, exfoliation, 

chemical vapor deposition, and arch discharge [15, 27]. A specific capacitance of 141 F/g 

was reported by Yang et al. for their graphene electrode prepared by laser irradiation 

reduction of graphite oxide dissolved in an aqueous solution [28]. Additionally, another study 

by Li et al. reported a specific capacitance value of 100 F/g for their porous graphene paper 

electrode prepared by a modified Hummers method (for preparation of graphene oxide paper) 

and subsequent application of thermal shock to the graphene oxide paper [29]. The SEM 

micrograph together with the electrochemical characteristics of the graphene paper has been 

presented in Figure 2.7.  
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Figure 2.7. (a) SEM image (b) cyclic voltammetry curves at different scan rates (c) 

Galvanostatic charge-discharge curves of graphene paper. Adapted from reference [29] 
with permission. Copyright © 2017 Elsevier. 

 

2.3.2 Pseudocapacitive electrode materials 

 

2.3.2.1 Transition metal oxides 

 

Transition metal oxides such as RuO2, MnO2, NiO, V2O5, and Co3O4 have been 

widely investigated as potential supercapacitor electrode materials as they possess high 

theoretical specific capacitance. The capacitive behavior of some transition metal oxides has 

been discussed in the subsequent sections. 
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I. Ruthenium oxide (RuO2)

RuO2 is the most promising and extensively studied due to its high theoretical specific 

capacitance (~2000 F/g), excellent rate capacity, high conductivity, long cycle life, large 

voltage window, as well as highly reversible redox reactions [30, 31]. In acidic electrolytes, 

the charging mechanism for RuO2 is presented in equation (2.3) [6]. The pseudocapacitive 

charge storage mechanism shown in equation (2.3) suggests that fast reversible electron 

transfer accompanied by adsorption of protons on the surface, where the oxidation state of 

Ru can change from Ru(II) to Ru(IV) [6] 

 

 

 

It has been reported that the hydrous form of RuO2 (RuO2.xH2O) exhibits higher specific 

capacitance than its crystalline form in acidic electrolytes. This observation could be 

attributed to the high electronic and protonic conductivity of the hydrous form which 

enhances the electrochemical redox reactions [6, 32]. The specific capacitance of RuO2.0.5 

H2O achieved a specific capacitance (Cs) of 900 F/g in 1 M H2SO4 electrolyte [30]. Similarly, 

Thangappan et al. reported a specific capacitance (Cs) of 301.4 F/g and high cycle stability 

of 94 % after 1000 cycles for their RuO2 nanoparticles anchored on graphene nanosheets 

electrode prepared by an in-situ reduction method (Figure 2.8).  
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Figure 2.8 (a) SEM image (b) cyclic voltammetry curves at different scan rates (c) 
Galvanostatic charge-discharge curves of graphene paper (d) cycle performance of 
RuO2 nanoparticles anchored on graphene nanosheets. Adapted from reference [33] 

with permission. Copyright © 2018 Elsevier. 

 

Figures 2.8(b) and (c) are typical CV and GCD curve shapes observed for RuO2 electrode 

materials and their resemblance of the curves to those of EDLC electrode materials indicates 

ideal capacitive behavior [33].  

Despite the numerous advantages of RuO2 electrode material, its practical application 

is limited due to its high cost and toxicity. 
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II. Manganese dioxide (MnO2) 

Manganese dioxide is one of the prospective pseudocapacitor electrode materials in 

place of RuO2 due to its high theoretical capacitance of 1370 F/g, low cost, availability, and 

environmental friendliness [34, 35]. The pseudocapacitance charge storage of MnO2 is 

assigned to reversible redox transitions which involve the exchange of protons and/ or cations 

with the electrolyte in addition to the transitions between Mn(III)/Mn(II), Mn(IV)/Mn(III), 

and Mn(VI)/Mn(IV) in the potential window of the electrolyte. The suggested charge storage 

mechanism is presented in equation (2.4): 

 

 

 

Where C+ +, K+, Li+), 

 and  represents MnO2.nH2O in high and low oxidation states 

respectively [6, 36]. An advantage of MnO2 is its ability to operate in mild aqueous 

electrolytes such as Na2SO4, KCl and NaCl compared to RuO2 which requires strong acid or 

base electrolytes [37]. Furthermore, different crystalline phases of MnO2 -

MnO2) present differences in pseudocapacitive properties [6, 37]. Similar to RuO2, the degree 

of crystallinity affects the pseudocapacitance. A high crystallinity eliminates the 

protonation/deprotonation reaction although it gives rise to higher conductivity [6]. Various 

specific capacitance values and electrochemical performance have been reported for MnO2 

electrode materials with different structures prepared using synthesis methods such as 
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hydrothermal, electrodeposition, sol-gel, and chemical exfoliation [12, 17, 38]. For instance, 

-MnO2 nanoneedles with 1 µm length using microwave synthesis. 

-MnO2 nanoneedles exhibited a specific capacitance value of 289 F/g with a stability 

of 88 % after 10000 charge-discharge cycles in a 1M Na2SO4 electrolyte [39].  

 

 
 

Figure 2.9 -MnO2 nanoneedles (b) electrochemical 
-MnO2 nanoneedles (NNs) presented by CV at different scan rates. 

Adapted from reference [40] with permission. Copyright © 2018, American Chemical 
Society. 

 

Similarly, a specific capacitance of 331.3 F/g was reported by Cueller-Herrera et al. for their 

-MnO2 nanorods prepared by a hydrothermal process in a 0.1 M Na2SO4 electrolyte [41]. 

-MnO2 with different nanostructures (nanoneedles and 

hollow tubes) using a chemical precipitation technique. The nanoneedles (Figure 2.9(a)) 

delivered a specific capacitance (Cs) of 365 F/g with a stability of 86 % against Cs value of 

245 F/g and stability of 75 % for the hollow tubes [40]. The signature of the cyclic 

voltammetry (CV) curves in Figure 2.9 (b) indicates that MnO2 can also exhibit typical 
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rectangular-shaped CV curves comparable to non-faradaic energy storage mechanisms 

despite the redox nature of the energy storage mechanism [6].  

 

Despite the high theoretical capacitance of MnO2, its major challenge like most metal 

oxides is its poor electrical conductivity (10-6 to 10-5 Scm-1) which prevents the realization of 

the theoretical capacitance [42]. Further, it suffers poor structural stability after cycling 

processes [43]. To combat this problem, recent investigations have been geared towards 

fabricating MnO2 composite with conductive carbonaceous materials and metal ions. 

 

III. NiO 

NiO is also another promising electrode material that has been extensively studied 

because of its ultrahigh theoretical specific capacitance of 2580 F/g, low cost, and 

environmental friendliness [44]. The charge storage mechanism of NiO in KOH electrolyte 

is presented in equation (2.4) [3]. 

 

 

 

So far, various NiO nanostructures with different morphologies including nanowire, 

nanobelts, porous film, nanorods, nanosheets, and nano/microspheres have been fabricated 

[45, 46]. For example, hierarchical microspheres prepared by a hydrothermal process 

exhibited (Figure 2.10) a specific capacitance of 809 F/g with capacitance retention of 85 % 
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[44]. The asymmetrical CV and GCD curves observed in Figures 2.10(b) and (c) are typical 

of NiO electrodes compared to the symmetrical curves shown by MnO2 and RuO2. Similarly, 

Zhu et al. also prepared NiO nanoparticles which showed a specific capacitance of 1784 F/g 

with capacitance retention of 75.8 % by a one-step thermal oxidation method [47]. Further, 

the electrochemical performance of NiO-based electrodes has highlighted in Table 2.1.  

 

 
Figure 2.10 (a) SEM of NiO hierarchical microspheres, (b) cyclic voltammetry (CV) at 

different scan rates (c) galvanostatic charge-discharge (GCD) curves at different 
specific currents, (d) specific capacitance estimated from the GCD curves, and (e) 
cyclic performance at 10 Ag-1 of the NiO hierarchical microspheres on nickel foam 

electrode. Adapted from reference [44] with permission. Copyright © 2018, Elsevier. 

 

Although promising achievements have been made, the reported specific capacitance 

of NiO is still inferior to its theoretical value because of its poor cycle performance and low 

conductivity. The preparation of NiO-based nanocomposite materials is therefore the current 

trend in obtaining high-performing and efficient electrodes. Additionally, as the 

electrochemical performance heavily depends on the specific surface area and porosity, 
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effective synthesis methods that offer precise morphology formations can enhance its

performance. 

 

Table 2.1 : Summary of specific capacitance of NiO electrodes 

Material Method of 

Preparation 

Electroly

te 

Capacitan

ce 

Capacitan

ce 

Retention 

referen

ce 

mesoporous NiO 

nanoflake array 

Hydrothermal 1 M KOH 400 F g-1 at 

2 A g-1 

85 % after 

5000 

cycles 

[48] 

NiO thin film Chemical 

Precipitation 

1 M KOH 259.3 F g 1 

at 1 A g-1 

 [49] 

NiO hierarchical 

microspheres/nanofi

bers 

Hydrothermal 3 M KOH 809.1 F g-1 

at 1 A g-1 

85 % after 

2000 

cycles at 5 

A g-1 

[50] 

NiO nanoflakes Hydrothermal 2 M KOH 1784 F g-1 

at 5 mV s-1 

75.8 % 

after 20000 

cycles at 5 

A g-1 

[51] 
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porous NiO(OH) 

film 

Anodic 

Electrodepositi

on 

1 M KOH 2302 F g-1 

at 1 A g-1 

95 % after 

1000 

cycles at 

10 mV s-1 

[52] 

NiO nanoparticles Hydrothermal 1 M KOH 132 F g-1 at 

5 mV s-1 

75 % after 

500 cycles 

at 100 mV 

s-1 

[53] 

 

IV. Co3O4 

Cobalt oxide belonging to the spinel family is another promising alternative 

pseudocapacitive electrode material for supercapacitors due to its high theoretical 

capacitance (3560 F/g), environmentally benign, and low cost [54]. The crystal structure of 

Co3O4 comprises a cubic closed-packed array of oxygen anions whereby 1/8 of the 

tetrahedral interstices are occupied by Co2+ cations, while half of the octahedral interstices 

are occupied by Co3+ cations as depicted in Figure 2.11 [42, 55]. In alkaline electrolytes, the 

charge storage mechanism involves two steps as presented in equations (2.6) and (2.7) [54, 

56] 
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Because of its numerous advantages, cobalt oxides with different morphologies have been 

synthesized using various methods (Table 2.2). For example, Kumar et al. synthesized 

ultralayered Co3O4 nanosheets with a specific capacitance of 548 F/g and capacitance 

retention of 66 % after 2000 cycles via a hydrothermal process.  

 
Figure 2.11 Cubic crystal structure of Co3O4 exhibiting Co2+ and Co3+ cations 

tetrahedrally and octahedrally coordinated to oxygen anions respectively. Adapted 
from [55] with permission. Copyright © 2018, Elsevier 

 

The ultralayered morphology offered a larger electroactive surface area and easy accessibility 

of OH- ions for enhanced redox reactions to increase specific capacitance [57]. Likewise in 

a report by Fan et al., thin-wall hollow Co3O4 spheres prepared by a hydrothermal synthesis 

delivered a specific capacitance of 988 F/g at a specific current of 1 A/g and capacitance 

retention of 96.6 % after 6000 cycles in a 2 M KOH electrolyte (Figure 2.12) [58].  

However, it has been noticed that like other metal oxides, cobalt oxide electrodes are 

still plagued with the drawbacks of low conductivity, low experimental capacitance values, 

and high volume expansion which affects its cycling stability [56, 57]. Effective ways to 



32 
 

improve its capacitive characteristics are growing different nanostructures with enhanced 

electroactive surface area, combining cobalt oxide with other transition metal oxides, and 

integrating high-conductivity materials.  

 

 
Figure 2.12 (a) SEM image of thin-wall Co3O4 spheres (b) cyclic voltammograms (c) 
galvanostatic charge-discharge profiles (c) specific capacitance values calculated from 
charge-discharge curves at different current densities of the thin-wall Co3O4 spheres. 

Adapted from [58] with permission. Copyright © 2018, MDPI. 
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Table 2.2 : Summary of specific capacitance of Cobalt oxide electrodes 

Material Method of 

Preparation 

Electrolyte Capacitance Capacitance 

retention 

reference 

cobalt oxide 

(Co3O4) 

nanotubes 

Chemical bath 

deposition 

6 M KOH 574 F g-1 at 

0.1 A g-1 

95 % after 

1000 cycles 

[59] 

Er-GO/CoOx Pulsed 

electrodeposition 

1 M KOH 430 F g 1 at 

1 A g-1 

76 % after 

3500 cycles 

[60] 

Porous cobalt 

oxide (Co3O4) 

nanoflakes 

Potentiostatic 

electrodeposition 

1 M KOH 248 F g-1 at 

5 mV s-1 

98 % at 

1000 cycles 

[61] 

thin-wall 

hollow Co3O4 

Hydrothermal 2 M KOH 988 F g-1 at 

1 mA cm-2 

96 % after 

6000 cycles 

[3] 

Mesoporous 

Co3O4 film 

Electrodeposition 1 M NaOH 491 F/g at 1 

A/g 

- [62] 

Co3O4 hollow 

boxes 

Chemical 

precipitation 

3 % KOH 278 F/g at 

0.5 A/g 

- [63] 
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2.3.2.2 Conducting polymers 

 

Conducting polymers including polypyrrole (Ppy), polyaniline (PANI), 

polythiophene (PTH), and poly(3,4-ethylene dioxythiophene) (PEDOT) is also a promising 

class of pseudocapacitive materials as a result of their high conductivity (104 S cm-1), low 

cost, and ease of fabrication [64]. The charge storage in conducting polymers is based on the 

reduction-oxidation process. During the oxidation process (doping), ions from the electrolyte 

solution are transferred to the polymer backbone, and during the reduction process (de-

doping) the ions are released back into the solution (Figure 2.13) [5] [65]. In conducting 

polymers, factors such as dopant ions, electrolytes, substrates, and the type of monomer 

significantly affect the capacitance [5]. 

 

 
Figure 2.13 Schematic diagram of the p-and n-doping-dedoping process of PTH. 

Adapted from reference [65] with permission. Copyright © 2001, Elsevier. 
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Despite the numerous attractive properties of conducting polymers, their 

commercialization is limited due to poor cycle stability as a result of the doping and the 

dedoping process. To overcome this limitation, combining conducting polymers with carbon 

materials ensures mechanical stability, as well as capacitance, increasing the capacitance. For 

example, a reduced graphene oxide/polypyrrole (rGO/Ppy) composite film achieved a 

specific capacitance of 361 F/g with a capacitance of 80 % after 5000 cycles compared to 

pure Ppy (12 F/g and 40 % after 100 cycles) [66]. 

 

2.3.3 Composite materials  

 

Composite materials combine pure materials (carbon-based and redox 

pseudocapacitive materials) for supercapacitors. The rationale behind composite materials is 

to exploit the advantages of individual pure materials in a single electrode material. When 

carbon materials merge with redox pseudocapacitive materials, the overall capacitance is 

increased due to the contribution of both double-layer capacitance and pseudocapacitance [5, 

6]. In a study by Lee et al., a composite manganese oxide-carbon nanotube prepared by 

electrophoresis deposition exhibited a high specific capacitance of 415 F/g compared to that 

of pure manganese oxide (233 F/g) [67]. Similarly, a polypyrrole-carbon cloth composite 

showed a high specific capacitance of 701 F/g with enhanced capacitance retention of 58.3 % 

after 5000 cycles due to the synergetic interaction between polypyrrole and carbon to enhance 

electrochemical performance [68].  
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2.4 Electrolytes

 

Electrolytes are an equally important component of the supercapacitor as their 

properties affect the electrochemical behavior of supercapacitors. Furthermore, the power 

density, as well as the energy density of supercapacitors, are controlled by the resistance and 

the operating voltage of the electrolytes respectively [6]. Different types of electrolytes are 

used in supercapacitors: (i) aqueous (ii) organic and ionic liquids. Aqueous electrolytes like 

KOH, Na2SO4, NaOH, and H2SO4 have advantages of high ionic conductivity, minimum 

pore size requirements low cost, and can provide more capacitance (due to higher 

concentration and small ionic radius). However, due to the decomposition of water at 1.23 

V, their cell voltage is typically limited to 1 V [69]. Organic electrolytes (acetonitrile and 

propylene carbonate) on the other hand have a large cell voltage of 2.7 V and higher specific 

resistance which affects the power capability. Ionic liquids are also of interest because of 

their nonvolatility, heat resistance, and high cell voltage (4 - 6 V). However, they have the 

limitation of low conductivity and high cost [3, 8, 38].  

 

2.5 Current collector/Substrates 

 

Another component crucial to the performance of supercapacitors is current collectors 

as they serve as electron pathways from the active electrode material to the external circuit. 

Supercapacitor current collectors must have good conductivity, adhesive contact with the 

electrode material, good corrosion resistance, and stability during cycling processes. 
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Materials such as aluminum, copper, nickel, graphite, and stainless steel are usually 

employed as current collectors due to their high conductivity [10, 38]. Adherence of the 

active material to the current collector is of critical importance, as high resistance and 

detachment of the electrode material would cause poor electrochemical performance [38]. 

 

2.6 Parameters and electrochemical techniques for supercapacitor electrode material 

evaluation 

 

The performance evaluation of electrode materials entails the determination of 

specific capacitance, energy and power density, efficiency, and stability. The techniques used 

in assessing these parameters include cyclic voltammetry (CV), galvanostatic 

charge/discharge (GCD), and electrochemical impedance spectroscopy studies.  

 

2.6.1 Cyclic voltammetry 

 

The cyclic voltammetry test is conducted by applying a potential between a counter 

and working electrode for a two-electrode system or between working and reference for a 

three-electrode system. From the profile of the CV curves (Figure 2.14), the capacitance 

nature of the electrode material can be determined as EDLC materials give rectangular curves 

while battery type or intercalated pseudocapacitor materials yield curves with redox peaks  
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with the former having well-separated peaks while the latter shows diffuse peaks [7]. From 

the CV analysis, the specific capacitance can be determined using the equation (2.8) [38]:  

 

 

 
Figure 2.14. Typical cyclic voltammetry signatures for EDLC (red curve), 

pseudocapacitor (violet curve), and battery-like (green curve) electrode materials. 
Adapted from reference [38] with permission. Copyright © 2020, Springer Nature. 

 

where Cs is the specific capacitance,  is the integrated CV curve area, s is the potential 

scan rate (V/s),  is the potential window (V), V1 and Vn are the extreme limiting values of 

 

 

2.6.2 Galvanostatic charge-discharge (GCD) 

 

The galvanostatic charge/discharge measurement is carried out by applying a constant 

current to the working electrode to charge and discharge at a peak voltage that is specified in 
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the voltage window. The result is potential against time graph from which, the capacitance, 

energy, and power performance can be estimated using equations (2.9) to (2.11): 

 

 

 

Where Es (Wh/kg) is the specific energy, Ps (W/kg), and  (s) is the discharge time [3, 38]. 

The typical GCD curves for the various charge storage mechanisms are highlighted in Figure 

2.15. 

 

 
Figure 2.15. Typical galvanostatic charge-discharge (GCD) profiles for EDLC (red 

curve), pseudocapacitor (violet curve), and battery-like (green curve) electrode 
materials. Adapted from reference [38] with permission. Copyright © 2020, Springer 

Nature. 
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2.6.3 Electrochemical Impedance Spectroscopy (EIS) 

 

In addition to CV and GCD measurements, EIS is another technique to access the 

performance of electrode materials. The EIS run by applying a small voltage amplitude (5 to 

10 mV) over a wide frequency range at open circuit potential gives information about the 

impedance of the material. The result is often displayed as Nyquist (Figure 2.16) and Bode 

plots. The Nyquist graphs where the imaginary impedance (Z(f)") is plotted against the real 

comprises three regions: intercept at the real axis (high-frequency region), 

semicircle (medium-frequency region) which is due to charge transfer resistance and a 

straight line (low-frequency region) representing capacitive behavior. From the Bode plot, 

the capacitance (C) can be calculated from the imaginary impedance (|Z|) and frequency (f) 

using the equation (2.12) [6, 7, 38]. 
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Figure 2.16 Nyquist plot of electrode material for supercapacitors. Adapted from 

reference [38] with permission. Copyright © 2020, Springer Nature. 

 

2.7 Synthesis of supercapacitor electrode materials 

 

The morphology of electrode materials plays a crucial role in the electrochemical 

performance and as a result controlling synthesis parameters such as temperature, time, and 

concentration is needed to tailor materials with optimum properties. Synthesis techniques 

such as chemical precipitation, sol-gel, hydrothermal, electrodeposition, spray pyrolysis, and 

chemical vapor deposition among others have extensively been used to fabricate 

supercapacitor electrode materials with desired characteristics. Therefore in this section, 

major methods for electrodes have been highlighted. 
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2.7.1 Electrodeposition 

 

Electrodeposition comprising electrolytic deposition (ELD) and electrophoretic 

deposition (EPD) is favored to fabricate the film electrodes due to the low capital investment 

costs, ability to control film thickness, morphology, uniformity, and deposition rate by 

optimizing deposition parameters. It also offers the advantage of direct deposition of 

materials onto substrates without the need for binders [7]. In ELD, the deposited film is 

obtained when charged particles achieved from electrochemical reactions from solutions of 

precursor metal salts move to an electrode surface under an applied electric field. Cathodic 

or anodic deposition can be achieved depending on the nature of the particle or ionic charge.  

EPD on the other hand involves the movement of charged particles suspended in 

liquid media towards an electrode under the influence of an applied electric field. The 

deposits are therefore achieved by the coagulation of the particles on the surface of the 

electrode. It is worth noting that the deposition rate of EPD process is faster compared to that 

of ELP, thereby resulting in higher deposit thickness. For this reason, EPD is normally used 

to produce thick films while ELD allows the fabrication of thin nanostructured films. Even 

though compared to other synthesis methods, ELD deposited films have low material loading 

and thus are far from large-scale production, it remains one of the best synthesis methods for 

the evaluation of the electrochemical capacitance properties of electrode materials [70, 71].  

Under electrodeposition synthesis, cyclic voltammetry, galvanostatic, potentiostatic, 

and pulse deposition are the most widely investigated techniques for nanostructured 
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supercapacitor electrode materials [61, 72]. The processes are usually executed in electrolytic 

cells powered by electrochemical workstations. Depending on the number of electrodes 

involved, the setup can be grouped into two types: two-electrode and three-electrode 

configurations [73]. The two-electrode system (Figure 2.17(a)) consists of positive and 

negative electrodes immersed in electrolytes containing the ion of the material to be deposited. 

An electrochemical workstation or power source supplies voltage across the two electrodes. 

Thus, the measured voltage is the overall cell voltage. Similarly, the three-electrode system 

(Figure 2.17(b)) includes a working electrode (WE), a counter electrode (CE), and a reference 

electrode (RE). In this setup, current flows only between CE and WE, and the voltage of WE 

is referenced to that of RE. The measured voltage is therefore the real-time potential of WEs. 

Hg/HgO, saturated calomel, and Ag/AgCl are common REs [73]. Rahimi et al. [74] 

synthesized intertwined nanostructured Co(OH)2-reduced graphene oxide composite 

(Co(OH)2-rGO) by cathodic electrodeposition in a two-electrode system unto nickel foam 

substrate from graphene oxide and cobalt chloride electrolyte solution (Figure 2.18). The 

composite delivered a specific capacitance of 734 F/g at a specific current of 1 A/g and 

stability of 95 % after 1000 charge-discharge cycles. In another study by Aboelazm et al. [75] 

hierarchical Co3O4 nanostructures were synthesized via a potentiostatic deposition in a three-

electrode system. The Co3O4 nanostructures delivered a specific capacitance (Cs) of 1273 F/g 

at 1 A/g and capacitance retention of 96 % after 5000 cycles. Nady et al. [76] also synthesized 

polypyrrole/NiO composite (Ppy/NiO) from an electrolyte solution consisting of nickel 

chloride, nickel sulfate, and pyrrole monomer using galvanostatic electrodeposition in a 

three-electrode system. The Ppy/NiO composite showed a Cs of 679 at 1 A/g and it retained 

83.9 % of its initial capacitance after 1000 cycles. 
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Figure 2.17 Schematic representation of (a) two-electrode (b) three-electrode 

electrodeposition cell configurations. 

 

 
Figure 2.18. Schematic illustration of the cathodic electrodeposition synthesis of 

Co(OH)2-rGO composite. Adapted from [74] with permission from the Royal Society 
of Chemistry. 
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2.7.2 Sol-gel  

 

The sol-gel and chemical precipitation are simple and low-cost wet chemical 

synthesis techniques that involve the production of colloidal particles of metal oxides from 

reacting chemical solutions at low temperatures. The steps to the sol-gel synthesis of 

nanomaterials first involve the hydrolysis of the metal oxide in the presence of water or with 

the assistance of alcohol to form a sol. Condensation then takes place, increasing viscosity to 

form porous structures that are to age. Additionally, hydroxo- (M-OH-M) or oxo- (M-O-M) 

bridges form during the polycondensation or condensation process. Subsequently, drying 

takes place to remove the water and organic solvents from the gel. Finally, the nanoparticles 

are obtained by calcination [3, 77]. Thin films or coatings are achieved by dip or drop coating 

colloidal materials directly onto substrates. Powders of the materials can also be obtained by 

drying and annealing processes and after which coatings are made by mixing powders with 

conductive additives and binders to get slurries which are then pasted on substrates.  

These fabrication methods have potential industrial applications as they allow high 

material loading of active materials [27]. In a report by Wu et al. Ni(OH)2, nanoplatelets 

synthesized by a chemical precipitation method were further annealed to obtain NiO with 

enhanced conductivity and specific capacitance of 108 F/g [3]. In another study by Mustafa 

et al. [78], Mn2O3/graphene composite synthesized by the sol-gel process delivered a specific 

capacitance of 391 F/g at a scan rate of 5 mV/s in 1 M K2SO4 electrolyte. 
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2.7.3 Hydrothermal 

 

The hydrothermal technique is also another generally accepted one-pot synthesis 

method for the synthesis of transition metal oxides. It involves chemical reactions in the 

presence of solvents above room temperature and high pressures. Materials are typically 

prepared by a combination of reaction precursors heated in a sealed Teflon-lined stainless 

steel autoclave. kept above 100 °C. The high temperatures and pressures cause the dissolution 

and recrystallization of reactants into desired materials and factors such as reaction time, 

temperature, and amount of solvents have a critical impact on the structure and morphology 

of the resulting product [3, 27]. The advantage of hydrothermal over other methods includes 

the ability to develop materials with improved purity, crystallinity, and quality [27]. 

Furthermore, the hydrothermal method is practical for fabricating nanostructures of electrode 

materials, including nanosheets, nanowalls, nanorods, and nanoneedles among others [15, 27, 

58, 79-81]. Figure 2.19 shows the schematic representation of fabricating different 

nanostructured electrode materials from different precursor solutions using the hydrothermal 

process. 
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Figure 2.19 Schematic illustration of hydrothermal synthesis of (a) NiO nanorods, (b) 
Ni(OH)2 nanowall, (c) Co3O4 nanosheet, and (d) Co3O4 nanowire. Adapted from [81] 

with permission. Copyright © 2013, Elsevier. 

 

2.7.4 Chemical precipitation. 

 

Chemical precipitation is another facile process to fabricate nanosized supercapacitor 

electrode materials (transition metals and hydroxides) on a commercial scale in powder form. 

During the chemical precipitation process, the concentrations of the solute in the solution are 

maintained above the solubility limits to allow the occurrence of precipitation as a result of 

supersaturation whereby the metal ions of interest form salts that are coprecipitated from 

alkaline/base media. Subsequently, the precipitate is collected from the solution, washed with 
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distilled water, and dried at the necessary temperatures in suitable conditions to obtain the 

final product [3]. In a report by Raj et al., [82] a chemical precipitation process was used to 

prepare Mn3O4 nanoparticles fromCl2.4H2O and NaOH aqueous solutions and coated unto a 

stainless steel substrate according to equations (2.14)-(2.16). The Mn3O4 nanoparticles 

offered a Cs of 322 F/g at a current density of 0.5 mA/cm2 and a cycle stability of 77 % after 

1000 charge-discharge cycles. Additionally, Zhou et al., [83] synthesized Ni2P2O7 nanowires 

through a chemical precipitation process. The Ni2P2O7 nanowires showed a specific 

capacitance of 772. 5 F/g at 1 A/g and capacitance retention of 94 % after 3000 charge-

discharge cycles. 
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2.8 Applications of supercapacitors 

 

Supercapacitors are used in a wide range of applications such as backup power 

sources. They are connected in parallel with the main power source such as batteries so that 

during the disconnection or interruption of the main power, supercapacitors can still supply 

energy to the system. Thus they are used as backup sources for memories, clocks, system 

boards, and microcomputers [84]. They are also used as the main power source in portable 

consumer electronics mobile phones, smart watches, drones, forklifts, and cranes. In the 

transportation industry, SCs because of their fast high power density are used together with 

batteries and fuel cells for regenerative braking in electric vehicles to reduce 15 % of fuel 

consumption [85-87].  
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CHAPTER 3: EXPERIMENTAL PROCEDURE 
 

In this chapter, the materials, synthesis, and characterization techniques employed for 

the engineering of nanostructured materials for supercapacitor energy storage applications 

are discussed. This chapter is divided into two sections-Materials syntheses and Materials 

analysis (Physicochemical and electrochemical characterization). 

 

3.1 Materials synthesis 

 

3.1.1 Chemicals and Materials 

 

The chemicals and materials which have been used in this research have been given 

in Table 3.1 below. 

 

Table 3.1 : List of chemicals and materials used 

Chemical or 

Material 

Molecular 

Formula 

Specifications Supplier 

Cobalt (II) acetate 

tetrahydrate 

Co(OOCCH3)2 98 % Alfa Aesar 

Cobalt (II) chloride 

hexaterahydrate 

CoCl2.6H2O 98 % Alfa Aesar 
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Silver Nitrate AgNO3  VWR 

Potassium 

Hydroxide 

KOH  Millipore 

Pyrrole C4H5N 98 % Alfa Aesar 

Sodium perchlorate 

monohydrate 

ClH2NaO5 97 +% Alfa Aesar 

Nickel (II) sulfate 

hexahydrate 

NiSO4.6H2O 98 % Alfa Aesar 

Poly(vinylidene 

fluoride) (PvdF) 

(-CH2CF2-)n  Alfa Aesar 

Carbon black, 

acetylene  

- 50 % compressed, 

99.9 +%, 75 m2/g, 

Bulk density: 80-

120g/L 

Alfa Aesar 

N-methyl 

pyrrolidinone 

(NMP) 

C5H9NO 99.5 % Alfa Aesar 

Hydrochloric acid HCl 36.5-38 % VWR 

Titanium foil - 99.7 %, 0.25 mm 

thickness, 42.0 

 

Sigma Aldrich 
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Ethyl alcohol C2H5OH 95 % vol Commercial 

Alcohols, 

Greenfield Global 

Nickel foam - 420 g/m2 density, 

450 µm pore size, 

>99 %, 1.6 mm 

thickness, 110 PPI 

cell size 

Heze Jiaotong 

group, China 

Aluminum mesh - AA6061 - 

Stainless-steel mesh - - - 

Silicon carbide 

(SiC) waterproof 

paper 

- 240 grit - 

 

3.1.2 Substrate preparation 

 

Titanium (Ti) foil substrate: Before any deposition or coating process, Ti foils with 

dimensions of 4 cm x1 cm were polished with Silicon carbide (SiC) waterproof paper and 

washed in deionized water via an ultrasonic bath for 15 mins. The polished Ti foils were then 

etched in concentrated HCl for 5 mins to remove surface contaminants after which they were 

washed in deionized water, ethanol, and deionized water in turn for 10 mins using an 

ultrasonic bath before drying on a hot plate at 60 C for 6 hrs. 



58 
 

Nickel foam (NF) substrate: Similar to the Ti foils, NF substrates (4 cm x1 cm) were 

etched in 3 M HCl for 15 mins and washed in deionized water via an ultrasonic bath. The 

etched substrates were then washed in ethanol and deionized for 15 mins each and dried on 

a hot plate at 60 C for 24 hrs. 

Stainless steel and aluminum mesh substrates: Stainless steel and aluminum mesh 

substrates (4 cm x1 cm ) were polished with SiC paper and washed in laboratory detergent 

solution for 15 mins and rinsed in deionized water for 10 mins after which the substrates 

were dried in air for 10 mins for the coating processes. 

 

3.1.3 Chemical precipitation synthesis  

 

NiO and Co3O4 electrode material was synthesized via a chemical precipitation route 

by the addition of a base (NaOH) solution to individual NiSO4.6H2O and  

precursor solutions respectively and subsequent hydrothermal treatment. In the preparation 

process of NiO particles, 10ml of 1 M NaOH solution was added dropwise to 30 ml of 0.1 

M NiSO4.6H2O whiles stirring at 3000 rpm using a magnetic stirrer on a hot plate maintained 

at room temperature until the entire volume of NaOH was consumed. The reaction between 

NaOH causes the transparent green solution of NiSO4.6H2O to become cloudy which is an 

indication of the formation of Ni(OH)2 precipitates as expressed in equation (3.1). The 

resulting solution after the base addition was stirred for an extra 15 mins before it was 

transferred into 50 ml capacity Teflon-lined autoclave heated at 120 C for 24 hrs. 

Subsequently, the solutions are then allowed to cool to room temperature before the resulting 
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precipitates were washed severally with deionized water via centrifugation at 4000 rpm for 

15 mins and dried at 100 C for 24 hrs to obtain NiO particles.  

Likewise, Co3O4 particles were also prepared by repeating the preparation processes 

for NiO particles. However, the precursor used was 30ml of 0.1 M 

the pink color of the precursor turned purple upon the addition of 10ml of 1 M NaOH solution. 

The formation mechanism of Co(OH)2 precipitates is expressed in equation (3.2). Both 

mechanisms for the formation of the Ni(OH)2 and Co(OH)2 expressed in equations (3.1) and 

(3.2) have been well established by other studies in the literature [1, 2]. 

Electrode fabrication: The as-synthesized materials were fabricated into a single 

electrode by mixing 80 wt.% of the as-synthesized materials with carbon black (15 wt.%), 

and polyvinylidene fluoride (PVDF, 5 wt.%) in N-Methylpyrrolidone (NMP) to form a slurry. 

The slurry was then coated on a 1 cm2 area of nickel foam and titanium substrates, dried at 

70 C for 18 hrs and weighed. The schematic representation of the synthesis and fabrication 

processes have been provided in Figure 3.1. 
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Figure 3.1. Schematic diagram of the hydrothermal synthesis and electrode fabrication 

process of Co3O4 electrode material. 

 

3.1.4 Electrodeposition synthesis 

 

In the research for this thesis, nanostructured supercapacitor electrode materials 

consisting of metal and metal oxide composites (Ni-NiO, Co-Co3O4, Ag/Co-Co3O4) were 

prepared on different treated substrates by a combination of cyclic voltammetry (CV) and 

pulse reverse potential (PRP) electrodeposition techniques from various electrolyte solutions 

using the three-electrode system whereby platinum wire, and Ag/AgCl, and the substrate 

served as counter, reference, and working electrodes respectively. In a typical synthesis, the 

cyclic voltammetry (CV) process is first used to nucleate the metal (M) and metal oxide (MOx) 
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on a substrate. It started with a negative potential so that a metal coating will be deposited on 

the metallic substrate (nickel foam and titanium foil) and that would increase the adhesion of 

the M-MOx nanocomposite thin film (due to the mismatch of the surface energy of metal and 

metal oxide which leads to a weak interface that makes the coating unstable in terms of 

interfacial adhesion). The pulse reverse potential (PRP) is subsequently applied by 

conducting the cathodic and anodic deposition to deposit a layer of M and MOx in sequence. 

In our experiment, a maximum negative (cathodic) potential of -1.4 V was used to deposit 

metallic film and a +1.0 V (anodic) was used to deposit metal oxide according to the proposed 

mechanism given in equations (3.2) and (3.3). 

 

 

 

 

Electrodeposition synthesis of nanostructured Ni-NiO: Ni-NiO nanocomposite 

thin film was deposited on the treated Ti-substrate by a combined CV and PRP 

electrodeposition techniques from an electrolyte consisting 0.1 M NiSO4.6H2O (30 ml) and 

0.2 M NaClO4.H2O (30 ml) of pH of 4.5. Initially, CV was performed in a potential range of 

-1.4 V to +1.0 V vs Ag/AgCl at a scan rate of 20 mVs-1 for 2 cycles. The CV process was 

then followed with a PRP deposition by first applying a negative voltage of -1.4 V for 0.5 s 

and a positive voltage of +1 V for 0.5 s for 60 cycles The deposition process was performed 

in a standard three-electrode glass cell with a platinum wire, Ti-substrate and Ag/AgCl as the 

counter, working and reference electrodes, respectively. After electrodeposition, the Ni-NiO 
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nanocomposite thin film electrode was rinsed in deionized water and dried on a hot plate 

maintained at 100o C for 10 hrs in air before performing physical and electrochemical 

characterizations. To optimize the deposition process, the PRP cycles were varied (60, 300, 

600 and 900, and 1800 cycles). Furthermore, the mass of the electrodeposited film was 

determined by the mass difference between the bare NF substrates before and after the 

deposition process using an analytical microbalance (Sartorius CP124S, max 120g, 0.1 mg 

of resolution. 

Electrodeposition synthesis of nanostructured Co-Co3O4 by modulating the 

molar ratios of two cobalt precursors: Similar to the preparation of the Ni-NiO composite, 

Co-Co3O4 nanocomposite thin films were deposited on nickel foam (NF) substrate by a 

combination cyclic voltammetry (CV) and pulse reverse potential (PRP) electrodeposition 

techniques using the three-electrode system where the counter, reference, and working 

electrodes are platinum wire, Ag/AgCl, and nickel foam respectively. In a typical synthesis, 

CV is first performed in a potential range of -1.4 to +1.0 V vs Ag/AgCl at a scan rate of 20 

mVs-1 for 2 cycles, followed by 60 cycles of PRP deposition conducted at a cathodic potential 

of -1.4 V for 0.5 s and an anodic potential of +1.0 V for 0.5 s in sequence. The electrolyte 

solutions used for the electrodeposition consist of a combined solution of 0.1 M cobalt acetate 

Co(CH3COO)2 and 0.1 M cobalt chloride (CoCl2) in different molar ratios (100:0, 20:80, 

40:60, 50:50) together with 0.2 M NaClO4.H2O. The deposition process was conducted in a 

standard three-electrode glass cell with a platinum wire, NF substrate, and Ag/AgCl as the 

counter, working, and reference electrodes, respectively. The distance between the electrodes 

was kept at 2 cm throughout the deposition process. After the electrodeposition process, the 

as-prepared Co-Co3O4 nanocomposite thin film electrodes were rinsed in deionized water 
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and dried on a hot plate at 200 C for 45 minutes in air before further characterization. 

Additionally, the mass of the electrodeposited films was determined by first weighing the 

bare NF substrates before and after the deposition process using an analytical microbalance 

(Sartorius CP124S, max 120 g, 0.1 mg of resolution), and the difference in mass gives the 

mass of the deposited film. Figure 3.7 shows the setup for the electrodeposition process. 

 

 
Figure 3.2 Three-electrode system setup for the electrodeposition synthesis of Co-

Co3O4 nanocomposite electrode material. 

 

Electrodeposition synthesis of nanostructured Co-Co3O4 via different 

electrodeposition techniques: In addition to modulating the molar ratio of cobalt precursors, 

the electrodeposition techniques were also optimized to obtain Co-Co3O4 electrode materials 

with superior performance. In this experiment, Co-Co3O4 composite materials were prepared 
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on nickel foam (NF) substrates from an electrolyte solution consisting of the optimum molar 

0.1 M cobalt chloride (CoCl2 24 ml) and 0.2 M sodium perchlorate (NaClO4.H2O, 30 ml). 

The electrodeposition process involved the use of four techniques of electrodeposition: (1) 

Cyclic voltammetry (CV), (2) CV followed by potentiostatic (PS) at +1.0 V (CV PS +1.0 V), 

(3) CV followed by PS at 1.4 V (CV PS 1.4V) and (4) CV followed by pulse reverse 

potential (CV PRP) cycled between -1.4V and +1.0V. CV mode was conducted in a potential 

range of 1.4 to +1.0 V vs Ag/AgCl at a scan rate of 20 mVs-1 for 2 cycles. For the CVPS 

+1V mode, CV was initially conducted in a potential range of 1.4 to +1.0 V vs Ag/AgCl at 

a scan rate of 20 mVs-1 for 2 cycles, and was followed by potentiostatic deposition at +1 V 

for 30 s. A similar condition was repeated for the CV PS 1.4V mode, however with a 

negative constant potential of 1.4 V. For the CV PRP mode, CV was initially performed in 

a potential range of 1.4 to +1.0 V vs Ag/AgCl at a scan rate of 20 mVs-1 for 2 cycles, 

followed by 60 cycles of PRP deposition conducted at a cathodic potential of -1.4 V for 0.5 

s and an anodic potential of +1.0 V for 0.5 s in sequence. The deposition process was 

conducted in a standard three-electrode glass cell with a platinum wire, NF substrate, and 

Ag/AgCl as the counter, working, and reference electrodes, respectively. After 

electrodeposition, the as-prepared Co-CoOx nanocomposite thin film electrodes were rinsed 

in deionized water and dried in air on a hot plate at 200o C for 45 minutes before performing 

characterization and electrochemical analyses.  

Electrodeposition synthesis of nanostructured Ag/Co-Co3O4 composite: (Ag/Co-

Co3O4 nanocomposite thin films were synthesized onto nickel foam (NF) substrates by cyclic 

voltammetry (CV) followed by pulse reverse potential (CV PRP) cycled between -1.4 V and 
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+1.0 V. A standard three-electrode system with a platinum wire, NF substrate, and Ag/AgCl 

as the counter, working and reference electrodes, respectively was employed for the 

deposition process. Initially, CV was performed in a potential range of 1.4 to +1.0 V vs 

Ag/AgCl at a scan rate of 20 mVs-1 for 2 cycles, followed by pulse reverse potential (PRP) 

of 60 cycles at -1.4 V and 1 V with 0.5 s/0.5 s time interval for a total duration of 60 s. The 

electrolyte solutions used for the electrodeposition consist of 0.1 M cobalt acetate 

2 24 ml), 0.1 M silver nitrate 

(AgNO3, 2ml) and 0.2 M sodium perchlorate (NaClO4.H2O, 30 ml). In the electrochemical 

deposition process, the applied negative potential reduces the Co2+ and Ag+ ions into metallic 

Co and Ag films. Similarly, the applied positive potential results in the deposition of a layer 

of Co3O4. After the electrodeposition process, the as-prepared Ag/Co-Co3O4/NF 

nanocomposite thin film electrodes were rinsed in deionized water and dried in air on a hot 

plate at 200 °C for 45 minutes before further characterization and electrochemical analyses. 

The mass of the electrodeposited material was estimated from the difference in the mass of 

the NF substrate before the electrodeposition process and with material loading after drying 

using an analytical microbalance (Sartorius CP124S, max 120 g, 0.1 mg of resolution). To 

optimize the electrodeposition process, the volume (ml) of silver nitrate was varied (1, 2, 3, 

6, 12 ml). 

Electrodeposition synthesis of polypyrrole coatings on nickel-modified 

aluminum and stainless-steel mesh: Aluminum mesh was valorized as a substrate for 

polypyrrole electrode material coating. Firstly, the treated aluminum mesh was modified with 

nickel coating by a potentiostatic electrodeposition from an electrolyte solution of 0.5 M 

NiSO4.6H2O (30 ml) and 0.2 M NaClO4.H2O (30 ml), by applying a constant voltage of -1.4 
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V for 120 mins. Polypyrrole coating was then deposited on the nickel-modified aluminum

mesh from an aqueous precursor solution consisting of 0.6 M pyrrole (30 ml) and 0.2 M 

NaClO4.H2O (30 ml) by applying a constant potential of 0.8 V for 10 min. The formation of 

the polypyrrole coating is a two-step process that begins with the loss of electrons and the 

formation of radical cations by the pyrrole monomer when an oxidation potential is applied 

(Initiation step). Subsequently, the formed radical cation couples with the monomer unit to 

form a dimer radical cation which in turn reacts with other monomer molecules to form trimer 

radical cations and so on to form a polymer chain of pyrrole units (Propagation step) [3, 4]. 

The mechanism for the electropolymerization process of the pyrrole monomer is given in 

Figure 3.3. The treated steel mesh was also coated with polypyrrole for comparison to 

elucidate the effect of the nickel modification. All depositions were carried out at room 

temperature using a standard three-electrode glass cell with a platinum wire, the nickel-

modified aluminum mesh/stainless-steel mesh, and Ag/AgCl as the counter, working, and 

reference electrodes respectively. The fabricated electrodes were dried in air before further 

analysis. 
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Figure 3.3 Electropolymerization process of pyrrole. Adapted from [3] with 

permission. 
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3.2 Materials Analysis 

 

3.2.1 Microstructural analysis by scanning electron microscopy 

 

The surface morphological features and chemical composition of the nanostructured 

electrode materials were studied using scanning electron microscopy (SEM, JEOL, JSM 

6480 LV) equipped with energy dispersive X-ray spectroscopy (EDS) as shown in Figure 

3.4. Compared to an ordinary optical microscope, the SEM is a more powerful imaging 

technique capable of producing three-dimensional images and it combines higher 

magnification, greater resolution, and higher depth focus. It works on the basic principle of 

the interaction of an accelerated monoenergetic electron beam emanating from an electron 

surface. Typically, the electrons are focused and accelerated by an applied voltage of 20 kV. 

Subsequently, the secondary and backscattered electrons which result from the interaction 

are collected by a detector, regulated, and amplified to create an exact reconstruction of the 

surface of the sample and the particle profile while the X-rays provide the elemental 

composition. The precondition for successful viewing of samples is that the surface should 

be electrically conductive. 
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3.2.2 Fourier transform infrared spectroscopy 

 

In this research, the molecular fingerprints of the nanostructured materials were 

analyzed with an attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-

FTIR, Agilent Technologies Cary 360) shown in Figure 3.5 within the wavenumber range of 

4000-450 cm-1.  

 

 
Figure 3.4. Scanning electron microscope (model SEM JEOL JSM 6480LV), CURAL, 

UQAC. 

 

In FTIR spectroscopy, when the frequency of an incident infrared radiation 

corresponds to the normal stretching or bending vibrational modes of the molecules in the 

material, the molecular bonds absorb some of the radiation while the rest gets transmitted in 

the transition mode of the FTIR spectroscopy. As the vibrational frequency changes linearly 

with the bonding force (k) and with the reduced mass of the atom (µ) as depicted in Equation 
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3.5 [5], the emerging signal detected gives the molecular fingerprint specific molecules 

within the material.  

 

-1) and k is the bond strength (dyne.cm-1). For this 

reason, FTIR spectroscopy can result in qualitative analysis of different materials and the 

size of the spectrum peaks indicates the amount of material present (Quantitative analysis). 

Conversely to transmission mode FTIR, with ATR-FTIR, the infrared beam is entirely 

reflected.  

 

 

Figure 3.5. ATR-FTIR spectroscopy apparatus (Agilent Technologies Cary 360), 
CURAL, UQAC. 
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Usually, in the ATR mode, a high refractive index (RI) diamond-ATR crystal (2.41) 

is used and due to the high refractive index of the crystal, the IR beam is completely reflected 

at the sample-crystal interface inside the crystal. Nevertheless, as a result of the wave-like 

characteristic, the IR radiation penetrates the few layers of the material giving rise to a 

diminishing wave. As the intensity of the wave decays exponentially, the attenuated reflected 

signals conveying the absorption details of the materials are collected at the detector and are 

subsequently Fourier transformed and displayed as ATR-FTIR spectra. 

 

3.2.3 X-ray diffractometry 

 

XRD is an analytical procedure to identify and quantify the phases of crystalline 

materials. In this research, XRD was used to identify the faces of metal and metal oxides in 

the nanostructured electrode materials. XRD works on the principle of constructive 

interference of monochromatic X-rays with atoms in the material. The fundamental principle 

of XRD is based on the path difference between the X-ray beams scattered by atoms within 

a material from adjacent lattice planes (hkl) of spacing dhkl [6]. The resulting intensity peaks 

on the XRD pattern at each measured angle give the condition of the constructive interference 

 

 

-ray beam, and 

ce planes [6].  
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In the research for this thesis, the crystal structure analysis of the developed 

nanostructured electrode materials was conducted using D8 Discover system (Bruker 

-  

 

 

Figure 3.6 X-ray diffractometer, Bruker D8 Discover system, CURAL, UQAC. 

 

3.2.4 Electrochemical Characterization 

 

The electrochemical assessment of the nanostructured materials as supercapacitor 

electrode materials were conducted using a three-electrode system with a platinum wire, 

Hg/HgO, and the fabricated electrodes as counter, reference, and working electrodes 
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respectively in a 1 M KOH and 1 M Na2SO4 electrolytes. Three different techniques namely 

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

impedance spectroscopy have been used for the electrochemical studies. In the research of 

this thesis, the Solartron SI1287 electrochemical interface with the Solartron 1254A 

frequency analyzer running on the Corrware computer software was used for the 

electrochemical measurements. A depiction of the electrochemical measurement setup has 

been given in Figure 3.7. 

 

 
Figure 3.7. Three-electrode setup with the Solartron SI1287 electrochemical interface 

and the Solartron 1254A frequency analyzer. 

 

Cyclic voltammetry (CV): The CV works on the principle of measuring the 

instantaneous current which results from applying a linear voltage to an electrode between 

two predefined voltage limits. The speed at which the potential changes is defined as the scan 

rate while the range of potential change is the potential window [7]. The CV measurements 
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for this study were conducted by sweeping a potential typically within the potential range of 

-0.1 to 0.6 V vs. Hg/HgO for our electrode materials at various scan rates of 100, 50, 20, 10, 

and 5 mV/s for qualitative analysis of redox reactions as well as determining the voltage 

window of the electrode materials. From the CV profiles, the specific capacitance of the 

fabricated electrodes was determined using equation (3.7): 

 

Where Cs denotes the specific capacitance (F/g), m is the mass of the electroactive material 

(m),  is the applied scan rate (mV/s), Va-Vc is the potential window and  is the 

integrated area under the CV curve [1]. 

Galvanostatic charge-discharge (GCD): The GCD test is regarded as the most 

accurate and versatile technique for determining the capacitance and cycle stability of 

electrodes and devices. It is conducted by charging and discharging an SC device or working 

electrode repetitively at a constant current and the output is a plot of potential (E) vs. time (s) 

[7]. For our work, the GCD tests have been carried out at different current densities from 1 

to 20 A/g within a preset potential range of -0.1 to 0.5 V vs. Hg/HgO. From the resulting 

charge-discharge profiles parameters such as specific capacitance, equivalent series 

using equations (3.8) to (3.12) respectively: 
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Where ID is the discharge current,  is the discharge current (s),  is the potential window 

(V), VIR (V) is the voltage drop between the charge and discharge curve, CR (F/g) is the 

capacitance retention, Cnth  (F/g) denotes the capacitance retention after the nth cycle, C1st  

(F/g) designates the capacitance retention after the first cycle, Es (Wh/kg) and Ps (W/kg) 

represents the specific energy and power respectively [2] [3]. 

Electrochemical impedance spectroscopy (EIS): The EIS work works based on 

determining the impedance of an electrochemical system by applying a low-amplitude 

alternating voltage V to a steady-state potential Vs with the applied voltage expressed as: 

 

Vmax 

results in a sinusoidal output current I, with  

 



76 
 

Imax the amplitude 

of the signal. The electrochemical impedance Z( ) is expressed 

 

where  and  represent the real and the imaginary parts of the impedance, respectively, 

expounded as [8]:  

 

 

The EIS data is expressed in Nyquist plots whereby the data from each frequency point is 

plotted by the imaginary part on the y-axis and the real part on the x-axis observed in Figure 

3.8(I). Additionally, the data can also be interpreted as Bode plots in which the magnitude of 

the impedance and phase angle are plotted against frequency.  

For the research work of this thesis, the EIS has been used to determine the charge 

transfer resistance (Rct), equivalent series resistance (RES), and the diffusion resistance of the 

electrode materials [9]. EIS experiments for this research were conducted by applying a 

sinusoidal voltage of 10 mV in the frequency range from 10 mHz to 100 kHz at an open 

circuit potential.  
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4.1 Abstract 

 

NiO and Co3O4 supercapacitor electrode materials have been synthesized by a facile 

chemical precipitation route. The acquired attenuated total reflection Fourier transform 

infrared (ATR-FTIR) spectra have confirmed the presence of Ni-O and Co-O bonds. While 

the energy-dispersive X-ray spectroscopy spectra (EDX) confirmed the presence of the 

appropriate elements. The morphological features revealed by the scanning electron 

microscope (SEM) correspond with the electrochemical behavior of the electrode materials. 

The capacitive performance assessed using the galvanostatic charge-discharge technique 

revealed maximum specific capacitance values of 40 F/g and 28 F/g at a specific current of 

1 A/g for the NiO and Co3O4 electrodes respectively. 

 

4.2 Introduction 

 

High-performing electrochemical energy storage devices are extremely beneficial for 

s including smart watches, mobile phones, 
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laptops, regenerative braking systems, and hybrid electric vehicles. Supercapacitors, of all 

the various energy storage devices such as batteries and fuel cells, exhibit potential as 

efficient energy storage devices as a result of their high-power density, long cycle life, 

lightweight, and environmental friendliness [1-3]. In the operations of supercapacitors, the 

electrode material is one of the most critical components controlling the electrochemical 

performance. Up until now, carbon materials (graphene, activated carbon, carbon nanotubes) 

transition metal oxides (RuO2, MnO2, NiO, Co3O4), and conducting polymers (Polypyrrole, 

polyaniline) have been identified as supercapacitor electrode materials. Among these, base 

transition metal oxides including NiO, Co3O4 are particularly attractive due to their high 

theoretical capacitance values of 2573 and 3560 F/g respectively, earth abundance, low cost, 

high redox activity, and environmental friendliness [2, 4-6].  

In the past few decades, great advances have been made to develop NiO, Co3O4 

materials various morphological features and structures including nanotubes, nanospheres, 

nanowires, and nanoflowers to improve electrochemical performance [7-10]. However, 

recorded experimental specific capacitance values are still low compared to theoretical 

values due to low conductivity and less electrochemically active surface area [5]. Studies 

have shown that the morphology, surface area, and structure play a critical role in enhancing 

the electrochemical performance of NiO and Co3O4 electrode materials [5, 10]. Moreover, it 

is well established in the literature that nanostructured materials exhibit interesting properties 

better than bulk materials [1, 11]. Therefore, NiO and Co3O4 with nanoscale features would 

exhibit high specific surface areas which would result in more electroactive species for 

enhanced redox reactions, resulting in outstanding capacitive performance. 
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Numerous preparation techniques including thermal decomposition, chemical bath 

deposition, sol-gel method, chemical precipitation, and hydrothermal have been investigated 

for the fabrication of nanostructured NiO and Co3O4 materials [3, 12, 13]. In comparison to 

these synthesis routes, chemical precipitation synthesis presents a facile approach for the 

large-scale fabrication of high-purity nanostructured materials [14-16].  

In this work, NiO and Co3O4 electrode materials have been fabricated using the 

chemical precipitation synthesis route. The electrochemical behavior of the electrodes has 

been assessed by cyclic voltammetry (CV) and the galvanostatic charge-discharge cycles. 

The NiO and Co3O4 electrodes exhibited specific capacitance values of 40 F/g and 28 F/g 

respectively. 

 

4.3 Experimental procedure 

 

In the experimental process for the synthesis of NiO and Co3O4 electrode materials, 

10ml of 1 M NaOH solution was added dropwise to 30 ml of individual solutions of 0.1 M 

NiSO4.6H2O and 0.1 M  respectively under magnetic stirring at 3000 rpm 

until the NaOH is consumed and precipitates are formed. The solution was then stirred for 

15 mins to achieve homogeneity. Subsequently, the resulting solutions were then transferred 

into 50 ml capacity Teflon-lined autoclaves, and heated in an oven at 120 C for 24 hrs. The 

precipitates were allowed to cool down to room temperature and then washed repeatedly with 

distilled water via centrifugation. The resulting precipitates were collected and dried at 100 

C for 24 hrs.  
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The morphological and elemental studies of the samples were conducted using a 

scanning electron microscope (SEM, JEOL JSM-6480 LV), equipped with energy-dispersive 

X-ray spectroscopy (EDX). An attenuated total reflection  Fourier transform infrared 

spectroscopy (ATR-FTIR, Agilent Technologies Cary 630) was used to confirm the metal 

oxides (Ni-O, and Co-O). 

The electrochemical studies namely, cyclic voltammetry (CV) and galvanostatic 

charge-discharge (GCD) were conducted using a three-electrode glass cell with platinum 

wire, and Hg/HgO as counter and reference electrodes respectively. The electrochemical 

measurements were carried out in a 1 M KOH aqueous electrolyte using a Solartron SI1287 

electrochemical workstation. The CV and GCD measurements were carried out at different 

scan rates and specific currents in a potential window of -0.2 to 0.6 V and -0.1 to 0.5 V 

respectively. The working electrodes were fabricated by mixing the as-prepared active 

materials (NiO or Co3O4) materials with polyvinylidene fluoride (PVDF) and carbon black 

in a ratio of 85:10:5 in N-Methylpyrrolidone (NMP) to form a homogeneous slurry. The 

slurry was then coated on a 1 cm2 area of titanium substrates, dried at 70 C for 18 hrs, and 

weighed.  

 
4.4 Results and discussion 

 

4.4.1 Structural, morphological, and chemical analysis 

 

The ATR-FTIR spectra (Figure 4.1) recorded in the range of 1500-500 cm-1 have been 

used to give details about phase composition and different chemical bonding states of the 
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NiO and Co3O4 electrode materials. In the IR spectrum of NiO (Figure 4.1(b)), the strong 

peak at 559 cm-1 corresponds to the stretching bond of Ni-O. Additionally, the IR bands at 

928, 1021, and 1211 cm-1 are assigned to C-O stretching vibration which could be a result of 

the incorporation of carbon particles during the electrode making and absorbed atmospheric 

CO2 molecules by the sample [3, 17, 18]. Similarly, the sharp bands observed at 555 and 654 

cm-1 in the FTIR spectrum of the Co3O4 material in Figure 4.1(b) are attributed to the 

stretching vibrations of Co-O where Co is tetrahedrally and octahedrally coordinated to 

oxygen respectively [19].  
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Figure 4.1. FTIR spectra of (a) NiO and (b) Co3O4 electrode materials on titanium (Ti) 
substrates 

 

The formation of the spinel cobalt oxide (Co3O4) is confirmed by these absorption bands. 

Furthermore, the peaks at 734 cm-1 and 834 cm-1 3

respectively [20]. The interested absorption bands for both electrode materials fall within 

wavenumbers ranges that have been reported by other studies [21-25]. 

In addition to the oxide identification, studies have shown that the specific surface 

area which results from morphological features has a significant impact on the 
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electrochemical behavior specifically the capacitive behavior of metal oxide-based 

electrodes [3, 26, 27]. Hence, morphological investigations of the NiO and Co3O4 electrode 

materials have been conducted using SEM imaging and presented in Figure 4.2.  

 

  

  

Figure 4.2. SEM micrographs and EDX images (a, c) NiO, (b, d) Co3O4 electrode 

materials on titanium substrates. 

 

The SEM image of NiO electrode material in Figure 4.2(a) shows highly dense, well arranged, 

porous free irregularly shaped particles of different sizes. On the other hand in Figure 4.2(b), 

the Co3O4 electrode material shows non-uniform spherical particles agglomerated to form 

clusters with a ribbon-like morphology.  
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Furthermore, the EDX spectra collected during the SEM analysis to corroborate the 

FTIR spectral analysis for the presence of oxides in the electrode materials are presented in 

Figures 4.2 (c) and (d) for the NiO and Co3O4 electrode materials respectively. The presence 

of nickel (Ni) and oxygen (O) peaks in the EDX spectrum of the NiO electrode in Figure 

4.2(c) confirms the formation of the NiO electrode material. Additionally, the peak of carbon 

(C) confirms the incorporation of carbon in the electrode making to increase conductivity. 

Similarly, in Figure 4.2(d) the peaks of cobalt (Co) and oxygen (O) further confirm the 

formation of the cobalt oxide material with the presence of C belonging to the carbon used 

in the electrode making. The EDX studies show a higher concentration of oxygen in both 

materials which could as a result of the surface adsorbed oxygen due to the hydrophilic nature 

of the surface [17]. 

 

4.3.2 Electrochemical analysis 

 

The electrochemical performance of the NiO and Co3O4 electrodes as potential 

supercapacitor electrodes was investigated by conducting cyclic voltammetry (CV) and 

charge-discharge measurements (Figure 4.3). The cyclic voltammetry curves of the NiO and 

Co3O4 electrodes in Figures 4.3(a) and (c) respectively at different scan rates show a deviation 

from the ideal rectangular shape of Electrical double-layer capacitor electrode materials and 

the presence of redox peaks indicating the charge storage is mainly due to faradaic redox 

reactions of both electrodes [9, 28, 29]. The possible redox reactions occurring on the surface 

of NiO and Co3O4 are expressed in equations (4.1) for the NiO electrode, and equations (4.2) 

and (4.3) for the Co3O4 electrode [3, 8, 9]. In addition, it can be observed that with the 
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increase in scan rate, the magnitude of the current increased accordingly and this is a result 

of the increase in the rate of diffusion compared to the rate of reaction.  
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Figure 4.3 (a,c) Cyclic voltammetry (CV) curves of NiO and Co3O4 on titanium (Ti) 
substrate electrodes at different scan rates respectively (b,d) Galvanostatic charge-

discharge (GCD) curves of NiO and Co3O4 on Ti substrate electrodes at different specific 
currents respectively. 

 

More electrolyte ions (OH-) gain access to the electrode-electrolyte interface though very few 

ions engage in the charge transfer reaction. Hence, the current at a higher scan rate increases 

[30, 31]. 
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Subsequently, the galvanostatic charge-discharge (GCD) studies presented in Figures 

4.3 (b) and (d) were further used to assess the capacitive performance of the NiO and Co3O4 

electrodes. The shape of both NiO and Co3O4 deviated from the triangular shape of EDLC 

materials, further corroborating the faradaic redox reaction charge storage as suggested by 

the CV studies [32]. From the GCD profiles, the specific capacitance of the NiO and Co3O4 

electrodes were estimated as 40 and 28 F/g for the electrodes respectively at 1 A/g using 

equation (4.4):  

 

 

 

 where C denotes the specific capacitance, I is the specific current, t signifies the discharge 

time, m is the mass of the electroactive material, and V is the potential change during 

discharge. The obtained specific capacitance values are lower compared to recent values 

published for NiO and Co3O4 based-electrodes [33-36]. For example, a specific capacitance 

value of 132 F/g has been obtained by Dhas et al. for their NiO nanoparticles prepared by a 

hydrothermal method on a carbon cloth substrate [17]. Similarly, Yadav et al. reported a 

specific capacitance value of 127 F/g for their Co3O4 nanowires electrode prepared via a 
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chemical bath deposition route on stainless steel substrate [9]. In addition, it is to be noted 

that both electrodes exhibit a large potential drop between the charge and discharge curves, 

indicating poor conductivity. 

The inferior capacitance performance exhibited by the NiO and Co3O4 electrodes 

could be attributed to porous free agglomerated morphology which impedes the electrolyte 

access to electroactive sites thereby leading to less surface area utilization and hence reduced 

redox reactions for charge storage. Furthermore, the high mass loading of the active materials 

NiO(12.2 mg) and Co3O4(17.5 mg) due to the inability to control mass during the 

conventional electrode fabrication process may contribute to poor performance. A thicker 

mass loading prevents the electrolyte ions from accessing all the inner electroactive surface 

areas of the electrode, therefore capacitance value reduces [12, 37].  

 

4.4 Conclusions 

 

NiO and Co3O4 electrode materials on titanium substrates have been prepared through 

a facile chemical precipitation route. The chemical signature of the electrodes has been 

confirmed by the presence of NiO and Co3O4 absorption bands and strong peaks of Ni, Co, 

and O on the FTIR and EDX spectra. The SEM micrographs have revealed highly porous-

free, irregular, and aggregated morphological features, unfortunately not attaining the critical 

standard of contributing to large specific surface areas. The NiO and Co3O4 electrodes 

obtained maximum specific capacitance values of 40 and 28 F/g. 
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In parallel to the chemical precipitation synthesis, electrode materials were prepared 

by electrodeposition and they show promising properties, hence the subsequent chapters of 

this thesis are predominantly focused on nanostructured electrode materials engineered 

through electrodeposition synthesis.  
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5.1 Abstract 

 

A combined cyclic voltammetry and pulse reverse potential electrodeposition 

technique has been used to synthesize carbon-free Ni-NiO nanocomposite thin film 

supercapacitor electrode. The structural and morphological analyses have revealed the 

presence of crystalline phases of both Ni and NiO in the form of nanospheres of size ~ 50 

nm. The electrochemical analysis of the Ni-NiO nanocomposite electrode has shown a 

remarkable performance by delivering a high specific capacitance of 2000 Fg-1 at an applied 

current load of 1 Ag-1 and capacitance retention of 98.6 %, after over 800 cycles under a high 

current load of 20 Ag-1. 
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5.2 Introduction 

 

Supercapacitors (SCs) have received much attention as important energy storage 

devices in recent times as a result of their high-power densities and longer cycle life 

compared to batteries, and high energy densities compared to dielectric capacitors [1]. Based 

on their charge storage mechanism, SCs can be classified as electric double-layer capacitors 

(EDLCs) or pseudocapacitors (PCs). PCs are known to provide higher specific capacitance 

and energy density than EDLCs due to the multiple oxidation states of their electroactive 

materials, which favor fast faradaic reactions [2-4]. Transition metal oxides such as NiO [1], 

RuO2 [3], Co3O4 [5], and MnO2 [4] are mainly used as PC electrode materials. Among them, 

NiO has received much attention in the past few years because of its low cost, environmental 

friendliness, and high theoretical specific capacitance (2573 F/g) [1]. Nanostructured NiO 

coatings have also been found to be useful in other types of applications such as the one 

recently reported by Yu-Ling Hsieh et al. in bio-applications [6]. 

In this work, we report a novel approach of electrodeposition technique that combines 

the modes of cyclic voltammetry (CV) and pulse reverse potential (PRP) to deposit carbon-

free conducting Ni-NiO nanocomposite thin film supercapacitor on a chemically inert 

conducting Ti- substrate.  
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5.3 Experimental Section 

 

The carbon-free Ni-NiO nanocomposite thin film was deposited on Ti-substrate by 

CV in a potential range of -1.4 to +1.0 V vs Ag/AgCl at a scan rate of 20 mVs-1 for 2 cycles, 

followed by pulse reverse potential (PRP) of 60 cycles of width of 1 s for the duration of 60 

s. The minimum and the maximum pulse heights were chosen to be -1.4 V and +1 V, 

respectively. The details of this deposition mechanism can be found in the supplementary 

data in Figure S5.1. The electrolyte solutions, namely, 0.1 M NiSO4.6H2O and 0.2 M 

NaClO4.H2O with a pH of 4.5 were used for the deposition of the Ni-NiO nanocomposite 

thin film. The deposition process was conducted in a standard three-electrode glass cell with 

a platinum wire, Ti-substrate, and Ag/AgCl as the counter, working, and reference electrodes, 

respectively. After electrodeposition, the as-prepared carbon-free Ni-NiO nanocomposite 

thin film electrode was rinsed in deionized water and dried on a hot plate at 100o C for 10 hrs 

in air before performing physical and electrochemical tests.  

The morphological and elemental analyses of the carbon-free Ni-NiO nanocomposite 

thin film were studied by a scanning electron microscope (SEM, JEOL JSM-6480 LV), 

equipped with the function of energy-dispersive X-ray spectroscopy (EDX). The X-ray 

diffraction (XRD) analyses were carried out by Bruker D8 Discover system. The 

electrochemical properties (cyclic voltammetry (CV), and galvanostatic charge-discharge 

(GCD) were evaluated using Solarton SI1287 electrochemical workstation in a 1 M KOH 

aqueous solution.  
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5.4 Results and discussion 

 

5.4.1 Structural, morphological, and chemical analysis 

 

Figure 5.1(a) shows the XRD spectrum of the carbon-free Ni-NiO nanocomposite 

thin film deposited on a Ti-substrate and the inset shows the deconvoluted peak observed 

around 44.5o. 

37.2º and 43.2º, respectively, can be assigned to cubic NiO structure with lattice constant a 

= 4.1717 Å corresponding well with the standard crystallographic data for NiO (JCPDS Card: 

# 65-5745). The deconvoluted peak in the inset shows the presence of metallic Ni(111) peak 

at  44.5o. The truncated peaks corresponding to Ti are assigned by an asterisk (*) symbol 

in the main graph. The Ti peak has also been labeled as B in the inset. The calculated mean 

respectively. The broad and low-intensity XRD peaks of Ni and NiO can be attributed to the 

amorphous nature and the small size of the Ni and NiO nanostructures [7, 8]. Similar small 

size of NiO crystallites of 5.6 nm has been reported by Atalay et al on NiO nanostructures 

deposited by chemical precipitation onto fungi substrates [8]. The distribution of the small 

nanosize crystallites of Ni and NiO in the composite thin film can contribute to the large 

specific surface area [9]. 
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Figure 5.1. (a) XRD spectrum of the carbon-free Ni-NiO nanocomposite thin film on Ti-
substrate. Table 200. C-fitted peak of Ni (111), D-smoothened data, (b, c) SEM images 

of Ti-substrate and carbon-free Ni-NiO nanocomposite thin film (d) EDX spectrum 
corresponding to Figure 1 (c). 

 
 

Figure 5.1(b) shows the SEM image of the Ti substrate presenting a smooth surface. 

However, the SEM image in Figure 5.1(c) shows the morphology of the as-deposited carbon-

free Ni-NiO composite thin film revealing a porous interconnected nanospherical structure. 

Figure 5.1(c), confirms a uniform distribution of loosely packed nanospherical particles with 

an average size of ~50 nm, randomly deposited within and between the pores indicating 

complete deposition coverage. The particle size (~50 nm) distribution was confirmed by 
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image analysis as presented in supplementary data (Figure S5.2). The EDX spectrum in 

Figure 5.1(d) shows the peaks of O and Ni in addition to the substrate peaks of Ti indicating 

the formation of NiO nanostructures with an adequate Ni/O ratio of 1.5. 

 

5.4.2 Electrochemical measurements 

 

The electrochemical and energy storage properties of the carbon-free Ni-NiO 

nanocomposite thin film electrode were studied and have been presented in Figure 5.2. The 

Nyquist plots and the polarization curves of Ni/NiO coating on Ti substrate as well as the Ti 

substrate can also be found in the Figure S5.3(a,b) of supplementary data. The CV curve of 

the bare Ti-substrate in Figure 5.2(a) shows a horizontal line that signifies no capacitance 

behavior arising from Ti-substrate. Interestingly, on the carbon-free Ni-NiO nanocomposite 

thin film, an oxidation peak is observed at +0.55 V, which is related to Ni oxidation state 

from Ni(II) to Ni(III) where NiO is oxidized to NiOOH and a reduction peak at +0.35 V is 

related to the reduction of NiOOH to NiO. This is a typical faradaic pseudocapacitive 

behavior for NiO and these reduction and oxidation peaks correspond to the reversible 

reaction following the redox reaction [10]: 

 

      (4.1) 

 

Apart from CV, galvanostatic charge-discharge (GCD) was performed at different 

current densities and has been presented in Figure 5.2(b). The specific capacitances of the 

carbon-free Ni-NiO nanocomposite thin film electrode have been calculated to be 2000, 1820, 
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1770, 1640, and 1440 Fg 1 at the respective current densities of 1, 2, 3, 4, and 5 Ag 1. These 

values, revealing high energy storage capacities, are much higher than previously reported 

values on Ni-based energy storage materials [1, 11]. For example, Joaquin et al. reported 755 

Fg 1 at 1 Ag 1 on electrophoretic deposited core-shell nanowire arrays of Ni-NiO [12] while 

Navale et al. reported 458 Fg 1 at 1 Ag 1 corresponding to potentiostatic electrodeposited 

NiO thin films on stainless steel [11]. However, Farrukh et al. have previously reported a 

similar high capacitance value of 2093 F/g on their NiO nanotubes electrochemically 

deposited on anodized aluminum (AAO) [13]. The large specific capacitance of our carbon-

free Ni-NiO composite thin film electrode may be attributable to the nanostructured 

morphology of the electrode composed of nanospherical structures of Ni-NiO contributing 

to the increased surface area as evident from the SEM images in Figure 5.1(c). Such a high 

surface area-oriented morphology arising from the nanospherical patterns can be responsible 

for the high capacitive behavior of the Ni-NiO thin film electrode. This behavior could be 

attributed to better accessibility of the electrolyte to the surface of the electrode to facilitate 

the Faradic reaction as presented in equation (4.1) [13, 14]. 

Figure 5.2(c) shows the long-term galvanostatic cycling performance of our Ni-NiO 

composite electrode. The capacitance retention of our electrode over 800 cycles at a high 

current density of 20 Ag 1 is 97.4 %. The inset of Figure 5.2(c) shows the specific capacitance 

performance during the last eight charge-discharge cycles. 
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Figure 5.2. (a) CV curves of Ti-substrate and the carbon-free Ni-NiO nanocomposite 
thin film on Ti-substrate, (b) Charge-discharge curves of one cycle at different current 

densities, (c) Cycling performance after 800 cycles at 20 A/g. 
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5.5 Conclusions

 

Carbon-free Ni-NiO nanocomposite thin film supercapacitor electrode material 

composed of nanospherical features of size ~50 nm has been synthesized and deposited on 

Ti substrate surface by a simple combined cyclic voltammetry and pulse reverse 

electrodeposition technique. A very high specific capacitance of 2000 Fg-1 at a current 

density of 1 Ag-1 with excellent galvanostatic cycling stability over 800 cycles has been 

achieved on our Ni-NiO electrodes presenting great potential for a long-term supercapacitive 

application. 
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Figure S5.1. Deposition profiles of carbon-free Ni-NiO nanocomposite thin film on Ti-
substrate: (a) Cyclic voltammetry (CV) followed by (b) Pulse reverse potential (PRP). 

 

The electrochemical impedance spectroscopy measurement was performed in the 

frequency range of 100 kHz to 10 mHz for both electrodes in a 1M KOH electrolyte. The 

Nyquist plots, shown in Figure S4.3(a) demonstrate a large semi-circle corresponding to the 

Ti substrate. The Ni/NiO coating on Ti substrate, however, is found to have been merged in 

the lower resistance zone close to zero. The inset of Figure S5.3(a) shows the Nyquist plot 

of Ni/NiO coating on the Ti substrate. The nature of this plot distinctly shows the capacitive 

behavior of the coating as compared to the pure resistive behavior of the pristine Ti substrate. 
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Figure S5.2. (a) SEM image (b & c) Particle size distribution of the Carbon-free Ni-

NiO nanocomposite thin film on Ti-substrate. 
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Figure S5.3. (a) Nyquist plots and (b) polarization curves of Ni/NiO coating on Ti 

substrate and pristine Ti substrate (Inset shows the Nyquist plot of Ni/NiO coating on 
Ti). 

 

Figure S5.3(b) shows the polarization curves of the Ti substrate and the Ni/NiO 

coated Ti substrate, in the potential range of 0 to 0.5 V. This potential range was chosen as 

the CV and charge-discharge experiments were performed in the same range.  

 

(b) Unpublished Supporting Information 

 

The TEM image of the Carbon-free Ni-NiO composite thin film in Figure S5.4 further 

confirms the porous nanospherical features of the film as observed in the SEM analysis. Also, 

the multilayered nature of the film is depicted by the image. This confirms the earlier 

hypothesis of creating multilayers of Ni and NiO with the pulse reverse potential deposition 

process to enhance the specific surface area. 
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Figure S5.4. TEM image of the Carbon-free Ni-NiO nanocomposite thin film 

 

As part of the optimization process for the synthesis of the Carbon Ni-NiO 

nanocomposite thin film, the time for the pulse reverse potential electrodeposition process 

was varied to obtain the optimum specific capacitance (Figure S5.5). The specific 

capacitance generally decreased with the increase in deposition time with the maximum 

specific capacitance achieved at 1 min. 
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Figure S5.5. Specific capacitance variation with pulse reverse potential (PRP) 
deposition time of the Carbon-free Ni-NiO nanocomposite thin film on Ti substrate 

electrode. 
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6.1 Abstract 

 

Nanostructured Co-Co3O4 composite thin films deposited on nickel foam (NF) using 

combined cyclic voltammetry (CV) and pulse reverse potential (CV PRP) modes of 

electrodeposition from an electrolyte composed of CoCl2 and Co(CH3COO)2  precursor salt 

solutions with varied molar ratios demonstrated a dependency of the supercapacitance 

retention were found to increase with increasing CoCl2 in the electrolyte with a starting value 

of 791 F/g at an applied current load of 1A/g for a molar ratio of Co(CH3COO)2:CoCl2 of 

100:0. High specific capacitance (2580 F/g) and large retention (90.5%) were obtained at a 

critical molar ratio of Co(CH3COO)2:CoCl2 of 20:80. However, with 100% CoCl2 in the 

electrolyte, the specific capacitance lowered to 460 /g with poor retention of only 60%. 
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Crystallinity and morphological features driven by the electrolyte concentration with molar 

variations of the deposited films have been found to influence the specific capacitance 

performance. The degree of crystallinity, and the presence of Co and Co3O4 phases for the 

different molar ratios have been revealed by X-ray diffraction (XRD) studies. The diverse 

morphological features obtained by the scanning electron microscope (SEM) and the varying 

quantities of Co and O in the Co-Co3O4 nanocomposite thin films as confirmed by energy-

dispersive X-ray spectroscopy (EDX) spectra correlate well with the electrochemical 

performance. The phase composition was further confirmed by the presence of Co-O bonds 

via the attenuated total reflection Fourier transform infrared (ATR FTIR) spectra obtained 

on these films.  

 

6.2 Introduction 

 

Supercapacitors (SCs) have drawn much attention in the past few decades as green 

energy storage devices owing to their important properties such as high-power density, 

lightweight, easy and safe operation, fast charge-discharge rates, and long cycle stability. 

Due to their excellent properties, they are used in portable electronics such as smart watches, 

mobile phones, laptops, and low-emission hybrid vehicles [1-4]. In the operations of SCs, 

one of the critical components is the electrode material as it drives the performance and 

energy of SCs [5]. Transition metal oxides (TMOs) consisting of NiO, RuO2, Co3O4, and 

Vn2O5 have been extensively studied as promising SC electrodes among the different 

electrode materials including carbon materials (graphene, activated carbon, carbon 

nanotubes), conducting polymers (polypyrrole, polyaniline) as a result of their higher specific 
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capacitance and high energy density in contrast to carbon materials and their high chemical 

stability in contrast to conducting polymers [6-8]. Among this array of TMOs, Co3O4 which 

is a base which TMO with a high theoretical capacitance of 3560 F/g, low cost, and 

environmentally benign has shown promising potential for substituting noble TMOs such as 

RuO2 which although are ideal pseudocapacitive electrode materials, however, are expensive 

and toxic [9-12]. Furthermore, Co3O4-based materials have been widely explored in other 

applications such as catalysts for oxygen evolution, gas sensors, and biosensors due to their 

high electrochemical activity and multiple oxidation states [13-15]. 

However, despite its high theoretical capacitance, the practical utilization of Co3O4 

as an electrode material is still hindered due to limited surface area for effective redox 

reactions resulting in lower experimental specific capacitance values in contrast to the 

theoretical capacitance, poor reversibility, poor conductivity, and poor rate capability at 

higher current density [4, 16, 17]. Reports from various studies have shown that the structure, 

morphology, and microscopic dimensions of Co3O4 can be easily tuned by controlling the 

preparative parameters of the fabrication method used [18-20]. This is a very critical step in 

supercapacitor performance as the electrochemical performance specifically the specific 

capacitance of Co3O4 strongly relies on the surface area, morphology, and size distribution 

contributing to an improvement in the active surface area by facilitating electron and ion 

transport in the material [21, 22]. Hence, Co3O4 with morphological characteristics in the 

nanosized range can substantially lead to tunable specific surface area in enhancing the 

experimental specific capacitance values.  

So far, a myriad of techniques including chemical precipitation, sol-gel, hydrothermal, 

chemical bath deposition, spray pyrolysis, direct magnetron sputtering and electrodeposition 
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have been explored to develop nanostructured Co3O4 materials [23-27]. Among these 

deposition techniques, the electrodeposition method is found to be a simple, low temperature, 

and cost-effective technique for growing well-adhered Co3O4 nanostructures with desired 

morphological features and composition directly onto conductive substrates without the use 

of binders and conductive additives. Furthermore, in electrodeposition, factors such as the 

composition of the electrolyte, type of electrodeposition mode, and duration of the process 

can be regulated to achieve the desired morphology and texture including, nanoplates, 

nanoflowers, nanosheets, and nanotubes [5, 23, 24, 28, 29]. Subsequently, previous studies 

have reported a variation in morphological features, microstructure, and corresponding 

electrochemical performance of Co3O4 materials when different types of cobalt precursor 

salts namely, cobalt chloride, cobalt acetate, cobalt sulfate, and cobalt nitrate are used [21, 

30, 31]. However, our present study is the first to date where we have attempted to tune the 

morphological features and correlate the electrochemical behavior of the Co3O4 electrode 

nanocomposite thin films, by varying the molar concentrations of the cobalt salt solutions, 

namely the cobalt acetate and cobalt chloride, in the electrolyte and selecting the appropriate 

electrodeposition mode to deposit the electrode thin films. 

In this present work, Co-Co3O4 nanocomposite thin films on nickel foam (NF) 

substrate electrodes have been prepared from an electrolyte solution consisting of both cobalt 

acetate Co(CH3COO)2 and cobalt chloride (CoCl2)  salts, represented at Ac and Cl 

respectively, using a combined cyclic voltammetry and pulse reverse potential (CV PRP) 

modes of electrodeposition. The molar ratio of the cobalt precursors (Ac:Cl) has been varied 

(100:0, 80:20, 50:50, 20:80, and 0:100) and a critical molar ratio of the cobalt precursors 

providing Co-Co3O4 nanocomposites with the highest specific capacitance and stability 
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attained. The structural, compositional, and morphological studies present a correlation with 

the electrochemical characteristics, specifically the cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS), and galvanic charge-discharge (GCD) cycles. 

The precursor with 20 (Ac):80 (Cl) molar ratio precursor resulted in the deposition of Co-

Co3O4 nanocomposite thin film presenting a superior capacitance of 2580 F/g and stable 

cycling performance. 

 

6.3 Experimental section 

 

The Co-Co3O4 nanocomposite thin films were deposited on nickel foam (NF) 

substrate by electrodeposition using cyclic voltammetry (CV) in a potential range of -1.4 to 

+1.0 V vs Ag/AgCl at a scan rate of 20 mVs-1 for 2 cycles, followed by pulse reverse potential 

(PRP) of 60 cycles of the width of 1 s for the duration of 60 s. The minimum and the 

maximum pulse heights were chosen to be -1.4 V and +1 V, respectively. The electrolyte 

solutions used for the electrodeposition consist of a combined solution of 0.1 M cobalt acetate 

Co(CH3COO)2 represented as Ac and 0.1 M cobalt chloride (CoCl2) represented as Cl in 

different molar ratios together with 0.2 M NaClO4.H2O as described in Table 6.1. Before the 

electrodeposition process, the nickel foam was etched in 3 M HCl for 15 min and washed in 

turn with deionized water and ethanol for 10 min. The deposition process was conducted in 

a standard three-electrode glass cell with a platinum wire, NF substrate, and Ag/AgCl as the 

counter, working, and reference electrodes, respectively. After the electrodeposition process, 

the as-prepared Co-Co3O4 nanocomposite thin film electrodes were rinsed in deionized water 

and dried on a hot plate at 200 C for 45 minutes in air before performing characterization 
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and electrochemical tests. For physical characterization by XRD, a separate set of samples 

was prepared by depositing the thin films on titanium (Ti) substrate.  

A scanning electron microscope (SEM, JEOL JSM-6480 LV), equipped with energy-

dispersive X-ray spectroscopy (EDX) was used to conduct the morphological and elemental 

studies of the electrodeposited thin films. A Bruker D8 Discover system was used for 

crystallographic analysis. The confirmation and quantification of the deposition of the metal 

oxide (Co-O) were conducted using an attenuated total reflection  Fourier transform infrared 

spectroscopy (ATR-FTIR, Agilent Technologies Cary 630). The electrochemical properties, 

consisting of cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and 

electrochemical impedance spectroscopy (EIS) characteristics were assessed using a three-

electrode glass cell and Solartron SI1287 electrochemical workstation with 1 M KOH 

aqueous electrolyte.  

The as-synthesized Co-Co3O4 nanocomposite thin films on NF substrate of the 

various molar ratios were employed directly as working electrodes, with platinum wire and 

Hg/HgO as counter and reference electrodes respectively. The CV and GCD measurements 

were carried out at different scan rates and specific currents in a potential window of 0 to 0.6 

V and -0.1 to 0.5 V respectively. In addition, the EIS measurement was conducted in a 

frequency range from 10 mHz to 100 kHz. 
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Table 6.1: Summary of electrodeposition electrolyte solutions consisting of different molar 
ratios of cobalt acetate Co(CH3COO)2 and cobalt chloride (CoCl2). 

Identification Molar ratio 

of  

Ac:Cl 

Co(CH3COO)2 

(ml) 

CoCl2 

(ml) 

NaClO4(ml) 

100Ac0Cl 100:0 30 0 30 

80Ac20Cl 80:20 24 6 30 

60Ac40Cl 60:40 18 12 30 

50Ac50Cl 50:50 15 15 30 

40Ac60Cl 40:60 12 18 30 

30Ac70Cl 30:70 9 21 30 

20Ac80Cl 20:80 6 24 30 

15Ac85Cl 15:85 4.5 25.5 30 

10Ac90Cl 10:90 3 27 30 

0Ac100Cl 0:100 0 100 30 

* Co(CH3COO)2 - Ac, * CoCl2  Cl 
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6.4 Results and discussion

 

6.4.1 Structural, morphological, and chemical analysis 

 

The XRD patterns of the Co-Co3O4 nanocomposite thin films prepared by the molar 

ratios of 100Ac0Cl, 80Ac20Cl, 50Ac50Cl, 20Ac80Cl, and 0Ac100Cl on titanium (Ti) 

substrate are shown in Figure 6.1 (A). The XRD spectra of all the molar ratios show Co (100) 

and Co (101) planes of the hexagonal crystal structure of cobalt corresponding to the JCPDS 

card No-00-005-0727 at 2  angles of 41.7  and 47.5  , respectively. Similarly, the Co3O4 (222) 

and Co3O4 (400) planes of the cubic crystal structure of Co3O4 (JCPDS card No-42-1467) 

can be detected at  positions of 38.5  and 44.5 , respectively in all the cases. These peak 

positions assigned to Co3O4 are also in agreement with those reported by Gaikar et al. on 

their Co3O4  electrodes synthesized by the chemical deposition method in presence of 

different cobalt precursors [28] in addition to those reported by Ali et al. on their Ce-doped 

Co3O4 nanoflakes prepared by a facile hydrothermal technique [32]. Cheng et al. have also 

reported peak similar peak positions for their porous Co3O4 prepared by a chemical 

precipitation route [31]. In addition to the peaks of Co and Co3O4, the peaks originating from 

the Ti substrate are located at  values 34.4 , 40.2 , and 53.0 .  
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Figure 6.1. (A) XRD patterns collected on titanium (Ti) substrate, (B) XRD crystallites 
size analysis, and (C) Co3O4/Co XRD peak intensity ratio analysis of Co-Co3O4 

nanocomposite thin films prepared by the molar ratio variation of cobalt acetate and 
cobalt chloride precursors (represented as cobalt acetate (Ac) and cobalt chloride (Cl)). 

 

 

These peaks are assigned to the Ti (100), Ti (002), and Ti (101) planes of the hexagonal 
crystal structure of titanium (JCPDS card No-00-005-0682).  
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The crystallite size analyses of the Co (100), Co (101), and Co3O4 (400) planes for 

the Co-Co3O4 thin film composites prepared by the different molar ratios of cobalt acetate 

and  

 

 

 

-ray 

[33, 34]. The average crystallite size values of Co are 21.3, 

22.2, 21.7, 19.2, and 29.9 nm for 100Ac0Cl, 80Ac20Cl, 50Ac50Cl, 20Ac80Cl, and 

0Ac100Cl, correspondingly, as shown in Figure 6.1(B). Also, the crystallite size of Co3O4 is 

40.6, 34.2, 36.4, 25.2, and 32.2 nm for 100Ac0Cl, 80Ac20Cl, 50Ac50Cl, 20Ac80Cl, and 

0Ac100Cl, respectively, as depicted in Figure 6.1(B). The results indicate that Co-Co3O4 thin 

film prepared with the molar ratio of 20Ac80Cl has the smallest crystallite size and may offer 

a high surface area for enhancing redox reactions to increase charge storage [16].  

Furthermore, from the crystallite size analysis of the Co3O4(400) peak in Figure 

6.1(B), it is observed that the addition of cobalt chloride to cobalt acetate causes the crystallite 

size to decrease from 40.6 nm (100Ac0Cl) to 25.2 nm (20Ac80Cl) as the chloride content 

increases. This could be a result of the higher ionic radius (181 pm) of the chloride anion (Cl -) 

compared to the ionic radius of 161 pm of the acetate anion (CH3COO-) which restricts the 

growth of the acetate ions during the synthesis process. Also, generally, it can be observed 

from Figure 6.1(A) that the samples with higher cobalt acetate content (100Ac0Cl, 80Ac20Cl, 

and 50Ac50Cl) show well-defined and high Co and Co3O4 peak intensities which is an 
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indication of high crystallinity and high number of Co and Co3O4 atoms compared to samples 

with low cobalt acetate or higher cobalt chloride content (0Ac100Cl, 20Ac80Cl) which 

suggests that cobalt acetate precursor causes higher growth of Co-Co3O4 nanocomposite 

material. The XRD result demonstrated that although the combination of different cobalt 

precursors in different molar ratios does not affect the crystal structure of the final film, the 

degree of crystallinity is significantly impacted. Therefore, the difference in crystallinity may 

influence the diversity in the electrochemical properties of Co-Co3O4 electrode materials. 

The ATR-FTIR spectroscopy recorded in the range of interest between 500 and 1000 

cm-1 has been used to provide information about phase composition and different chemical 

bonding states present in the Co-Co3O4 nanocomposite materials of 100Ac0Cl, 80Ac20Cl, 

50Ac50Cl, 20Ac80Cl and 0Ac100Cl along with the bonding mechanism of species like 

oxygen with the metal ions (Figure 6.2). Characteristic peaks shown by all the electrodes at 

wavenumbers between 650 cm-1 and 550 cm-1 are indicative of the stretching vibrations of 

the Co-O bond in the tetrahedrally (Co2+-O) and octahedrally (Co3+- O) coordinated cobalt 

respectively [35]. It is to be noted that the associated bond lengths are 1.96 Å and 1.93 Å, 

respectively [36]. The presence of these absorption bands confirms the formation of Co3O4 

for all the cases of films electrodeposited for the different molar ratios of cobalt acetate and 

cobalt chloride. The recorded wavenumbers at which these absorption bands appear are 

consistent with reports in the literature [37-40].  
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Figure 6.2. (A) ATR-FTIR spectra of nickel foam (NF) substrate, and (B) area under 
the two IR absorption bands at 650 cm-1 and 550 cm-1 of Co-Co3O4 nanocomposite thin 

films prepared by varying the molar ratios of Ac and Cl. 
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Although the ATR-FTIR absorption bands support the formation of Co3O4 for all the 

molar ratios of cobalt precursors studied, the intensities of these bands vary. Hence, to 

understand the oxide peak intensities and their practicable effect on the supercapacitive 

characteristics of these nanocomposite thin films, the area under the observed characteristic 

peaks of Co3O4 has been investigated and presented in Figure 6.2(B). The area under the 

peak for the pristine precursors (100Ac0Cl and 0Ac100Cl) is found to be higher than those 

with the combination of both in varying quantities. 
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Figure 6.3. Graph of the ratio of the two IR absorption bands at 650 cm-1 and 550 cm-1 of 
the Co-Co3O4 nanocomposite thin films prepared by varying the molar ratios of Ac and 

Cl. 

 

The 20Ac80Cl presents the least peak areas due to low growth of material as complemented 

by the XRD peak analysis. It can, therefore, be expected that the specific capacitance can 
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vary due to variations in the oxide intensities revealed by the FTIR peak area analysis. On 

the other hand, the ratio of the area of the two interested bands in Figure 6.3 for all the cases 

is approximately ~0.4 which confirms that the same phase of Co3O4 oxide material was 

formed in all the molar ratios despite the variations in their intensities.  

In addition to oxides identification and quantification, reports in the literature have 

demonstrated that the specific surface area which results from the final morphology has a 

significant impact on the electrochemical performance of Co3O4-based electrode materials 

[5, 41, 42]. Therefore, the morphologies of the Co-Co3O4 nanocomposite thin films on NF 

obtained from the different molar ratios of cobalt precursors have been obtained by SEM 

imaging and presented in Figure 6.4. When pristine cobalt acetate (100Ac0Cl) was used as a 

precursor, a morphology of dense nanoflakes partly self-assembled into large flower-like 

structures is observed as evident in Figure 6.4(A). In Figure 6.4(B), complete growth of the 

large flower-like structures observed in Figure 6.4(A) is observed with some agglomeration 

over the NF surface when a combination of 20 % of cobalt chloride and 80 % cobalt acetate 

(80Ac20Cl) was used as the precursor. On the other hand, when an equal amount of cobalt 

chloride and cobalt acetate (50Ac50Cl) was used, the large flower-like structures are 

transformed into small homogenous cotton ball-like features with well-defined shapes as 

shown in Figure 6.4(C). Further, the morphological features are transformed into highly 

porous interconnected nanoflake morphology with homogeneously distributed flower-like 

structures with a precursor containing 80 % cobalt chloride and 20 % cobalt acetate 

(20Ac80Cl) as revealed in Figure 6.4(D).  
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Figure 6.4. SEM micrographs of the as-synthesized Co-Co3O4 nanocomposite thin 
films on NF substrate prepared by the different molar ratios of cobalt precursors (a) 

100Ac0Cl, (b) 80Ac20Cl, (c) 50Ac50Cl, (d) 20Ac80Cl and (e) 0Ac100Cl respectively. 

 

The morphological features of the 20Ac80Cl Co-Co3O4 nanocomposite thin film is expected 

to provide an enhanced active surface area favorable for efficient intercalation of electrolyte 

ions, ultimately enhancing the electrochemical performance [3, 5]. Conversely, when pristine 
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cobalt chloride (0Ac100C1) was used as a precursor, dense, non-homogenous, and highly 

agglomerated flowerlike structures cover the surface of the NF substrate as observed in 

Figure 6.4(E). Morphological features similar to that of our Co-Co3O4 thin films have been 

reported previously by Waghmode et al. for their NiCo2O4 thin films prepared by chemical 

bath deposition using different cobalt precursors [5]. The morphological analysis further 

supports the idea that the type of cobalt precursor and their different molar ratios when 

combined, influence variations in size, shape, and morphological features of the final 

electrodeposited Co-Co3O4 nanocomposite films. 

Furthermore, the EDX spectra (Figure 6.5) for all the molar ratios used in the Co-

Co3O4 thin film deposition were also collected as a complementary analysis to the FTIR 

spectral analysis for the confirmation of the presence of oxide on these films. All the elements 

of interest were traced on the EDX spectra, including O, Co, and Ni, where Ni originates 

from the NF substrate. The presence of O in all the thin films confirms the oxide formation 

on the electrodeposited thin film surfaces. The O/Co atomic ratio extracted from EDX 

quantification for 100Ac0Cl, 80Ac20Cl, 50Ac50Cl, 20Ac80Cl, and 0Ac100Cl are found to 

be 1.1, 1.4, 1.5, 2.3, and 1.8, respectively, which are in a close agreement with the 

stoichiometry of Co3O4 as supported by other studies [17, 43]. The film deposited using 

Ac20Cl80 precursor shows comparably a higher O/Co ratio indicating that this film may 

provide a higher specific capacitance value. 
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Figure 6.5. EDX spectra of Co-Co3O4 nanocomposite thin films deposited on NF 
substrate using precursors with varied molar concentrations of Ac (100 % to 0 %) and 

Cl (0 % to 100 %). 

 

6.4.2 Electrochemical measurements 

 

To assess the effect of cobalt precursor molar ratio on the electrochemical properties 

of the nanocomposite thin films as potential electrode materials for supercapacitor energy 

storage applications, cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and 

the electrochemical impedance studies of the electrodes have been performed. Figure 6.6(A) 

shows the CV curves of the four types of Co-Co3O4 nanocomposite thin films prepared by 

using the molar ratios of 100Ac0Cl, 80Ac20Cl, 50Ac50Cl, 20Ac80Cl, and 0Ac100Cl of 

Co(CH3COO)2 to CoCl2 obtained at a scan rate of 5 mV/s. The non-rectangular shape 

together with the presence of oxidation and reduction peaks observed for all the thin films 

suggests that the charge storage originates from Faraday redox reactions of battery type 
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characteristics [2, 44]. The redox peaks can be correlated to the redox reaction of Co2+/Co3+

and Co3+/Co4+ as shown in equations (6.2) and (6.3), respectively [18, 28, 45]. 

 

     (6.2) 

     (6.3) 

 

The 20Ac80Cl film electrode presents a larger area and current response of the CV curve in 

comparison to the other molar ratios, indicating a higher accumulation of charges, hence 

superior capacitive performance. Furthermore, the individual CV curves of various 

compositions have been provided in the Figure S6.1 of the supplementary data. 

The GCD curves of the Co-Co3O4 nanocomposite thin films, deposited using various 

molar ratios of Ac and Cl, at a specific current of 1 A/g are presented in Figure 6.6(B). In 

addition, the individual GCD curves of the various molar ratios at different specific currents 

have been presented in Figure S6.2 of the supplementary data. Following the CV analysis, 

the nonlinear nature of the GCD curves with voltage plateaus further confirms the Faradaic 

reactions of battery-type behaviors [39, 43, 46]. It is to be noted that all Co-Co3O4 

nanocomposite thin films prepared using different molar ratios of Ac and Cl do not exhibit a 

significant potential drop (VIR) between the charge and discharge curves, indicating good 

conductivity. It can be seen that the thin film electrode obtained from 20Ac180Cl 

combination possesses longer discharge curves compared to the other molar ratios indicating 

higher specific capacitance for these electrodes.  



124 
 

0.0 0.2 0.4 0.6
-40

-20

0

20

40

60

80

E (V vs. Hg/HgO)

 100Ac0Cl
 80Ac20Cl
 50Ac50Cl
 20Ac80Cl
 0Ac100Cl

5 mV/s

(A)

 
0 1000 2000 3000 4000

0.0

0.2

0.4

0.6

0.8

Time (sec)

 100Ac0Cl
 80Ac20Cl
 50Ac50Cl
 20Ac80Cl
 0Ac100Cl

1 A/g

(B)

100 80 60 40 20 0

0

500

1000

1500

2000

2500

3000

molar ratio Ac:Cl

(C)

0 5 10 15 20 25
0

1000

2000

3000

4000

Specific current (A/g)

 100Ac0Cl     80Ac20Cl
 50Ac50Cl   20Ac80Cl
 0Ac100Cl

(D)

Figure 6.6 (A) Cyclic voltammetry curves at 5 mV/s, (B) Charge-discharge curves at 1 
A/g, (C) Optimization graph of the molar ratio variation of cobalt precursors, (D) 

variation of specific capacitance at the different specific current graph of Co-Co3O4 

nanocomposite thin films deposited using 100Ac0Cl, 80Ac20Cl, 50Ac50Cl, 20Ac80Cl, 
and 0Ac100Cl precursors. 

 

 

The specific capacitance values calculated from the charge-discharge (GCD) curves in Figure 

6.6 (B) using equation (6.4) at a specific current of 1 A/g are 791, 435, 1673, 2580, and 460 

F/g for 100Ac0Cl, 80Ac20Cl, 50Ac50Cl, 20Ac80Cl and 0Ac100Cl, respectively. 
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         (6.4) 

 

where Cs is the specific capacitance, I is the specific current, t is the discharge time, m is 

the electrode mass, and V is the potential change during discharge. The specific capacitance 

value recorded for 20Ac80Cl is much higher than those reported by other studies on cobalt-

based electrodes. For instance, previously Obodo et al. reported a specific capacitance value 

of 1718 F/g at 1 A/g for Co3O4/MnO2@GO composite electrode synthesized by a 

hydrothermal process [47]. Liu et al. also reported a specific capacitance value of 581F/g at 

1 A/g on their Co3O4/nitrogen-doped carbon hollow spheres (Co3O4/NHCSs) with 

hierarchical structures prepared by a hydrothermal process [48]. In a review reported by 

Quispe-Garrido et al., much lower specific capacitance values than that obtained for the films 

deposited using 20Ac80Cl have been obtained by other authors on Co3O4-based electrode 

materials prepared by various other fabrication techniques [9]. In this study, the GCD 

measurements were used for the quantitative analysis while the CV measurements in Figure 

6.6(A) were used for qualitative understanding of the expected charge storage behavior.  

Furthermore, to determine an optimized molar ratio of the cobalt precursors to 

achieve Co-Co3O4 electrode materials with enhanced specific capacitance, a graph of 

variation of the specific capacitance against the molar ratios of cobalt precursors has been 

obtained and presented in Figure 6.6(C). Lower specific capacitance values are observed for 

pristine cobalt acetate (100Ac0Cl) and cobalt chloride (0Ac100Cl) precursors. Introducing a 

mixture of the precursors in the various molar ratios caused the specific capacitance to 

increase. However, it can be observed that a higher content of cobalt acetate with respect to 
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cobalt chloride (80Ac20Cl, and 60Ac40Cl) causes a decrease in the specific capacitance due 

to aggregation and higher growth of material as shown in the XRD and SEM analysis in 

Figures 6.1 and 6.4, respectively. This higher growth and aggregation limit the electrolyte 

ion access to the electroactive sites thereby affecting the capacitive performance. On the other 

hand, a lower cobalt acetate content with respect to cobalt chloride (15Ac85Cl and 20Ac80Cl) 

significantly increased the specific capacitance from 460 F/g to 2580 F/g due to controlled 

growth which results in morphological features with enhanced active surface area for high 

capacitive performance.  

Subsequently, the variation of the specific capacitance of the thin films deposited 

using Ac, 100Ac0Cl, 80Ac20Cl, 50Ac50Cl, 20Ac80Cl, and 0Ac100Cl combinations at the 

specific currents of 1, 5, 10, and 20 A/g have been presented in Figure 6.6(D). The specific 

capacitance values of all the electrodes are found to decrease with increasing specific current 

attributable to the slow diffusion of charges through the electrodes. At a higher specific 

current, the ability of electrolyte ions to saturate the bulk of the electroactive surface area 

becomes limited due to insufficient time, hence the Faraday redox reactions are restricted to 

only the surface of the material leading to the reduction in the specific capacitance. This 

phenomenon whereby the specific capacitance decrease when the specific current increases 

have been regularly observed by other authors [1, 41, 49, 50]. Most importantly, at each 

specific current, the specific capacitance of the electrode obtained from 20Ac80Cl precursor 

is higher contrary to the other electrodes indicating superior rate capability. 

Such high specific capacitance of the electrode obtained from 20Ac80Cl cobalt 

precursor as compared to the other molar ratio combinations could be ascribed to its highly 

porous interconnected nanoflake morphology with homogenous flower-like structures which 
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provide abundant electrochemical active sites to facilitate more redox reactions and amplify 

their specific capacitance. In addition, its low crystallinity as studied by XRD could influence 

its capacitive performance. The XRD results revealed that the different molar ratios of cobalt 

precursors had a notable impact on the degrees of crystallinity of the final Co-Co3O4 

nanocomposite thin films. As observed in the results of electrochemical performance, the 

electrode obtained from 20Ac80Cl precursor with the lowest crystallinity exhibited superior 

capacitive performance when compared to pristine 100Ac0Cl which presented the highest 

crystallinity. 

Despite the importance of high specific capacitance, long-term cyclic stability is 

another critical requirement of electrode materials in practical applications of supercapacitors. 

The cycling performance of the electrodeposited thin films using precursors of 100Ac0Cl, 

80Ac20Cl, 50Ac50Cl, 20Ac80Cl, and 0Ac100Cl was, therefore, assessed and is presented in 

Figure 6.7. The cyclic test was performed by conducting continuous charge-discharge 

measurements at a current load of 20 A/g for 500 cycles. The specific capacitance retention 

values were found to be 66.6 %, 56.4, 74.0 %, 90.5 % and 60.0 % for the electrodes obtained 

from 100Ac0Cl, 80Ac20Cl, 50Ac50Cl, 20Ac80Cl and 0Ac100Cl precursors, respectively, 

with the 20Ac80Cl combination showing a superior stability with a maximum retention of 

90.5% after 500 cycles. In addition, the electrode obtained from 20Ac80Cl precursor has 

been cycled for 1000 cycles and its capacitance is 78.2 % as reported in our previous work 

on Co-Co3O4 electrodes [51]. Such outstanding stability is attributable to the interconnected 

porous morphology which promotes rapid electron transport by shortening the diffusion path 

and offsetting the mechanical stresses induced by volume expansion resulting from the 

repetitive insertion and removal of electrolyte ions [21, 28]. 
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Figure 6.7. Cycling performance for 500 cycles at a specific current of 20 A/g of Co-
Co3O4 nanocomposite thin films deposited using 100Ac0Cl, 80Ac20Cl, 50Ac50Cl, 

20Ac80Cl, and 0Ac100Cl precursors. 

 

To further investigate the electrochemical characteristics of the Co-Co3O4 thin film 

electrodes obtained from the different molar ratios of cobalt precursors, Nyquist plots (Figure 

6.8) obtained from conducting electrochemical impedance spectroscopy (EIS) in a frequency 

range from 10 mH to 100 kHz were used to investigate the charge transport resistance. 
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Figure 6.8 Nyquist plots of Co-Co3O4 nanocomposite thin films on NF substrate using 
100Ac0Cl, 80Ac20Cl, 50Ac50Cl, 20Ac80Cl, and 0Ac100Cl precursors with inset 

showing a magnified plot of the film deposited using 20Ac80Cl. 

 

The equivalent series resistance (Rs) which includes the resistance of the electrolyte, the 

internal resistance of the active material, and contact resistance at the electrode-electrolyte 

interface was evaluated from the intercept of the curves with the real impedance axis of the 

high-frequency region [16, 28, 29]. The Rs values were estimated to be 1.4, 1.3, 1.2, 1.0 and 

1.6 2 for electrodes deposited using 100Ac0Cl, 80Ac20Cl, 50Ac50Cl, 20Ac80Cl and 

0Ac100Cl, respectively. This result indicates a higher conductivity of the electrode made 

with 20Ac80Cl compared to the other combinations and is consistent with the higher rate 

capability as observed from the GCD measurements at different specific currents. Similar Rs 

values have been reported by other studies for Co3O4-based electrodes [5, 46, 52]. In all the 

Nyquist plots acquired, there was no manifestation of a semicircle signifying the lower 

charge transfer resistance of the electrodes. Furthermore, in the lower frequency region, the 
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electrode deposited using 20Ac80Cl exhibits a shorter and more vertical line compared to 

others, indicating efficient ion diffusion and hence better capacitive performance as 

supported by the high specific capacitance value [17, 44, 48, 53]. 

 

6.5 Conclusions 

 

Co-Co3O4 nanocomposite thin film electrode materials on nickel foam substrates have 

been synthesized by a facile technique that combines cyclic voltammetry and pulse reverse 

potential (CV PRP) modes of electrodeposition from a single electrolyte composed of CoCl2 

(Ac) and Co(CH3COO)2 (Cl) salts in different molar ratios of Ac and Cl, namely 100Ac0Cl 

(100:0), 80Ac20Cl (80:20), 50Ac50Cl (50:50), 20Ac80Cl (20:80), and 0Ac100Cl (0:100). 

The formation of both Co and Co3O4 phases together with variations in crystallinity for all 

the electrodes has been confirmed by the XRD spectra. The FTIR and EDX analysis have 

further confirmed the chemical characteristics of the electrode materials by the presence of 

Co3O4 absorption bands and oxygen and cobalt peak intensities, respectively. Different 

morphological features exhibited by the various molar ratios of the cobalt precursors have 

been revealed by the SEM images. The film deposited using 20Ac80Cl combination 

exhibited a maximum specific capacitance of 2580 F/g as compared to 791, 435, 1673, and 

460 F/g for those obtained using 100Ac0Cl, 80Ac20Cl, 50Ac50Cl, and 0Ac100Cl 

combinations, respectively. Additionally, the respective capacitance retention for the 

100Ac0Cl, 80Ac20Cl, 50Ac50Cl, 20Ac80Cl, and 0Ac100 Cl thin film electrodes have been 

estimated to be 66.6 %, 56.4, 74.0 %, 90.5 % and 60.0 %, after 500 cycles of 

charging/discharging under a high current load of 20 A/g. This indicates that the electrode 
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prepared using 20Ac80Cl with 20 % cobalt acetate to 80 % cobalt chloride displays superior 

electrochemical performance including high specific capacitance and cycle stability. The 

excellent performance is attributed to its good crystallinity and porous morphological 

features which offer high electrochemically active surface area. Finally, the type of cobalt 

precursors has a crucial impact on the morphology and microstructure of Co-Co3O4 materials 

leading to variations in the electrochemical characteristics. 
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Figure 6S.1. Cyclic voltammetry (CV) curves of (A) 100Ac0Cl (B) 80Ac20Cl, (C) 
50Ac50Cl (D) 20Ac80Cl and (E) 0Ac100Cl Co-Co3O4 nanocomposite thin films on 

nickel foam (NF) substrates at different scan rates. 
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Figure 6S.2. Galvanostatic charge-discharge (GCD) curves of (A) 100Ac0Cl (B) 
80Ac20Cl (C) 50Ac50Cl (D) 20AcCl80 (E) 0Ac100Cl Co-Co3O4 nanocomposite thin 

film on NF electrodes at different specific current. 
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(b) Unpublished supporting information 
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Figure 6S.3. Variation of mass and specific capacitance with pulse reverse potential 
(PRP) electrodeposition time for the 20Ac80Cl Co-Co3O4 nanocomposite thin film 

electrode. 

 

To further optimize the electrodeposition process, the time for the PRP 

electrodeposition process was varied for the 20Ac80Cl Co-Co3O4 nanocomposite thin film. 

From Figure 6S.3, it can be observed that the mass increases linearly with the deposition time 

whiles there is a general decrease in the specific capacitance as the deposition time increases. 

Furthermore, Figure 6S.3 revealed the optimum PRP time to produce Co-Co3O4 

nanocomposite thin film with an optimum mass for superior specific capacitance to be 60 s. 
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7.1 Abstract 

 

High capacitance Co-Co3O4 nanocomposite thin films have been synthesized on 

nickel foam (NF) using cyclic voltammetry (CV), combination of cyclic voltammetry and 

potentiostatic (CV PS 1.4V and CV PS +1V) and combination of cyclic voltammetry and 

pulse reverse potential (CV PRP) modes of electrodeposition. X-ray diffraction (XRD) 

studies reveal the presence of Co and Co3O4 phases for the four electrodeposition modes. 

The scanning electron microscope (SEM) revealed an interesting morphology correlating the 

electrochemical and capacitance behavior while the energy-dispersive X-ray spectroscopy 

(EDX) spectra confirmed the varying quantities of Co and O in the Co-Co3O4 nanocomposite 

thin films. The presence of Co-O bonds was also confirmed by the attenuated total reflection 

 Fourier transform infrared (ATR  FTIR) spectra obtained on these films. The capacitance 
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values of Co-Co3O4 composite thin films obtained by CV, CV PS 1.4V, CV PS +1V, and 

CV PRP, respectively, were found to be 1661, 1400, 1866, 2580 F/g at an applied current 

load of 1 A/g while the capacitance retentions after 500 cycles under a high current load of 

20 A/g for the same were 85.8, 77.8, 87.1, and 90.5 %, respectively. The high capacitance 

and their retention of the electrodeposited Co-Co3O4 nanocomposite thin films show 

potential as high-performance supercapacitor electrodes. 

 

7.2 Introduction 

 

Advanced technological devices including portable electronics such as mobile phones, 

tablets, laptops, and smartwatches as well as low emission technologies including hybrid 

vehicles constantly demand lightweight energy storage systems for easy portability and 

handling with long service life. Supercapacitors demonstrate high potential as efficient 

energy storage systems owing to their most essential features such as lightweight, high 

energy density, high power density, fast charge-discharge rates, easy and safe operation, and 

long cycle stability [1-3]. Among an array of supercapacitor electrode materials such as 

activated carbon, conducting polymers, and transition metal oxides (TMOs) [4, 5], TMOs are 

widely preferred due to their high electronegativity and variable oxidation states of metal 

ions facilitating redox reactions, charge storage, low cost, environmental friendliness and 

excellent electrochemical performance [2, 4, 6]. TMOs have higher specific capacitance 

(100 2000 F/g), higher energy density than carbon materials, and better chemical stability 

than conductive polymers [7]. Noble TMOs such as RuO2, exhibit high theoretical 

capacitance and rapid faraday redox reaction proving as optimal pseudocapacitive electrode 
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material, however, are very expensive and environmentally unfriendly, limiting industrial 

scale productions. Base TMOs, on the other hand, including, Co3O4, MnO2, Fe2O3, SnO2, 

and ZnO are easy to fabricate and exhibit high theoretical specific capacitance showing 

potentials as substitutes for RuO2 [2, 7, 8]. Among these base TMOs, Co3O4 has a very high 

theoretical specific capacitance of 3560 F/g and is relatively low in cost owing to easy 

fabrication methods [9-11]. Also, nanostructured Co3O4 coatings have been found to be 

useful in other types of applications such electrocatalysts for hydrogen evolution reaction[12] 

and photocatalysts for discoloration of organic dye contaminants in wastewater and 

antibacterial treatment [13]. 

Despite the high theoretical capacitance of Co3O4, this TMO suffers limited practical 

utility due to low experimental capacitance values of this material compared to the theoretical 

value [14]. Studies have shown that the morphology, structure, and dimensions of Co3O4 

features are easily tunable by controlling the preparative parameters of the fabrication method 

employed [7, 15, 16]. This is a very important factor in supercapacitive performance as the 

specific capacitance of the cobalt oxide strongly depends on morphology, surface area, and 

size distribution contributing to enhancement in the specific surface area, facilitating the 

electrolyte ion transport in the material [2]. Co3O4 with morphological features in nanoscale 

dimensions can essentially lead to tunable specific surface area in enhancing the experimental 

specific capacitance values.  

Generally, nanostructured Co3O4 materials have been prepared by techniques such as 

spray pyrolysis, precipitation, sol-gel, and hydrothermal synthesis. These techniques require 

the use of binders and conductive materials which increase the electrode resistance affecting 

their supercapacitance performance [17, 18]. Recently, electrodeposition has become a useful 
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technique for growing Co-O nanostructures with desired composition and morphology 

directly onto the substrates without necessitating the use of binders. In electrodeposition, 

several factors such as electrolyte composition, temperature, type of electrodeposition mode, 

duration of the electrode deposition process, etc., can be adjusted to obtain the desired 

morphology and texture such as nanoporous structure, nanocolumnar structure, nanoflower-

like structure [19-21]. Studies have also reported variation in surface morphology and 

respective supercapacitive behavior of Co3O4-based electrodes by performing 

electrodeposition in different modes, namely, cyclic voltammetry (CV), potentiostatic (PS), 

galvanostatic (GS), pulse (current or potential) [15, 22]. Optimal electrodeposition modes 

together with the appropriate cobalt salt precursor for the preparation of Co3O4-based 

electrodes offering high capacitance closest to the theoretical value as well as low electric 

resistance, however, need further investigation. 

In view of optimizing the mode of electrodeposition in achieving the highest and most 

stable specific capacitance, we have deposited Co-Co3O4 nanocomposite thin films 

electrodes on nickel foam substrates using CV, CV PS -1.4V, CV PS +1V, and CV combined 

with pulsed reverse potential (CV PRP) modes from an electrolyte composed of CoCl2 and 

Co(CH3COO)2 salts solution. The structural, morphological, and compositional analyses 

present a correlation with the electrochemical behavior namely the CV, EIS, and charge-

discharge cycles. CV PRP mode that led to the deposition of Co-Co3O4 nanocomposite thin 

film is found to present a very high capacitance of 2580 F/g with stable cycling performance. 

 

7.3 Experimental Section 
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In the electrochemical deposition process, the use of a negative potential reduces the 

Co2+ ions into a metallic Co as a film. Similarly, the use of a positive potential deposits a 

layer of Co3O4. In our experiment, a maximum negative potential of -1.4V was used to 

deposit metallic Co film and a +1.0V was used to deposit Co3O4. Cobalt-cobalt oxide (Co-

CoOx) nanocomposite thin films were electrodeposited on nickel foam (NF) substrates by 

different modes, namely, (1) Cyclic voltammetry (CV), (2) CV followed by potentiostatic 

(PS) at +1.0 V (CV PS +1.0 V), (3) CV followed by PS at 1.4 V (CV PS 1.4V) and (4) CV 

followed by pulse reverse potential (CV PRP) cycled between -1.4V and +1.0V. The thin 

films deposited via these four modes have been identified as Type 1 (CV), Type 2 (CV PS 

+1.0V), Type 3 (CV PS -1.4V) and Type 4 (CV PRP). CV mode was conducted in a potential 

range of 1.4 to +1.0 V vs Ag/AgCl at a scan rate of 20 mVs-1 for 2 cycles. For the CVPS 

+1V mode, CV was initially conducted in a potential range of 1.4 to +1.0 V vs Ag/AgCl at 

a scan rate of 20 mVs-1 for 2 cycles, and was followed by potentiostatic deposition at +1 V 

for 30 s. A similar condition was used for the CV PS 1.4V mode, however with a negative 

constant potential of 1.4 V. For the CV PRP mode, CV was initially performed in a potential 

range of 1.4 to +1.0 V vs Ag/AgCl at a scan rate of 20 mVs-1 for 2 cycles, followed by pulse 

reverse potential (PRP) of 60 cycles of width of 1 s for a total duration of 60 s. The minimum 

and the maximum of pulse heights were chosen to be 1.4 V and +1 V, respectively. The 

electrolyte solutions used for the electrodeposition consist of 0.1 M cobalt acetate 

2 24 ml) and 0.2 M sodium 

perchlorate (NaClO4.H2O, 30 ml). The pH of the electrolyte was 6.5. Prior to the 

electrodeposition process, the NF substrate was etched in 3 M HCl for 15 minutes and rinsed 

ultrasonically with ethanol and deionised water for 15 minutes each. The deposition process 

was conducted in a standard three-electrode glass cell with a platinum wire, NF substrate and 
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Ag/AgCl as the counter, working and reference electrodes, respectively. After 

electrodeposition, the as-prepared Co-CoOx nanocomposite thin film electrodes were rinsed 

in deionized water and dried in air on a hot plate at 200o C for 45 minutes before performing 

characterization and electrochemical analyses. The experimental details of the four 

electrodeposition modes have been summarized in Table 7.1. A separate set of samples were 

also prepared by depositing the thin films on Ti substrate for the purpose of physical 

characterization by XRD. 

 

Table 7.1 : Summary of the different modes of electrodeposition 

 

*CV  Cyclic voltammetry, PS  potentiostatic, PRP  pulse reverse potential 

The morphological and elemental analyses of the electrodeposited thin films were 

studied by a scanning electron microscope (SEM, JEOL JSM-6480 LV), equipped with 

energy-dispersive X-ray spectroscopy (EDX) for elemental analyses. The X-ray diffraction 

(XRD) analyses were carried out by Bruker D8 Discover system for crystallographic analysis. 

An attenuated total reflection  Fourier transform infrared spectroscopy (ATR-FTIR, Agilent 

Identification Electrodeposition 

mode* 

Potential range 

Type 1 CV 1.4V to +1.0V 

Type 2 CV PS 1.0V CV followed by PS at +1.0 V 

Type 3 CV PS 1.4V CV followed by PS at 1.4 V 

Type 4 CV PRP CV followed by PRP of 60 

cycles between -1.4V and +1.0V 
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Technologies Cary 630) was used to confirm and quantify the deposition of the metal oxide 

(Co-O).  

The electrochemical properties, namely, cyclic voltammetry (CV) and galvanostatic 

charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) characteristics 

were evaluated using a three-electrode glass cell and Solartron SI1287 electrochemical 

workstation with 1 M KOH aqueous electrolyte. The as-synthesized Co-Co3O4 

nanocomposite thin films on NF substrate of the various types were directly employed as 

working electrodes, with platinum wire and Hg/HgO as counter and reference electrodes 

respectively. The CV and GCD measurements were performed at different scan rates and 

specific currents in a potential window of 0 to 0.6 V and -0.1 to 0.5 V respectively. 

Additionally, the EIS measurement was conducted in a frequency range from 10 mHz to 100 

kHz. 

 

7.4 Results and discussion 

 

7.4.1 Electrodeposition of Co-Co3O4  

 

Figure 7.1 shows the profiles of electrodeposition modes individually for the 

preparation of the Co-Co3O4 nanocomposite thin films on nickel foam (NF) substrates. 

Electrodeposition of four types of thin films were realised using individual modes: (1) Type 

1 (CV, Figure 6.1(a)), (2) Type 2 (combination of CV and PS (+1.0V), Figure 7.1(b)), (3) 

Type 3 (combination of CV and PS (-1.4V), Figure (6.1(c)), and (4) Type 4, (combination of 
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CV and PRP (between +1.0V and -1.4V), Figure (7.1(d)). The Type 1 thin film was deposited 

on NF by using the CV process alone as shown in Figure 7.1(a). During this process, the 

potential is swept between 1.4 to +1.0V, and hence it can be assumed that metal (Co) and 

metal oxides (Co-O) are deposited on NF simultaneously. A negative potential was used in 

order to initiate the deposition of metallic Co on NF to enhance the adhesion of the 

nanocomposite thin film layer deposited further by PS and PRP processes. The Type 2 thin 

film was deposited utilising CV process followed by PS (+1.0V) by combining Figure 7.1(a) 

and 1(b) processes in order to deposit an additional layer of cobalt oxide after the CV process. 

Similarly, the Type 3 thin film was deposited by the CV process followed by PS ( 1.4V) to 

deposit an additional layer of metal (Co). This was achieved by combining the processes 

shown in Figures 7.1(a) and 6.1(c). The Type 4 thin film, on the other hand, was deposited 

utilizing CV process followed by PRP with the potential cycled between 1.4V and +1.0V 

to deposit multilayers of cobalt and cobalt oxide in a sequence where metal deposition is 

followed by metal oxide deposition after the CV process. This was achieved by combining 

Figures 7.1(a) and 7.1(d). 
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Figure 7.1. Individual profiles of electrodeposition modes for the preparation of the Co-

Co3O4 nanocomposite thin films on NF: (a) cyclic voltammetry (CV, 2 scans), (b) 
potentiostatic at +1.0V (PS +1.0V), (c) potentiostatic at 1.4 V (PS 1.4V), (d) pulse 
reverse potential (PRP) (inset of (d) shows the current vs. time graph of the first three 

cycles). 

 

7.4.2 Structural, morphological, and chemical analysis 

 

Figure 7.2(a) shows the XRD patterns of the Co-Co3O4 nanocomposite thin films 

prepared by the four electrodeposition modes on Ti-substrate. The diffraction peaks at 

angles of 41.7  and 47.5  are assigned to Co (100) and Co (101) planes of hexagonal crystal 

structure of cobalt (JCPDS card No-00-005-0727). The peak at 44.6  is assigned to 
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Co3O4(400) plane of cubic crystal structure of cobalt oxide (Co3O4) (JCPDS card No-42-

1467).  
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Figure 7.2. XRD patterns of Type 1, 2, 3, and 4 Co-Co3O4 nanocomposite thin films 

synthesized by CV, CVPS +1.0V, CVPS 1.4V, and CVPRP electrodeposition modes 
on Ti-substrate. 

 

These peak positions assigned to Co3O4 are also in agreement with those reported by Zhang 

et al. on their 3d nanosheet arrays of Co-Co3O4 prepared by a potentiostatic deposition 

process [23] as well as those reported by Duraisamy et al. on their Co3O4 nanoparticles 

synthesized by a pyrolysis technique [24]. Similar peak positions have also been reported by 

Bin Qui et al. for Co3O4 and Co-CoO-C materials prepared by a potentiodynamic mode of 

electrodeposition [25] -substrate 

and are attributable to Ti (100), Ti (002) and Ti (101) planes (JCPDS card No-00-005-0682).  

All the four types of thin films electrodeposited on NF substrates were analyzed by 

FTIR spectrometry for confirming the formation of Co3O4 following the deposition processes 
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employed. The FTIR spectra obtained from these thin films within the range of interest 

between 500 and 1000 cm-1 are presented in Figure 7.3(a). Two absorption bands observed 

in the wavenumber range of 646-658 cm-1 and 530-554 cm-1 are attributed to the stretching 

vibrations of Co-O bond in the tetrahedrally and octahedrally coordinated cobalt, respectively. 

The presence of these fingerprint absorption bands confirms the formation of Co3O4 for all 

the four types of thin films electrodeposited under the four different modes briefed in Table 

7.1. The wavenumber ranges within which these absorption bands appear are also in good 

agreement with reports in the literature [15, 18, 26-28]. While the formation of Co3O4 is 

evident from the IR absorption bands in Figure 7.3(a), the intensities of these bands are 

obviously varying. Therefore, in order to understand the oxide peak intensities and their 

possible effect on the supercapacitive behavior of these thin films, we further investigated 

the area under these two representative peaks and are presented in Figure 7.3(b). The area 

under the peaks clearly vary for different electrodeposition modes used and the least area 

under the peak is observed in particular on Type 3 thin film (CV PS -1.4V). It is possible that 

in Type 3 thin film, due to the negative potential used in the deposition process, metal layers 

are deposited resulting in a lower intensity of the oxide. Therefore, it can be expected that 

the specific capacitance can vary depending on the oxide intensities revealed by the FTIR 

peak area analysis. 
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Figure 7.3. (a) FTIR spectra and (b) area under the two IR absorption bands of 
Type 1, 2, 3, and 4 Co-Co3O4 nanocomposite thin films synthesized by Type 1 
(CV), Type 2 (CV PS +1.0V), Type 3 (CV PS  1.4V) and Type 4 (CVPRP) 

electrodeposition modes on NF substrate 
 

In addition to the type of oxides and their quantities, it has been reported that the 

specific surface area resulting from the final morphology and structure of the obtained thin 

films can have a significant impact on the supercapacitive behavior of Co3O4-based 

electrodes [15, 22]. Therefore, morphological investigations on the four types of thin films 

deposited under different modes on NF were further carried out using SEM imaging and are 

depicted in Figure 7.4 (a-d). The apparent morphology of all types looks similar; however, a 

slight variation is certainly visible. In case of Type 1 (CV, Figure 7.4(a)) and Type 2 (CVPS 

+1.0V, Figure 6.4(d)) thin films, for example, CV process (Type 1) presumably results in the 

formation of a baseline morphology resembling a network of interconnected nanoflakes 

while the CVPS +1.0V process (Type 2) maintains the initial baseline produced by the CV 

process, but with an additional cloudy cluster-

baseline morphology. 
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Figure 7.4. SEM micrographs of the as-synthesized Co-Co3O4 nanocomposite thin 

films on NF substrate prepared by the four different electrodeposition modes: (a) Type 
1 (CV), (b) Type 2 (CVPS +1.0V), (c) Type 3 (CVPS 1.4V) and (d) Type 4 (CV PRP) 

 

The surface morphology of the Type 3 thin film deposited by CVPS 1.4V process (Figure 

7.4(c)), however, shows large agglomeration of spongy cloud-like features which may be 

attributable to overgrowth of the material. This agglomeration may be expected to limit the 

electrolyte access to the electroactive sites which in turn may affect the capacitive 

performance. The Type 4 thin film deposited by CV PRP process presented in Figure 7.4(d), 

on the other hand, shows well adherent porous interconnected nanoflake morphology 

decorated with spongy cloud-like features homogenously dispersed over the porous 

features may contribute to enhanced surface area favorable for improved access of electrolyte 
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to the electroactive sites and hence increase the capacitive ability [11, 29]. Morphological 

features resembling that of our thin films obtained via the four modes of electrodeposition 

process have been previously reported by Jagadale et al. presenting nanoflake-like 

mesoporous cobalt oxide film prepared by potentiodynamic, galvanostatic, and potentiostatic 

modes of electrodeposition [15]. 

During the SEM image analysis, EDX spectra (Figure 7.5) were also collected on all 

four types of thin films as well as on the NF substrate in complementing the FTIR spectral 

analysis for the confirmation of the presence of oxide on these films. All the elements of 

interest were traced on the EDX spectra, including O, Co, and Ni, where Ni arises from the 

NF substrate. The presence of O in all the four thin film types and the absence of O on NF 

substrate confirms the oxide formation on the electrodeposited thin films surfaces. The 

atomic ratio of O to Co (O/Co) for Type 1, Type 2, Type 3, and Type 4 thin films are found 

to be 1.9, 2.1, 1.7, and 3.0 respectively, with a close match with the Co3O4 stoichiometric as 

supported by the study of Faisal Ali et al.. [16]. The Type 4 thin film deposited by CV PRP 

process, however, shows a reasonably higher O/Co ratio indicating that this thin film may 

result in a higher specific capacitance value. 
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Figure 7.5. EDX spectra of NF substrate and Type 1 (CV), Type 2 (CV PS +1.0V), 

Type 3 (CV PS 1.4V) and Type 4 (CV PRP) Co-Co3O4 nanocomposite thin films on 
NF substrate. 

 

Additionally, a comparison of the EDX point scans of the film (beneath the sponge-like 

features) and sponge-like material presented in the Figure S7.1 of the supplementary shows 

that, the O/Co ratio of 2.4 in the film beneath the sponge-like features is higher compared to 

O/C ratio of 1.4 on the sponge-like material. The O/Co ratio of Co3O4 theoretically is 1.33 

(4/3), which is very close to the value obtained on the EDX point scan of the sponge-like 

features. Therefore, it may be assumed that these sponge-like features are mostly Co3O4 and 

therefore may contribute to high specific capacitance. 

 

7.4.3 Electrochemical measurements 

 

Figure 7.6(a) shows the CV curves of the four types of Co-Co3O4 nanocomposite thin 

films deposited by Type 1 (CV), Type 2 (CV PS +1V), Type 3 (CV PS -1.4V), and Type 4 
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(CV PRP) modes of electrodeposition on NF substrates at a scan rate of 5 mV/s. Also, the 

CV curves of the various types of Co-Co3O4 nanocomposite thin films at different scan rates 

(100, 50, 20, 10, and 5 mV/s) have been presented in Figure S7.2 of the supplementary data. 

The shapes of the CV curves show that the as-synthesized Co-Co3O4 nanocomposite thin 

films deposited by the Type 1, Type 2, Type 3, and Type 4 modes of electrodeposition are 

strongly governed by faradaic processes and present both anodic (oxidation) and cathodic 

(reduction) peaks from the Co-Co3O4 thin film electrodes [4]. The first redox peak (A1 

(0.38V), C1 (0.24V)) and the third redox peaks (A3 (0.52V), C3 (0.51V)) can be correlated 

to the redox reaction of Co2+/Co3+ as depicted in Equation (7.1) [30]. The second pair of 

redox peaks (A2 (0.45V), C2 (0.33V) is correlated to the redox reaction of Co3+/Co4+ shown 

in Equation (7.2) [30, 31]. 

 

     (7.1) 

     (7.2) 

 

It can be noted that the CV curve of the Type 4 film presents higher area under the CV curve 

as compared to the other modes of electrodeposition. The larger area indicates a higher 

accumulation of charge at the CVPRP thin film electrode surface during potential cycling 

process, and therefore expected to show higher specific capacitance.  
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Figure 7.6. (a) Cyclic voltammetry curves at 5mV/s, (b) Charge-discharge curves at 1 

A/g, (c) Variation of specific capacitance at different specific current graph, (d) Cycling 
performance for 500 cycles at a specific current of 20 A/g of the Type 1 (CV), Type 2 
(CV PS +1V), Type 3 (CV PS -1.4V) and Type 4 (CV PRP) Co-Co3O4 nanocomposite 

thin films on NF substrate. 

 

The GCD curves of the four types of Co-Co3O4 nanocomposite thin films as well as 

the bare NF substrate at a specific current of 1 A/g are presented in Figure 7.6(b). The 

nonlinear nature of the GCD curves shows the pseudocapacitive nature of the Co-Co3O4 thin 

film electrodes. Note that all types of Co-Co3O4 nanocomposite thin films do not exhibit 

significant potential drop (VIR) between the charge and discharge curves, implying good 

conductivity. It is evident that the Type 4 thin film electrode (CV PRP mode) possesses 

longer discharge curves compared to the other three types of thin film electrodes indicating 

that the Type 4 electrode may show higher specific capacitance value. The specific 
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capacitance estimated from the GCD curves are 1661, 1866, 1400 and 2580 F/g for the Type 

1 (CV), Type 2 (CV PS +1.0V), Type 3 (CV PS 1.4V) and Type 4 (CV PRP), respectively 

at a current load of 1 A/g using equation (7.3),  

 

         (7.3) 

 

where C is the specific capacitance, I is the specific current, t is the discharge time, m is the 

electrode mass, and V is the potential change during discharge. These specific capacitance 

values for Types 1 to 4 are much higher than previously reported values. Aboelazm et al. 

reported a specific capacitance value of 1273 F/g at 1 A/g for their hierarchical Co3O4 

nanostructures prepared by magnetic electrodeposition at a constant voltage of -1.0 V for 20 

s on nickel foam [32]. Zhang et al. reported a specific capacitance value of 1520 F/g at 1 A/g 

on their Co-Co3O4 nanosheet arrays deposited on activated carbon cloth by electrodeposition 

and a post annealing at 400 ºC [23]. Specific capacitance values much lower than these 

authors have been reported on Co3O4 electrodes on different substrate materials prepared by 

various other fabrication techniques as reported in a review by Uke et al. [2]. The GCD 

curves were used for the quantitative analysis while the CV curves were used (Figure 7.6(a)) 

for qualitative understanding of the expected specific capacitance behavior.  

Figure 7.6(c) shows the capacitance variation of the four types of thin film electrodes at the 

specific currents of 1, 5, 10 and 20 A/g. The specific capacitance is found to decrease with 

the increasing current density possibly due the minimum electrolytic contact with the 

electrode material at higher current densities. At higher constant discharge currents, the OH - 
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ions from the electrolyte reach only the outer surface of the electrode; thus, the electrode 

material at the inner surface does not get fully involved in the electrochemical reactions 

resulting in lower specific capacitance. This phenomenon where low specific capacitance 

values are attributed to the poor electrochemical reactivity between the electrolytes and the 

electrode materials has been commonly observed by other authors [2, 15, 29, 30]. 

The high capacitance of the Type 4 (CV PRP) thin film electrode could be attributed 

to the interconnected nanoflake-like morphology decorated with cloudy structures providing 

maximum surface area at the electrode/electrolyte interface. Additionally, the higher O/Co 

atomic ratio obtained from the EDX compositional analysis may also contribute to the high 

charge storage capacity. The dependence of the specific capacitance on the oxide content in 

the electrode material was confirmed by the EDX compositional analysis as shown in Figure 

7.7. It is clear from the graph that higher O/Co atomic ratio indicating higher oxide content 

in the electrode thin films show higher specific capacitance.  

While electrode materials with high specific capacitance are important, long-term 

cycling stability is another important aspect in practical applications of supercapacitors. The 

cycling performance of the four types of thin film electrodes deposited on NF substrate under 

four different electrodeposition modes was, therefore, evaluated and is presented in Figure 

7.6(d). The cyclic performance was evaluated by conducting charge-discharge measurements 

at a current load of 20 A/g for 500 cycles. The specific capacitance retention was found to be 

77.8% for Type 1 (CV only), 87.1% for Type 2 (CV +1.0V), and 85.8% for Type 3 (CV -

1.4V) thin films while the Type 4 (CV PRP) shows maximum retention of 90.5% after 500 

cycles. 
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Figure 7.7. Variation of specific capacitance as a function of O/Co atomic ratio 
obtained from EDX analysis for Type 1 (CV), Type 2 (CV PS +1V), Type 3 (CV PS -

1.4V) and Type 4 (CV PRP) Co- Co3O4 nanocomposite thin films on NF substrate. 

 

The high specific capacitance as well as its maximum retention of Type 4 thin films as 

compared to the other types which show relatively lower specific capacitance and retention 

demonstrates as an ideal combination for practical applications while the ease of developing 

these thin film electrodes shows promises to future large-scale manufacturing. The SEM 

image and the CV curve at 5 mV/s for the Type 4 thin film after 500 GCD cycles have been 

presented in Figure S7.3 of the supplementary data.  

In addition to the specific capacitance investigations, electrochemical impedance 

spectroscopy (EIS) was also carried out to investigate the charge kinetic properties of the 

electrode in a frequency range from 10 mHz to 100 kHz. Figure 6.8(a) shows Nyquist plots 

of the Co-Co3O4 nanocomposite thin film electrodes deposited by the four different 

electrodeposition modes. All four types apparently present almost straight lines with 

maximum slope for Type 4 (CV PRP) with nearly vertical line. The slopes 1.7, 3.3, 1.9, and 

5.4 for Type 1, Type 2, Type 3, and Type 4 respectively change systematically and is found 
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complementary with the obtained specific capacitance of the electrodes. The electrode with 

capacitive characteristic shows higher slope, for example in case of Type 4 [14]. Type 4 

shows a nearly vertical straight line compared to the others indicating better capacitor 

behavior. Figure 7.8(b) and (c) show the Bode plots of the four types of the thin film 

electrodes. At very high frequencies, the intercept of the plot with the X-axis represents the 

equivalent series resistance (ESR) as shown in Figure 7.8(b), which is a combination of the 

electrolyte resistance, the intrinsic resistance of the active material, and the contact resistance 

at the electrode-electrolyte interface [9]. The ESR values of all four types of thin films are 

found to be very low.  

Figure 7.8(b) shows the impedance of the four electrode types. The Type 4 (CV PRP) 

electrode shows a lower impedance compared to the other three electrode types. The Bode 

plot in Figure 7.8(c) describes the relationship between phase angle and frequency which 

shows that the four electrodes electrodeposited by Type 1, Type 2, Type 3 and Type 4 

respectively processes exhibit a good capacitive performance at phase angles 55.9 °, 64.9 ° 

54.6 ° and 71.7 °, respectively [14]. A phase angle of 90° is typically observed only in EDLCs 

using carbon materials whereas deviations from 90° are commonly observed in 

pseudocapacitors. The relaxation time ( ) in seconds (s) was calculated using the following 

equation (7.4): 

 

           (7.4) 
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pendence on the phase 
angle of the Type 1 (CV), Type 2 (CV PS +1V), Type 3 (CV PS -1.4V) and Type 4 

(CV PRP) Co-Co3O4 nanocomposite thin films synthesized on NF substrate. 

 

where o) is the frequency at the phase angle of 45  and they were computed to be 0.10, 0.62, 

1.10, and 0.60 s for Type 1, Type 2, Type 3, and Type 4, respectively (Figure 7.8(c)). Shorter 

relaxation time indicates that the electrode could switch more rapidly from resistive behavior 

to capacitive behavior [32].  
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7.5 Conclusion 

 

Co-Co3O4 nanocomposite thin films electrode materials have been synthesized on 

nickel foam (NF) substrates using four different electrodeposition modes, namely, cyclic 

voltammetry (CV), combination of cyclic voltammetry and potentiostatic at 1.4 V (CV PS 

1.4V), combination of cyclic voltammetry and potentiostatic at 1.0 V (CV PS +1.0V) and 

combination of cyclic voltammetry and pulse reverse potential (CV PRP). The XRD patterns 

have confirmed the presence of Co and Co3O4 on all the electrodes. The chemical nature of 

the electrode thin films has been complemented by the presence of Co3O4 absorption bands 

and strong oxygen peak intensities on the FTIR and EDX spectra respectively. The SEM 

images have revealed porous microfeatures which changes slightly for different 

electrodeposition modes, fulfilling the important criterion of its contributing to large specific 

surface area of the electrode surfaces. The Type 4 film synthesized by combining cyclic 

voltammetry and pulse reverse potential processes (CV PRP) is found to have resulted in a 

maximum specific capacitance of 2580 F/g while the Types 1, 2 and 3 thin films deposited 

by cyclic voltammetry (CV), combination of cyclic voltammetry and potentiostatic at 1.4 V 

(CVPS 1.4V), combination of cyclic voltammetry and potentiostatic at 1.0 V (CVPS +1.0V) 

have resulted in specific capacitance values of 1661, 1400, 1866 F/g respectively. Their 

respective capacitance retention for Type 1, 2, 3 and 4 thin film electrodes have been found 

to be 85.8, 77.8, 87.1, and 90.5 %, after 500 cycles of charging/discharging under a high 

current load of 20 A/g. Comparative analysis shows that the Type 4 thin film electrode 

material electrodeposited by CV PRP process has a greater potential as high-performance 
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supercapacitor material in terms of high specific capacitance and charging/discharging cycle 

stability. These results and observations place the Type 4 (CV PRP) electrode as the ideal 

material for practical applications and show promises for future large-scale manufacturing 

due to the ease of fabrication of these thin films.  
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Figure S7.1. EDX analysis of (a,c) sponge-like material (b,d) matrix (film) of Type 4 

(CV PRP) Co3O4 nanocomposite thin on NF substrate. 

 

The SEM image of Type 4 (CV PRP) Co-Co3O4 nanocomposite thin film after 500 

GCD cycles in Figure S7.3 (a) shows that the morphology was maintained even after the 500 

cycles. In addition, the less loss of area of the after-cycle CV curve in comparison to the 

before-cycle CV curve in Figure S7.3(b) further corroborates the good stability of the Type 

4 film. 
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Figure S7.2. Cyclic voltammetry curves of (a) Type 1 (CV) (b)Type 2 (CV PS +1V) 
(c) Type 3 (CV PS -1.4V) (d) Type 4 (CV PRP) Co-Co3O4 nanocomposite thin films 

on NF substrate at different scan rates. 
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Figure S7.3. (a) SEM image (b) Comparison of the before and after cycle cyclic 

voltammetry (CV) curves of Type 4 (CV PRP) Co-Co3O4 nanocomposite thin film on 
NF substrate after 500 charge-discharge (GCD) cycles. 
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(b) Unpublished supporting information

 

Figure S7.4. TEM image of Type 4(CV PRP) Co-Co3O4 nanocomposite thin film. 

 

The porous flake-like morphology of Type 4(CV PRP) Co-Co3O4 nanocomposite thin 

film can be observed clearly in the TEM image of Figure S7.4. This observation is 

complementary to the SEM observation. Furthermore, the image reveals that the nanoflakes 

are composed of numerous interconnected particles with particle sizes in the range of 3-5 nm. 
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Table S7.1. : Crystallite size of the Co (102) and Co3O4 (400) planes estimated from the 
XRD data and thickness of the various types of Co-Co3O4 nanocomposite thin films 

Electrodeposition 
mode 

Crystallite size 
(nm)  

Co (102) 

Crystallite size 
(nm) 

Co3O4 (400) 

Thickness 
(nm) 

CV (Type 1) 18 36 267 

CV PS +1.0V (Type 2) 13 29 267 

CVPS -1.4V (Type 3) 24 21 200 

CVPRP (Type 4) 19 25 200 

 

The average density of (Co, Co3O4), area, and mass of the films have been used to estimate 

the thickness by applying the equation (S7.1): 

 

 

for the Co-Co3O4 th

formula in equation (S7.2), 
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-ray used 

 [15]. The calculated thickness and crystallite size values of the 

various film types have been presented in table S7.1. 
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8.1 Abstract 

 

Nanostructured Ag-decorated Co-Co3O4 composite thin film (Ag/Co-Co3O4) 

synthesized on nickel foam (NF) by a combination of cyclic voltammetry and pulse reverse 

potential (CV PRP) electrodeposition modes presents higher specific capacitance and its 

retention. The higher specific capacitance of 2800 F/g on Ag/Co-Co3O4/NF composite thin 

film in comparison with 2580 F/g on Co-Co3O4/NF at 1 A/g is attributable to the presence of 

nanostructured Ag in the composite film enhancing the ionic and electronic conductivity of 

the material. The morphology revealed by the scanning electron microscope (SEM) 

correlates the electrochemical and capacitance behavior while the energy-dispersive X-ray 

spectroscopy (EDX) spectra confirmed the presence of Co, Ag, and O in the Ag/Co-

Co3O4/NF composite thin film. The attenuated total reflection  Fourier transform infrared 

(ATR  FTIR) spectra obtained further confirmed the presence of Co-O bonds. The Ag/Co-
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Co3O4/NF composite thin film presented an amorphous nature as revealed by the X-ray 

diffraction (XRD) spectra. In addition, the Ag/Co-Co3O4/NF electrode exhibited a maximum 

specific energy of 69.5 Wh/kg, specific power of 6.6 kW/kg and capacitance retention of 

82.6 % after 1000 cycles, while the Co-Co3O4 electrode (with no Ag) showed lower specific 

energy of 60.8 Whkg-1, specific power of 5.8 kW/kg, and a capacitance retention of 78.2 % 

after 1000 cycles. Further, by the incorporation of Ag, the composite electrode showed a 

2 (Co-Co3O4/NF) 

2 (Ag/Co-Co3O4/NF) as well as in the charge transfer resistance (Rct) from 2.86 

2 (Co-Co3O4
2 (Ag/Co-Co3O4/NF) indicating the positive influence of 

the presence of Ag in the film. The electrochemical evaluation indicates that a synergistic 

effect between Ag and Co-Co3O4 enhances supercapacitor electrode performance. 

 

8.2 Introduction 

 

The shift from the usage of fossil-based fuels towards renewable energy sources due 

to various environmental concerns coupled with the increase in demand for energy as a result 

of population growth requires energy storage devices to overcome the renewable energy 

shortage during their intermittent periods [1]. Supercapacitors particularly have received 

massive attention in the field of research as energy storage devices due to their high energy 

density, lightweight, fast charge-discharge rates, long life span, easy and safe operations [1-

5]. Among the diverse supercapacitor electrode materials such as carbonaceous materials 

(activated carbon, graphene, carbon nanotubes, etc.), conducting polymers (polypyrrole, 

polyaniline), transition metal oxides (TMOs), TMOs are widely attractive due to their high 
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electronegativity, low cost, environmental friendliness, and multiple oxidation states which 

enhances redox reactions for high s capacitance [4, 6, 7]. Noble TMOs (for example RuO2) 

are optimum pseudocapacitive materials due to their high theoretical capacitance, 

reversibility, and fast Faradaic reactions. However, they are toxic and expensive thereby 

limiting their commercialization [7, 8]. On the contrary, base TMOs such as Co3O4, NiO, 

MnO2, and Fe2O3 besides their high theoretical capacitance are environmentally friendly, 

inexpensive, and easy to process [6, 9-11]. Among the base TMOs, cobalt oxide (Co3O4) has 

been considered as one of the promising electrode materials owing to its high theoretical 

specific capacitance (3560 F/g), low-cost, excellent reversibility, and nontoxicity [11, 12]. 

Further, nanostructured Co3O4 coatings have been found widely useful in other types of 

applications as well including electrocatalysts for oxygen evolution reaction [13] and 

biological applications as antibacterial agents [14].  

Despite their outstanding properties, Co3O4 materials are plagued with low electronic 

conductivity and limited topographical surface area for effective redox reactions, leading to 

lower reported specific capacitance values versus their theoretical capacitance, poor 

reversibility, and poor capacitance retention at higher current densities [1, 15].  

In view of overcoming these challenges, several synthesis techniques such as 

hydrothermal, chemical precipitation, and sol-gel have been and are being experimented 

constantly to prepare nanostructured cobalt oxide-based materials. These techniques, 

however, require the inclusion of adhesive binders and conducting agents which increase the 

redox-active sites [16-19]. The electrodeposition, on the other hand, poses as a useful method 

for growing cobalt oxide-based nanostructures directly onto substrates without the need for 
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adhesive binders, presenting the advantages of obtaining increased apparent surface area 

owing to the resulting nanofeatures. Studies have shown that by adjusting experimental 

conditions such as electrodeposition mode, precursor electrolyte composition, time, and 

temperature, materials with desired composition and morphological properties can be 

obtained. Our recent work on Co-Co3O4 nanostructured supercapacitor electrodes has 

presented such favorable features leading to increased specific capacitance and high 

capacitance retention [20]. Other studies have reported arrays of morphologies for Co3O4 

prepared by electrodeposition method including features such as nanoflowers, nanosheets, 

and nanocolumnar structure which leads to a general conclusion on the ultimate benefit of 

having nanostructured morphological features leading to increased surface areas, favorable 

for increased redox reactions [15, 21, 22].  

Subsequently, it can be agreed that the electrical conductivity leading to enhanced 

total electrochemical performance of Co3O4-based materials can be improved extrinsically 

and intrinsically either by forming composites or by doping with conductive metals (Cd, Mn, 

Cr, Ag, etc.) or conductive matrixes (carbon nanotube (CNT), reduced graphene oxide (r-

GO), etc.) [5, 8, 23]. For example, Du et al. showed improved specific capacitance of pure 

Co3O4 from 300 F/g to 894 F/g on a composite of Co3O4 nanosheets anchored on reduced 

graphene oxide with improved conductivity [23]. Similarly, Deng et al. also reported an 

improved specific capacitance of 737 F/g and charge transfer resistance of -7 

their Cd-doped Co3O4 (Cd-Co3O4) nanosheets compared to those of pure cobalt (436 F/g and 

[8]. Core-shell nanocomposite structures have also been considered to improve 

supercapacitor performances as they provide porous channels for efficient and rapid 

pathways for ion and electron transport, rich accessible electroactive sites, and cycle stability 
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[24]. In a study by Xia et al., Co3O4@NiO/NF core-shell nanostructure arrays provided a 

specific capacitance of 853 F/g and excellent cycling stability after 6000 cycles compared to 

642 F/g on their Co3O4 nanowire arrays and 178 F/g for the NiO nanoflake arrays. It was 

observed that the NiO nanoflakes were well separated and formed a porous layer surrounding 

the Co3O4 nanowire core thereby making both the shell and core fully reachable for the 

electrolyte for improved electron and ion diffusion [25]. Similarly, Xu et al. fabricated 

Co3O4@NiCo2O4 core-shell nanosheets on Ni foam which exhibited much higher 

capacitance of 1330 F/g and cycle stability 100. 7 % after 5000 cycles with comparatively 

lower capacitance performance on Co3O4 electrode alone [26]. 

In this study, considering the advantages of Co3O4 as supercapacitor material and the 

challenges in enhancing their conductivity and specific capacitance, we have incorporated 

Ag in- preparing Ag-decorated Co-Co3O4 (Ag/Co-Co3O4) nanostructured composite thin 

film on nickel foam (NF) substrates by combining cyclic voltammetry and pulse reverse 

potential (CV PRP) modes of electrodeposition from an electrolyte composed of AgNO3, 

CoCl2, and Co(CH3COO)2 salts solution. To elucidate the enhancement of electrochemical 

properties by the addition of Ag, Co-Co3O4 composite thin films have also been prepared on 

NF using the same method we recently published and investigated as control counterparts. 

The morphological, structural, and compositional analyses correlate the electrochemical 

behavior specifically the CV, EIS, and charge-discharge performance confirming the 

advantages of the presence of Ag in the films. The Ag/Co-Co3O4/NF composite thin film is 

found to achieve a very high capacitance which is ~12 % more than the Co-Co3O4/NF with 

stable cycling performance and capacitance retention. 
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8.3 Experimental details

 

Cobalt-cobalt oxide (Co-Co3O4) and Ag-decorated Co-Co3O4 (Ag/Co-Co3O4) 

nanocomposite thin films were electrodeposited on nickel foam (NF) substrates by cyclic 

voltammetry (CV) followed by pulse reverse potential (CV PRP) cycled between -1.4 V and 

+1.0 V [20]. Initially, CV was performed in a potential range of 1.4 to +1.0 V vs Ag/AgCl 

at a scan rate of 20 mVs-1 for 2 cycles, followed by pulse reverse potential (PRP) of 60 cycles 

at -1.4 V and 1 V with 0.5 s/0.5 s time interval for a total duration of 60 s. The electrolyte 

solutions used for the electrodeposition of Co-Co3O4/NF consist of 0.1 M cobalt acetate 

2 24 mL) and 0.2 M sodium 

perchlorate (NaClO4.H2O, 30 mL). Similarly, the Ag/Co-Co3O4/NF thin film was deposited 

using the same precursor solutions like that of the Co-Co3O4 but with the addition of 0.1 M 

AgNO3 (2 mL).  

In the electrochemical deposition process, the applied negative potential reduces the 

Co2+ and Ag+ ions into metallic Co and Ag films. Similarly, the use of a positive potential, 

results in the deposition of a layer of Co3O4. In the present experiment, a maximum negative 

potential of -1.4 V was used to deposit metallic Co and Ag films and a +1.0 V was used to 

deposit Co3O4. The pH of both electrolytes was 6.5. Before the electrodeposition process, the 

NF substrates were etched in 3 M HCl for 15 minutes and subsequently rinsed ultrasonically 

with ethanol and deionized water for 15 minutes each. A standard three-electrode system 

with a platinum wire, NF substrate, and Ag/AgCl as the counter, working and reference 

electrodes, respectively were employed for the deposition process. After electrodeposition, 

the as-prepared Co-Co3O4/NF and Ag/Co-Co3O4/NF nanocomposite thin film electrodes 
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were rinsed in deionized water and dried in air on a hot plate at 200 °C for 45 minutes before 

further characterization and electrochemical analyses. The mass of the electrodeposited 

material estimated from the difference in the mass of the NF substrate before the 

electrodeposition process and with material loading after drying using an analytical 

microbalance (Sartorius CP124S, max 120g, 0.1 mg of resolution) is 0.3 mg and 0.5 mg for 

the Co-Co3O4 and Ag/Co-Co3O4 composite thin films respectively. 

A scanning electron microscope (SEM, JEOL JSM-6480 LV), equipped with energy-

dispersive X-ray spectroscopy (EDX) was used to study the morphological and elemental 

analyses respectively, of the electrodeposited thin films. The X-ray diffraction (XRD) 

analyses were carried out by the Bruker D8 Discover system for crystallographic analysis. 

An attenuated total reflection  Fourier transform infrared spectroscopy (ATR-FTIR, Agilent 

Technologies Cary 630) was used to confirm and quantify the deposition of the metal oxide 

(Co-O).  

The electrochemical properties, specifically, cyclic voltammetry (CV), galvanostatic 

charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) characteristics, 

were assessed using a three-electrode glass cell and Solartron SI1287 electrochemical 

workstation with 1 M KOH aqueous electrolyte. The as-synthesized Co-Co3O4/NF and 

Ag/Co-Co3O4/NF nanocomposite thin films on NF substrates were directly employed as 

working electrodes, with platinum wire and Hg/HgO as counter and reference electrodes 

respectively. The CV and GCD measurements were carried out at different scan rates and 

specific currents in a potential window of -0.1 to 0.6 V and -0.1 to 0.5 V respectively. In 

addition, the EIS measurement was conducted in a frequency range from 10 mHz to 100 kHz. 
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8.4 Results and discussion

 

8.4.1 Structural, morphological, and chemical analysis 
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Figure 8.1. (a) XRD patterns and (b) ATR-FTIR spectra of (I) Nickel foam (NF) 

substrate, (II) Ag thin film on NF, (III) Co-Co3O4, and (IV) Ag/Co-Co3O4 composite thin 
films on NF. 

 

 

The XRD patterns of the NF substrate and the various thin films deposited on the (NF) 

substrates are presented in Figure 8.1(a), (I)-(IV). The XRD pattern of the NF substrate in 

Figure 8.1(a)-(I) shows two prominent diffraction peaks at 2 of 44.5° and 52° which 

correspond to the Ni(111) and Ni(200) planes of the cubic Ni system (JCPDS card No-00-

004-0850). In addition to the Ni(111) plane of the NF substrate, the XRD pattern of Ag thin 

film on NF substrates in Figure 8.1(a)-(II) revealed two distinct peaks of Ag at 2  positions 

of 38.4° and 64.6°. These 2  positions correspond to the crystal planes of Ag(111) and 

Ag(220) respectively of the face-centered cubic Ag system (JCPDS card No-00-004-0783). 

The peaks assigned to Ag are in agreement with those reported by Nagamuthu et al. on their 
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Ag/NiO honeycomb nanostructured arrays prepared by a surfactant-assisted hydrothermal 

route [11].  

In Figures 8.1(a)-(III) and (IV), the XRD patterns of both the Co-Co3O4 and Ag/Co-

Co3O4 composite thin films on NF substrates do not show any visible peaks of Co, Co3O4, 

and Ag apart from the peaks of the NF substrate. This could be a result of the nanostructures 

being embedded in the pores of the NF substrate, hence the inability in obtaining the signals 

of the relevant phases. Further, the absence of the peaks could also be attributed to the 

amorphous nature of both the Co-Co3O4/NF and Ag/Co-Co3O4/NF composite thin films. 

In order to understand the growth mechanism of these films, an investigation was 

carried out by depositing the same on titanium substrates as reported in our recent work on 

Ni-NiO and Co-Co3O4 [20, 27] and these results have been provided in the supplementary 

data (Figure S8.1 (a) of the supplementary data). It is to be noted that on titanium substrate 

(Figure S8.1 (a)), the peaks of Co (100) and Co (101) planes of the hexagonal crystal structure 

of cobalt (JCPDS card No-00-005-0727), Co3O4 (222) and Co3O4 (400) plane of the cubic 

crystal structure of Co3O4 (JCPDS card No-42-1467) can be detected at 2  of 41.7°, 47.5°, 

38.5° and 44.5° respectively in the XRD spectrum of the Co-Co3O4 composite thin film. The 

Ag/Co-Co3O4 composite on Ti substrate shows similar peaks of Co (100), Co(101), 

Co3O4(222), and Co3O4(400) planes together with the Ag (111), Ag (200), and Ag (220) 

planes. Our Co-Co3O4 nanocomposite thin film on Ti substrate by CV PRP mode of 

electrodeposition further confirms the presence of Co and Co3O4 [20]. The deconvoluted 

peak of Ag/Co-Co3O4 at 2  position of 38.5° clearly shows the Co3O4 (222), Ag (111), and 

Ti(002) (Figure S8.1(b)). Also, the deconvoluted peak at 44.5° shows the merged Co3O4 (400) 

and Ag (200) (Figure S8.1 (c)). It is to be noted that during the addition of AgNO3 to the 
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precursor solution of CoCl2 

analysis showed the presence of Ag in the deposited thin film. However, the coating process 

was further performed using only CoCl2+AgNO3 and CoAc+AgNO3 separately and the XRD 

could detect the presence of Ag as evident from the supplementary data (Figure S8.2 (a-c)).  

In order to confirm the presence of Co3O4 and the incorporation of Ag in Co3O4 in 

the Ag/Co-Co3O4/NF composite thin film undetected by the XRD analysis, ATR-FTIR 

spectra were further recorded on these films deposited on the NF substrates, namely, Ag thin 

film on NF, Co-Co3O4/NF, and Ag/Co-Co3O4/NF composite thin films. These spectra 

recorded in the range of 1500-500 cm-1 are presented in Figure 8.1(b), (I)-(IV) respectively. 

The IR spectra for NF substrate (Figure 8.1(b)-I) and Ag thin film on NF substrate (Figure 

8.1(b)-II) show no noticeable absorption bands in the given range due to the obvious presence 

of Ag and Ni in their pure metallic form without any kind of oxygen bonding [28]. On the 

other hand, the IR spectrum of the Co-Co3O4/NF composite thin film (Figure 8.1(b)-III) 

shows two prominent peaks at 658 and 559 cm-1. The peak at 658 cm-1 is attributed to the 

stretching mode of Co-O of tetrahedrally coordinated Co2+ and the peak at 559 cm-1 is 

assigned to the Co-O of octahedrally coordinated Co3+ [28]. The presence of these peaks 

confirms the formation of Co3O4. The absorption spectrum of the Ag/Co-Co3O4/NF 

composite thin film in (Figure 8.1(b)-IV) is similar to that of the Co-Co3O4/NF composite 

thin film, indicating the retention of the original Co3O4 phase even after the addition of Ag. 

The observed absorption bands on these spectra are in close agreement with previous reports 

[3, 19, 28]. 
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Figure 8.2. SEM micrographs of (a) Nickel foam (NF) substrate, (b) Ag thin film on 

NF, (c) Co-Co3O4, and (d) Ag/Co-Co3O4 composite thin films on NF, red circles 
identify the Ag nanoparticles in the composite film. 

 

Reports in the literature have demonstrated that the specific surface area resulting from the 

final morphology of thin films has a crucial impact on electrochemical performance, 

especially the specific capacitance [8, 29]. Hence, the morphologies of the bare nickel foam 

(NF) substrate, Ag thin film on NF, Co-Co3O4/NF, and Ag/Co-Co3O4/NF composite thin 

films have been obtained by SEM imaging and presented in Figure 7.2. The surface 

morphology of the NF substrate as presented in Figure 8.2 (a) is relatively smooth, whereas 

the SEM image of the Ag thin film on NF shown in Figure 8.2(b) reveals a rougher 

morphology of uniformly distributed nanoparticles with the emergence of random clusters 

over the NF substrate. On the other hand, the SEM image of the Co-Co3O4 composite thin 

film coated on NF shown in Figure 8.2(c) shows an entirely different surface morphology 
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consisting of porous interconnected nanoflakes decorated with spongy cloudlike features 

homogeneously dispersed over the porous interconnected nanoflakes. Similar to the Co-

Co3O4 composite thin film, the SEM image of the Ag/Co-Co3O4 composite thin film shows 

the baseline porous interconnected nanoflake morphology, however, with the presence of Ag 

nanoparticles distributed over the surface and as well embedded in the pores of the porous 

nanoflakes (Figure 8.2(d)). The Ag nanoparticles have been marked in red circles for 

identification in the figure. Further, it can also be noticed that the large clusters of spongy 

cloudlike features present in the Co-Co3O4 (Figure 8.2(c)) have reduced in size upon the 

addition of Ag. Owing to this higher apparent surface area with the addition of Ag, it may be 

expected that the Ag/Co-Co3O4 thin films offer additional electrochemical active sites and 

result in enhanced capacitive ability. Close morphological features as obtained on our Co-

Co3O4 and Ag/Co-Co3O4 composite thin films have been reported previously, for instance, 

by Chen et al. on their sandwich-like NiOx/NiCo2O4/Co3O4 nanoflakes prepared by a de-

alloying process [30]. Ali et al. also reported a nanoflake-like morphology for their 

hydrothermally synthesized cerium-doped Co3O4 [31]. 

In addition to the morphological investigation of the thin films, the elemental 

compositions of the nickel foam (NF) substrate, Ag thin film on NF, Co-Co3O4/NF, and 

Ag/Co-Co3O4/NF composite thin films were obtained by EDX studies as presented in Figure 

8.3(a), (I)-(IV). The EDX spectrum of the bare NF substrate ((I) in Figure 8.3(a)) presents 

only the Ni K , Ni K , and Ni L  peaks at energies7.7, 8.5, and 1.1 keV respectively. On the 

other hand, the Ag thin film coated on the NF substrate in Figure 8.3(a) (II) shows the 

presence of Ag L  at 3.2 keV, in addition to the Ni peaks arising from the NF substrate. 

 



182 
 

2 4 6 8 10
0

1

2

3

4

5

Energy (keV)

(IV)

(III)

(II)

(I)

a

 

 

 
 

 

 

 
 

 

 

 
Figure 8.3. (a) EDX spectra of (I) nickel (NF) substrate (II) Ag thin film on NF, (III) 
Co-Co3O4/NF, and (IV) Ag/Co-Co3O4/NF composite thin films. (b) SEM image of 

Ag/Co-Co3O4/NF composite thin film and (c-f) elemental mapping of Ag/Co-
Co3O4/NF composite thin film showing the distribution of (c) Co (d) O (e) Ag (f) Ni. 

 

The EDX spectrum of the Co-Co3O4/NF (Figure 8.3(a) (III)) confirms the Cobalt oxide 

formation by exhibiting the peaks of Co K , Co K , Co L , and O K  at 7.1, 7.7 and 1.0 keV 

respectively, along with the Ni signature originating from the NF substrate. Similarly, the 
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EDX spectrum of the Ag/Co-Co3O4 in Figure 8.3(a) (IV) reveals the peaks of Ag L and Ag 

L  at 2.8 and 3.2 keV respectively, along with Co, O, and Ni peaks from the composite thin 

film on NF. The presence of the Ag peaks in the Ag/Co-Co3O4 thin film confirms the 

effective incorporation of silver into the Co-Co3O4 composite. The elemental mapping of the 

Ag/Co-Co3O4 composite thin film on NF substrate showing the distribution of Co, O, Ag, 

and Ni at a lower magnification has been presented in Figure 7.3(b-f). It is apparent from 

Figure 8.3(e) that the Ag nanoparticles are dispersed over and within the porous 

interconnected nanoflake structure of the Co-Co3O4 composite. On the other hand, Figure 

8.3(c) and Figure 8.3(d) show a uniform distribution of Co and O on the Ni (Figure 8.3(f)). 

 

8.5.2 Electrochemical measurements 

 

To investigate the performance of the thin films as potential electrodes for 

supercapacitor applications, cyclic voltammetry (CV), galvanostatic charge-discharge 

(GCD), and electrochemical impedance studies of electrodes have been performed. The CV 

curves employed in estimating the oxidation and reduction reaction occurring in the Co-

Co3O4/NF, Ag/Co-Co3O4/NF composite electrodes at different scan rates (100, 50, 20, 10, 

and 5 mV/s) as well as their comparison curves at 5 mV/s is presented in Figure 8.4. The 

deviation of the shape of all the CV curves from the ideal rectangular shape of electrical 

double-layer capacitor (EDLC) electrode materials, and the presence of redox peaks suggests 

that the specific capacitance arises mainly from Faraday redox reactions indicating battery-

type storage properties [4, 15, 32, 33]. Also, it can be observed that the CV curves of the Co-

Co3O4/NF in Figure 8.4(a) are identical to those of the Ag/Co- Co3O4/NF composite electrode 
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(Figure 8.4(b)). However, additional oxidation and reduction peaks (A1/C1) are observed for 

the CV curves of the Ag/Co-Co3O4/NF electrode aside from the (A2/C2) and (A3/C3) redox 

pairs for the Co-Co3O4 thin film. The first redox peaks of both Co-Co3O4/NF and Ag/Co-

Co3O4/NF electrodes (A2 (0.37 V), C2 (0.33 V) can be correlated to the conversion of 

Co2+/Co3+ as shown by equation (8.1) [5, 10, 17, 34]. Similarly, the redox pair (A3(0.47 V), 

C3 (0.36 V)) is also attributed to the redox reaction of Co3+/Co4+ according to equation (8.2) 

[3, 10, 15, 35]. The additional redox pair of the Ag/Co-Co3O4/NF thin film electrode (A1 

(0.29 V), C1 (0.12 V)) which indicates the incorporation of Ag into Co-Co3O4 is from the 

redox reaction of Ago/Ag+ as shown by equation (8.3) [15, 36, 37]. This observation 

complements the EDX analysis confirming the presence of Ag. 

 

     (8.1) 

     (8.2) 

     (8.3) 

 

Additionally, it can be noticed that there is a peak shift in the oxidation peaks towards higher 

potential and reduction peaks towards lower potential in all the electrodes as the scan rate 

increases (Figure 8.4(a-c)). This is a result of limited charge transfer to satisfy electronic 

neutralization during the redox reaction caused by the increase in the diffusion resistance of 

the electrolyte ions within the electrodes [3, 36, 38, 39].  
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Figure 8.4. Cyclic voltammetry (CV) curves of (a) Co-Co3O4/NF (b) Ag/Co-Co3O4/NF 

composite thin film electrodes at different scan rates (c) Comparison CV curves of NF 
substrate, Co-Co3O4/NF, and Ag/Co-Co3O4/NF electrodes at 5 mV/s. 

 

The GCD curves of the Co-Co3O4/NF electrode (Figure 8(a)) are similar to those of the 

Ag/Co-Co3O4/NF electrode as observed in the CV analysis. The shape of the curves, deviated 
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from the ideal triangular shape of EDLC electrode materials together with voltage plateaus, 

further confirms the Faradaic reactions of battery-type behaviors complementing the 

observations on the CV curves [33, 40-42]. When the specific current was increased from 1 

to 20 A/g, the shape of the curves obtained from the individual electrodes remained 

unchanged, indicating that the as-prepared electrodes have high stability [40]. Furthermore, 

it can be observed that the discharge times decreased with increasing specific currents in both 

cases. Comparing the CV curves of the NF, Co-Co3O4/NF, and Ag/Co-Co3O4/NF electrodes 

in Figure 8.4(c), the Ag/Co-Co3O4/NF electrode exhibit a higher CV area which indicates a 

larger storage capacity. The CV area of the bare NF electrode shows a nearly horizontal line 

which implies that the capacitance contribution of the NF substrate is negligible. 

Subsequently, the GCD graphs obtained for the Co-Co3O4/NF and Ag/Co-Co3O4/NF 

thin films composite electrodes at specific currents of 1, 5, 10, and 20 A/g, as well as their 

comparison at 1 A/g with NF substrate within the potential window of -0.1 and 0.5 V, has 

been presented in Figure 5(a-c). In Figure 8.5(c) at 1 A/g, the Ag/Co-Co3O4/NF electrode 

exhibited a longer discharge time revealing its superior capacitive performance compared to 

the NF substrate and the Co-Co3O4/NF electrodes. The specific capacitance of the Co-

Co3O4/NF and Ag/Co-Co3O4/NF electrodes at 1 A/g has been calculated as 2580 and 2800 

F/g, respectively, from the GCD curves, using equation (7.4), 

 

         (8.4) 
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where Cs is the specific capacitance, I is the specific current, t is the discharge time, m is 

the electrode mass, and V is the potential change during discharge. It can be noted that the 

obtained specific capacitance value of the Ag/Co-Co3O4/NF electrode is higher than that 

obtained on the Co-Co3O4/NF electrode and much higher than those reported in the literature 

on similar chemistry prepared by other methods including doping and hydrothermal 

processes involving multiple steps in their fabrication [20]. For example, Aadil et al. reported 

a specific capacitance value of 1425 F/g for their binder-free mesoporous Ag-doped Co3O4 

nanosheet prepared on nickel foam by a hydrothermal technique [3]. Also, the specific 

capacitance value of our Ag/Co-Co3O4/NF composite thin film electrode is higher than the 

specific capacitance value of 103 F/g at 1 A/g of Co3O4 nanoparticles prepared by a modified 

sol-gel synthesis using an organic template as reported by Shaheen et al. [17]. Equally, much 

lower specific capacitance values of Co3O4-based electrodes on different substrate materials 

prepared by various other fabrication techniques have also been previously reported by other 

authors [1, 8, 15, 42, 43].  

Furthermore, the equivalent series resistance (ESR), which comprises the intrinsic 

resistance of the electroactive material, electrolyte resistance, and the contact resistance at 

the electrode-electrolyte interface, [35, 44, 45] has been estimated from the GCD curves of 

the various electrodes by taking the ratio of the potential drop (VIR) between the charge-

-

Co3O4/NF and Ag/Co-Co3O4/NF electrodes at 1 A/g, respectively, indicating that, the 

incorporation of Ag into Co-Co3O4 has improved its conductivity, thereby enhancing its 

capacitive performance. Similar ESR values have been reported by Harilal et al. for their 

electrospun Co3O4 -Co3O4 [35].  
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In the specific capacitance variation with specific current graph in Figure 8.5(d), it is 

observed that the specific capacitance decreases with increasing scan rates for both electrodes. 

This phenomenon is due to the inability of the electrolyte ions (OH- ions) to saturate the bulk 

of the electroactive material due to insufficient time. Hence, the Faraday redox reaction is 

limited to only the surface of the electroactive material, consequently reducing the specific 

capacitance [3, 46, 47]. 

Although the capacitance of electrode material is important in its practical application in 

supercapacitors, long-term cycling stability is also a critical requirement. Therefore, the 

cycling performances of the Co-Co3O4/NF and Ag/Co-Co3O4/NF electrodes have been 

studied by repeated charge-discharge cycles up to 1000 cycles at a high specific current of 

20 A/g as presented in Figure 8.5(e). The Ag/Co-Co3O4/NF electrode demonstrated superior 

electrochemical stability by maintaining 82.6 % of its initial specific capacitance compared 

to the capacitance retention of 78.2 % of the Co-Co3O4/NF electrodes. Furthermore, the 

Ag/Co-Co3O4/NF electrode has been cycled for 3000 cycles (Figure S8.4 of the 

supplementary data) and its capacitance retention value is 80.3 % showing high stability. The 

higher stability of the Ag/Co-Co3O4/NF electrode is attributed to the porous structure which 

accommodates the volume expansion during cycling and the presence of Ag nanoparticles 

which provides direct and stable conduction pathways for electrons to be transported rapidly 

[3, 15]  

Another important requirement of electrode material for practical supercapacitor 

application is the specific energy and specific power which is known, in other words, as the 

Ragone plot (Figure 8.5(f)). The specific energy and power at different specific currents were 



190 
 

also estimated from the GCD curves of the Co-Co3O4/NF and Ag/Co-Co3O4/NF electrodes 

using equations (8.5) and (8.6) respectively, 

 

         (7.5) 

         (7.6) 

 

where Es is the specific energy, Cs is the specific capacitance, V is the potential range, Ps is 

the specific power and is the discharge time. Figure 8.5(f) depicts that the Ag/Co-

Co3O4/NF electrode showed maximum specific energy and power of 69.5 Wh/kg and 6.6 

kW/kg, respectively, while the Co-Co3O4/NF electrode showed specific energy of 60.8 

Wh/kg and specific power of 5.8 kW/kg at a high specific current of 20 A/g. The recorded 

specific energy and power for our Ag/Co-Co3O4/NF is higher compared to previously 

reported values such as those recorded by Shaheen et al. (1.9 Wh/kg and 4.7 kW/kg) on their 

functionalized Co3O4 nanoparticles grown on nickel foam by sol-gel synthesis [17]. Similarly, 

lower specific energy and power values (24.3 Wh/kg and 0.26 kW/kg) compared to that of 

our work have also been reported by Zhu et al. on their solvothermally synthesized Flower-

like ZnO/Co3O4 on nickel foam [48].  

The superior capacitive performance and the lower resistance of the Ag/Co-Co3O4/NF 

thin film electrode could be attributed to the porous structure of Co-Co3O4 with embedded 

Ag nanoparticles which promotes the diffusion of the OH- ions to the electroactive sites 

combined with the increased redox-active surface area. Additionally, the presence of metallic 
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silver enhances the electrical conductivity to provide fast electron transport during the 

Faradaic-redox reaction.  

For more insight into the electrical conductivity and ion transfer performance of the 

electrodes, the EIS measurement has been performed in a frequency range from 10 mHz to 

100 kHz as shown in Figure 8.6. The Nyquist plots of the Co-Co3O4/NF, Ag/Co-Co3O4/NF 

composite electrodes as well as the NF substrate are presented in Figure 8.6(a). The Nyquist 

plots consist of a semicircle in the high-frequency region and its diameter gives information 

on the charge transfer resistance (Rct) of the electrodes [49-52]. The Rct values of the Co-

Co3O4/NF and Ag/Co-Co3O4
2 2 

respectively. In the case of the bare NF substrate, there is almost no charge transfer resistance 

as a result of its metallic nature. The intercept of the plots with the x-axis in the higher 

frequency region presents the ESR of the electrodes [10, 53]. In the present study, the ESR 

of the Co-Co3O4
2 2 by the incorporation of Ag into 

Co-Co3O4. These ESR values are consistent with ESR values estimated from the GCD curves 

for both the Co-Co3O4/NF and Ag/Co-Co3O4/NF electrodes. The zoom-in of the Nyquist 

plots in Figure 8.6(b) depicts the enhancement of the conductivity of the Ag/Co-Co3O4/NF 

electrode compared to Co-Co3O4/NF electrode. In addition, the inclined straight line at the 

lower frequency region of the Nyquist plots is attributed to the process of ions diffusion from 

the electrolyte into the electrode while also revealing the capacitive nature of the material 

[29]. 
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d) phase angle of 
the NF substrate, Co-Co3O4/NF, and Ag/Co-Co3O4/NF electrodes. 

 

The Ag/Co-Co3O4/NF electrode exhibited a shorter and steeper vertical line compared to the 

Co-Co3O4/NF electrode indicating a rapid ion diffusion and hence better capacitive 

performance as it is expected that the electrode with a more vertical line shows high 

capacitive characteristics. This observation complements the specific capacitance values 

obtained. The Bode plots in Figure 8.6(c) showing the relationship between frequency and 

impedance of the Co-Co3O4/NF, Ag/Co-Co3O4/NF, and NF substrate further support the 

Nyquist plots findings, with the Ag/Co-Co3O4/NF electrode having a lower impedance due 

to improved conductivity promoted by the presence of Ag. 
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Subsequently, the relationship between frequency and phase angle of the Co-

Co3O4/NF, Ag/Co-Co3O4/NF electrodes, and the bare NF substrate is presented by the Bode 

plots in Figure 8.6(d). A phase angle of 90° is typically observed for EDLCs using carbon 

materials and 45° when the capacitive resistive impedances are equal whereas for 

pseudocapacitors phase angles between 45 and 90 are generally observed [35] [49, 54]. 

Therefore, phase angles of 79° and 75°obtained for the Co-Co3O4/NF, and Ag/Co-Co3O4/NF 

electrodes, respectively, further corroborate the CV and GCD analysis of the 

pseudocapacitive nature of the electrodes. The relaxation time ( ) in seconds (s), which 

indicates how fast an electrode material switches from resistive to capacitive behavior, is 

computed to be 2.5 s and 0.6 s for the Co-Co3O4/NF and Ag/Co-Co3O4/NF electrodes, 

respectively, using the equation (8.7): 

 

           (8.7) 

where o) is the frequency at the phase angle of 45° [54].  

 

8.5 Conclusions 

 

Ag/Co-Co3O4 composite thin film electrodes on NF substrate presenting superior 

capacitive behavior and cycle durability have been prepared effectively by incorporating Ag 

in the Co-Co3O4 by using a simple technique that combines cyclic voltammetry and pulse 

reverse potential (CV PRP) modes of electrodeposition. The XRD studies have revealed the 

amorphous nature of both Co-Co3O4 and Ag/Co-Co3O4/NF composite thin film electrode 
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materials. The FTIR and EDX analysis have confirmed the chemical signature of the 

presence of the oxides of cobalt in the prepared electrodes. The porous nanoflakes network 

of the Co-Co3O4 and Ag/Co-Co3O4 composite thin films by SEM analysis presented features 

promoting increased specific surface area upon Ag incorporation which is a favorable 

parameter for enhanced capacitive behavior of the electrode. The Ag/Co-Co3O4/NF electrode 

exhibited a higher specific capacitance of 2800 F/g compared to the Co-Co3O4/NF (2580 F/g) 

electrode. Additionally, the Ag/Co-Co3O4/NF electrode demonstrated outstanding specific 

energy and power (69.5 Wh/kg and 6.6 kW/kg) with capacitance retention of 82.6 % after 

1000 cycles than the Co-Co3O4/NF electrode. Furthermore, the conductivity of the Co-

Co3O4/NF electrode has been improved by the incorporation of Ag nanoparticles as 

evidenced by the reduction of the charge transfer resistance (Rct) and equivalence series 

resistance (ESR). The superior electrochemical performance of the Ag/Co-Co3O4/NF 

composite thin film electrode is attributed to the synergistic interaction between Ag and Co-

Co3O4 to enhance conductivity and specific surface area. This high performance presents 

potential to the Ag/Co-Co3O4/NF as an electrode material for practical applications in a 

supercapacitor device.  
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Figure S8.1 (a) XRD patterns of (I) Titanium (Ti) substrate (II) Ag thin film on Ti, (III) 
Co-Co3O4, and (IV) Ag/Co-Co3O4 composite thin films on Ti (b, c) deconvoluted XRD 

peaks of Ag/Co-Co3O4 5º and 44.5º 
respectively. 
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Figure S8.2 (a) XRD pattern Ag/Co-Co3O4 composite thin films on Ti substrate 

prepared from only cobalt acetate and silver nitrate (0.1 M CoAc + 0.1 M AgNO3), (b, 
º and 44.5º respectively. 
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Figure S8.3 EDX elemental mapping of Co-Co3O4  thin film on NF substrate 

(a) SEM image (b) Co (c) O (d) Ni arising from the nickel foam (NF) substrate  

 

 
Figure S8.4 Cycling performance with inset showing the last 18 GCD cycles of Ag/Co-

Co3O4/NF tested for 3000 cycles at a specific current of 20 A/g. 
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(b) Unpublished supporting information
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Figure S8.5. Optimization graph of the volume of AgNO3 in the electrolyte solution for 
the electrodeposition of Ag/Co-Co3O4 nanocomposite thin films. 

 

As part of the optimization process, the volume of AgNO3 in the electrodeposition 

electrolyte consisting of cobalt acetate and cobalt chloride was varied to achieve Ag/Co-

Co3O4 nanocomposites electrodes with maximum specific capacitance (Figure S8.5). 
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9.1 Abstract 

 

Polypyrrole, which is a conducting polymer is a promising electroactive material for 

supercapacitors owing to its high electrical conductivity and theoretical capacitance. The type 

of substrate on which the electroactive material is formed influences the transportation of 

electrons during charge storage processes as well as the morphology of electroactive 

materials. In this work, polypyrrole-coated nickel-modified aluminum and steel mesh 

supercapacitor electrode materials have been fabricated by a simple potentiostatic 

electrodeposition technique. The morphologies revealed by the scanning electron microscope 

correlate with the electrochemical and capacitive behavior while the energy-dispersive X-ray 

spectroscopy spectra confirmed the presence of the relevant elements. The structural 

composition has also been confirmed by the attenuated total reflection Fourier transform 
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infrared spectra obtained. The electrochemical analysis of the polypyrrole-coated nickel-

modified aluminum mesh electrode has shown superior performance by delivering a specific 

capacitance of ~100 Fg-1 at an applied specific current of 1 Ag-1 with an excellent 

2. 

 

9.2 Introduction 

 

The rapid technological advancement in next-generation portable electronics such as 

mobile phones, laptops, cameras as well as hybrid vehicles, and backup power supplies 

requires flexible, lightweight, and, long-cycle life energy storage systems. Interestingly, 

Supercapacitors have gained attention in recent research as potential efficient energy systems 

as a result of their high-power density, high specific capacitance, safe and easy operation, 

and ultra-long lifespan [1-3]. Among a variety of electrode materials for supercapacitors such 

as graphene, activated carbon, transition metal oxides, conducting polymers (e.g., polyaniline, 

polyacetylene), polypyrrole is particularly attractive due to its environmental stability, easy 

processing, commercial availability of initial monomers, high specific capacitance and high 

electrical conductivity [1, 4, 5]. In addition to electrode materials, substrates or current 

collectors are vital to the performance of supercapacitors as they serve as paths along which 

electrons are transported during the storage and delivery processes of charges. Particularly, 

the contact resistance at the interface between the electroactive material and the current 

collector is consequential in the high-power application of supercapacitors [6]. Furthermore, 

studies have reported varied surface morphologies of polypyrrole and their respective 
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supercapacitor behavior by using different substrates such as nickel foam, carbon cloth, and 

steel mesh [2, 5, 7]. 

In this present work, an aluminum mesh has been modified with nickel and used as a 

substrate for the deposition of polypyrrole coating by a potentiostatic electrodeposition 

technique. The polypyrrole-coated nickel-modified aluminum mesh electrode was compared 

with a polypyrrole-coated steel mesh electrode to elucidate the effect of the substrate on 

capacitive performance. 

 

9.3 Experimental details 

 

Polypyrrole thin films were coated on nickel-modified aluminum, and steel meshes by a 

potentiostatic electrodeposition. Initially, a commercially available aluminum mesh was 

modified with nickel by a potentiostatic electrodeposition of nickel thin film on the aluminum 

mesh from an electrolyte solution of 0.5 M NiSO4.6H2O (30 ml) and 0.2 M NaClO4.H2O (30 

ml), by using a constant voltage of -1.4 V for 120 mins. Polypyrrole coatings were then 

formed on the nickel-modified aluminum mesh, and stainless-steel mesh by applying a 

constant potential of 0.8 V for 10 min. An aqueous precursor solution consisting of 0.6 M 

pyrrole (30 ml) and 0.2 M NaClO4.H2O (30 ml) was used as the electrolyte. All depositions 

were carried out at room temperature using a standard three-electrode glass cell with a 

platinum wire, the nickel-modified aluminum mesh/stainless-steel mesh, and Ag/AgCl as the 

counter, working, and reference electrodes respectively.  
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The surface morphology and elemental composition of the electrodeposited coatings 

were studied by a scanning electron microscope (SEM, JEOL JSM-6480 LV), equipped with 

energy-dispersive X-ray spectroscopy respectively. An attenuated total reflection  Fourier 

transform infrared spectroscopy (ATR-FTIR, Agilent Technologies Cary 630) was used to 

confirm the chemical nature of the as-prepared polypyrrole coated nickel-modified aluminum 

mesh, and steel meshes electrodes.  

The electrochemical characterization, which consists of cyclic voltammetry, 

galvanostatic charge-discharge characteristics, and, electrochemical impedance spectroscopy 

was carried out using Solartron SI1287 electrochemical workstation in a 1 M Na2SO4 

electrolyte. 

 

9.4 Results and discussion 

 

9.4.1 Structural, morphological, and chemical analysis 

 

The chemical nature of the polypyrrole-coated nickel-modified aluminum mesh (Ppy-

Ni-Al) and polypyrrole-coated steel mesh (Ppy-St) has been ascertained by attenuated total 

reflection  Fourier transform infrared spectroscopy as shown in Figure 9.1(a). The 

characteristic peaks of polypyrrole located at 900 cm-1 and 765 cm-1 indicate the 

polymerization of pyrrole. Additionally, the peaks at 1067 cm-1 and 1174 cm-1 are assigned 

to C-H and C-N deformation vibrations respectively. The peaks at 1520 cm -1 and 1682 cm-1 

are also assigned to the C-C and C=C stretching vibrations respectively in the pyrrole ring. 
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Furthermore, the broad peak at 3000 - 3500 cm-1 arises from N-H stretching vibrations of 

pyrrole units in polymers. The absorption bands around 600 cm-1 are assigned to metal-oxide 

vibration from the substrates. Although, metals do not show any peaks in Fourier transform 

infrared spectroscopy, the considerable shift in the characteristic peaks of polypyrrole (1520, 

1682, and 3200-3500 cm-1) in the polypyrrole-coated nickel-modified aluminum mesh 

spectrum could be a result of the nickel coating [1-3]. 

 

 
 

  
Figure 9.1. (a) Attenuated total reflection Fourier transform infrared spectra, (b) energy-

dispersive X-ray spectroscopy spectra of (i) polypyrrole- coated nickel- modified 
aluminum mesh (Ppy-Ni-Al), and (ii) polypyrrole-coated steel mesh (Ppy-steel), (c,d) 

scanning electron microscope micrographs of polypyrrole- coated nickel- modified and 
polypyrrole-coated steel meshes respectively. 
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The energy-dispersive X-ray spectroscopy spectra collected during the scanning 

electron microscope image analysis is presented in Figure 8.1(b). The peaks of carbon and 

nitrogen in the spectrum of the polypyrrole-coated nickel-modified aluminum mesh (Ppy-

Ni-Al mesh) in Figure 9.1(b), (i) confirm the formation of the polypyrrole coating. The peaks 

of aluminum and nickel arise from the nickel-coated aluminum mesh. Similarly, the Ppy-

coated steel mesh (Ppy-steel) in Figure 9.1(b), (ii) shows peaks of manganese and iron which 

come from the pristine steel mesh along with the peaks of carbon and nitrogen [1, 2, 4]. 

As the active surface area ensuing from the final morphology and structure of 

electrode materials have been demonstrated to have a significant impact on capacitance 

performance, the morphology of the polypyrrole-coated nickel-modified aluminum mesh 

(Ppy-Ni-Al) and, polypyrrole-coated steel mesh (Ppy-steel) have been obtained by scanning 

electron microscope imaging and presented in Figure 9.1(c) and (d) [5, 6]. The surface 

morphology of the polypyrrole-coated nickel-modified aluminum mesh in Figure 9.1(c) 

depicts a layered structure while that of the polypyrrole-steel mesh in Figure 9.1(d) shows 

intertwined globules. These morphologies (Figure 9.1(c) and (d)) are typically reported for 

polypyrrole synthesized by electrochemical polymerization either by potentiostatic or 

galvanostatic methods [1, 7]. 
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9.4.2 Electrochemical measurements
 

The cyclic voltammetry curves of the polypyrrole-coated nickel-modified aluminum 

(Ppy-Ni-Al) mesh, and polypyrrole-coated steel (Ppy-steel) mesh electrodes at 100 mV/s is 

shown in Figure 9.2(a). The near rectangular shape of the cyclic voltammetry curves of both 

electrodes shows the pseudocapacitive behavior of the electrodes [2]. It can be observed that 

the cyclic voltammetry profile of the polypyrrole-coated nickel-modified aluminum mesh 

electrode is higher than that of the polypyrrole-coated steel mesh electrode, which indicates 

a higher accumulation of charge and therefore may show a higher specific capacitance.  

Furthermore, the galvanostatic charge-discharge curves performed at a specific 

current of 1 A/g for the polypyrrole-coated nickel-modified aluminum mesh (Ppy-Ni-Al) and, 

polypyrrole-coated steel (Ppy-steel) mesh electrodes are shown in Figure 9.2(b). The nearly 

triangular shape of the curves further depicts the pseudocapacitive characteristics of both 

electrodes as suggested by the cyclic voltammetry curves. The specific capacitance obtained 

from the galvanostatic charge-discharge curves at an applied specific current of 1 A/g are 91 

and 40 F/g for the polypyrrole-coated nickel-modified aluminum mesh and polypyrrole-

coated steel mesh electrodes, respectively, using equation (9.1), 

 

        (9.1) 
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Figure 9.2. (a) Cyclic voltammetry curves at 100 mV/s, (b) Galvanostatic charge-
discharge curves at 1 A/g of polypyrrole- coated nickel- modified aluminum mesh (Ppy-

Ni-Al) and polypyrrole-coated steel (Ppy-steel) mesh electrodes respectively. 

 

where Cs is the specific capacitance, I is the specific current, t is the discharge time, m is 

the mass of the electrode, and  is the potential change during discharge. The specific 

capacitance value of the polypyrrole-coated nickel-modified aluminum mesh electrode is 

comparable to the previously reported value of polypyrrole-reduced graphene oxide 

composite thin film (132 F/g at 1 A/g) [7] and polypyrrole thin film (96 F/g at 1 A/g) [8] 

deposited on carbon bundle fiber and stainless steel substrates respectively. In addition, the 
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equivalent series resistance (ESR) which constitutes the inherent resistance of the 

electroactive material, electrolyte resistance, and the contact resistance at the electrode-

electrolyte interface [7] has been calculated from the galvanostatic charge-discharge curves 

of the electrodes by taking the ratio of the potential drop (V IR) between the charge and 

discharge curves to the discharge current. The obtained equivalent series resistance values 

2 2 for the polypyrrole-coated nickel-modified aluminum mesh 

and, polypyrrole-coated steel mesh electrodes, respectively. The superior performance of the 

polypyrrole-coated nickel-modified aluminum mesh electrode (Ppy-Ni-Al) is attributable to 

the enhanced electrical conductivity due to Ni coating which facilitates fast electron transport 

during the redox reactions. Additionally, its layered morphology provides a maximum 

surface area for enhanced charge storage. 

 

9.5 Conclusions 

 

A simple potentiostatic electrodeposition technique has been used to synthesize 

polypyrrole coatings on nickel-modified aluminum mesh and steel mesh. The polypyrrole-

coated nickel-modified aluminum mesh electrode achieved a specific capacitance of 91 F/g 

while that of the polypyrrole-coated steel mesh electrode is found to be 40 F/g at a specific 

current of 1 A/g. Furthermore, the conductivity of the polypyrrole-coated nickel-modified 

aluminum mesh electrode which is evidenced by the equivalence series resistance (0.18 

2) is superior to that of the polypyrrole- 2). The 

obtained results and observations show that the type of substrate influences the 

supercapacitor performance of polypyrrole-based electrodes. 
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9.7 Supporting information 

The Nyquist plots in Figure S9.1 further explore the charge transfer kinetics of the 

Ppy- coated Ni- modified-aluminum (Ppy-Ni-Al) mesh, and Ppy-coated steel (Ppy-St) mesh 
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as potential electrodes. The charge transfer resistance (Rct) values estimated from the 

diameter of the semicircle in the Nyquist plots a 2 2 for the Ppy-Ni-Al 

mesh, and Ppy-Steel mesh electrodes respectively. Also, the incline straight line in the lower 

frequency region of the Nyquist plots is shorter and steeper for the Ppy-Ni-Al mesh compared 

to that of the Ppy-Steel mesh. This indicates rapid ion diffusion from the electrolyte into the 

Ppy-Ni-Al mesh electrode, hence better capacitive characteristics complementing the 

obtained specific capacitance values [9] 

 

 

Figure S9.1. Nyquist plots of the Ppy- coated Ni- modified-aluminum (Ppy-Ni-Al) 
mesh, and Ppy-coated steel (Ppy-Steel) mesh electrodes. 
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Figure S9.2. Optical microscope images of a micro-rod from (a) a cleaned aluminum 
(Al) mesh, (b) a Ni modified- aluminum (Ni-Al) mesh, (c) Ppy coated-Ni modified-

aluminum (Ppy-Ni-Al) mesh. 

 
The optical microscopy images of a micro rod of the aluminum mesh have been provided in 

Figure S9.2. The increase in diameter from the pristine rod from 166.53 µm to 181.82 µm 

after the surface medication with nickel coating confirms the presence of the nickel coating 

on the bare aluminum mesh. Similarly, the increase in diameter from 181.82 um to 194.92 
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µm after the polypyrrole electrodeposition confirms the presence of the polypyrrole 

coating. The optical microscope analysis complements the findings of the FTIR and EDX 

for the nickel-modified polypyrrole-coated aluminum mesh. 

 
 



 
 

 

CHAPTER 10: GENERAL CONCLUSIONS AND FUTURE 

RECOMMENDATIONS 

 

10.1 Conclusions 

 

Supercapacitor energy storage devices offer a practical solution to the problem of 

intermittent energy supply and a way of storing renewable energy sources for future use. To 

improve the efficiency of supercapacitor energy storage devices, the fabrication of 

nanostructured electrode materials having high capacitance, long cycle stability, and 

reproducibility is crucial. Thus, the objectives of this research were to engineer 

nanostructured electrode materials for supercapacitor energy applications via the chemical 

precipitation and electrodeposition synthesis routes and validate their electrochemical 

performance. Based on the research findings, the following conclusions have been 

established: 

1. NiO and Co3O4 electrode materials were synthesized by a simple chemical precipitation 

route. The bonds of Ni-O and Co-O revealed by the AT-FTIR spectra confirmed the 

formation of the NiO and Co3O4 materials respectively. A complementary analysis by EDS 

showed the presence of elemental Ni, and O (for the NiO material), and O and Co (for the 

Co3O4 material). However, both electrodes performed poorly, with low specific capacitance 

values of 40 at 28 F/g and a specific current of 1 A/g. The poor performance was attributed 
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to the porous-free and agglomerated morphological features and the high mass loading of 

electrode materials.  

2. A carbon-free Ni-NiO nanocomposite thin film electrode material (composed of 

nanospherical features of size ~50 nm) was prepared on titanium (Ti) substrate by a novel 

combined cyclic voltammetry and pulse reverse electrodeposition technique. XRD analysis 

confirmed the formation of Ni and NiO phases. While the presence of elemental Ni and O 

were revealed by EDX analysis. The carbon-free Ni-NiO nanocomposite thin film electrode 

material presents great potential for long-term supercapacitor electrode application, as it 

exhibited very high specific capacitance of 2000 F/g (at a current density of 1 A/g) and  97.4 % 

long cycle stability. The excellent performance of the carbon-free Ni-NiO nanocomposite 

thin film electrode materials could be attributed to the combined effects of highly porous 

nanospherical active surfaces and increased Faradaic redox reaction. 

3. Co-Co3O4 nanocomposite thin film electrode materials were synthesized by optimizing the 

molar ratio of electrolyte precursor and the modes of the electrodeposition process. By 

optimizing the molar ratio of electrolyte solution (composed of cobalt acetate and cobalt 

chloride salt), Co-Co3O4 nanocomposite thin film electrode materials were fabricated on 

nickel foam substrates via a novel combined cyclic voltammetry and pulse reverse 

electrodeposition technique. The deposited films, showed variations in both surface 

morphology and microstructure of Co-Co3O4 materials, resulting in different electrochemical 

behaviors. The XRD spectra analysis revealed the formation of both Co and Co3O4 phases, 

as well as the variations in crystallinity. Furthermore, ATR-FTIR and EDX analyses 

confirmed the presence of Co3O4 absorption bands, and elemental O and Co, respectively. 

The specific capacitance values obtained were in the range of 460-2580 F/g at 1 A/g. 
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Furthermore, the capacitance retention values recorded were in the range of 60-90.5 % after 

500 cycles under a high current load of 20 A/g. It was observed that An optimized ratio of 

cobalt acetate: cobalt chloride (20:80)  exhibited the maximum specific capacitance of 2,580 

F/g (at 1 A/g) and capacitance retention of 90.5 % after 500 cycles (under a high current load 

of 20 A/g).  

4. Regarding optimization of electrodeposition mode, Co-Co3O4 nanocomposite electrode 

materials were deposited on nickel foam (NF) substrates in four different electrodeposition 

modes, namely, cyclic voltammetry (CV), a combination of cyclic voltammetry and 

potentiostatic (at 1.4 V (CV PS 1.4V)), combination cyclic voltammetry and potentiostatic 

at 1.0 V (CV PS +1.0V) and combination of cyclic voltammetry and pulse reverse potential 

(CV PRP). The presence of the phases of Co and Co3O4 for the four electrodeposition modes, 

as well as variations in crystallinity, were revealed by XRD studies. The capacitance values 

of Co-Co3O4 composite thin films obtained by CV, CV PS 1.4V, CV PS +1V, and CV PRP, 

respectively, were found to be 1661, 1400, 1866, 2580 F/g at an applied current load of 1 

A/g, while the capacitance retentions after 500 cycles (under a high current load of 20 A/g) 

were 85.8, 77.8, 87.1, and 90.5 %, respectively. Comparative analysis showed that electrode 

material deposited by the CV PRP process had high specific capacitance and 

charging/discharging cycle stability. 

6. To further enhance the electrochemical performance of the Co-Co3O4, Ag was incorporated 

in Co-Co3O4 (presenting superior capacitive behavior and cycle durability) to fabricate 

Ag/Co-Co3O4 nanocomposite thin film electrodes using the novel combined cyclic 

voltammetry and pulse reverse potential (CV PRP) modes of electrodeposition. The XRD 

studies revealed the phases of Co, Co3O4, and Ag. Furthermore, SEM analysis revealed a 
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porous nanoflakes network of the Ag/Co-Co3O4 features and increased specific surface area. 

The Ag/Co-Co3O4/NF electrode exhibited a high specific capacitance of 2800 F/g, 

outstanding specific energy of 140 Wh/kg, power of 294.9 W/kg, and capacitance retention 

of 82.6 %, after 1000 cycles. It was observed that the incorporated Ag particles improved the 

electrical conductivity, faster electron transport, as well as increased active sites for enhanced 

charge storage. 

7. A simple potentiostatic electrodeposition technique was used to synthesize polypyrrole 

coatings on nickel-modified aluminum mesh and steel mesh. The polypyrrole-coated nickel-

modified aluminum mesh electrode exhibited a specific capacitance of 91 F/g (at a specific 

current of 1 A/g), compared to 40 F/g, for the polypyrrole-coated steel mesh electrode. 

Furthermore, the conductivity of the polypyrrole-coated nickel-modified aluminum mesh 

2)) was superior to that of the 

polypyrrole- 2). Again, it was observed that 

the presence of the nickel coating, enhanced electrical conductivity, thereby facilitating fast 

electron transport during the redox reactions, thus increasing electrochemical performance.  

Overall, the electrode materials engineered via the novel combined CV and PRP 

electrodeposition modes technique, look promising as electrode materials for practical 

applications in a supercapacitor device. 
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10.2 Future recommendations 

 

In this research, an attempt has been made to fabricate nanostructured supercapacitor 

electrode materials. While remarkable achievements have been made, there are still 

opportunities for advancement. It is therefore suggested that future works should be focused 

on the following: 

1. As it has been proven that a large specific surface area and an optimum mass loading of 

electroactive material are critical for high specific capacitance and general electrochemical 

performance, future research can optimize the mass loading of active materials (NiO and 

Co3O4) produced by the chemical precipitation route. Furthermore, synthesis parameters such 

as temperature and time can be optimized to obtain morphological features that offer high 

specific surface areas for enhanced specific capacitance. 

2. Further studies need to be conducted to gain more insight into the electrochemical reactions 

during the electrodeposition process for a deeper comprehension of the nucleation and 

growth process of the metal-metal oxide composite. Again further optimization process can 

be carried out by varying the CV deposition cycles to obtain nanoscale features to further 

enhance the electrochemical performance of the metal-metal oxide composites. 

3. Fabrication and electrochemical assessment of a supercapacitor device with the high-

performing nanostructured electrode materials (Ni-NiO, Co-Co3O4, and Ag/Co3O4 ) to 

explore their practical applications presents another direction for future study. Furthermore, 

future research can explore widening the potential window of the engineered metal-metal 
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oxide electrodes by fabricating composite metal/metal oxide-carbon materials to improve the 

energy density. 

4. In-situ characterizing techniques can be explored to identify changes in morphology and 

structure to gain insight into factors that cause a reduction in capacitance during the extended 

cycling process.  

5. With the polypyrrole electrodes, future work can be focused on increasing the specific 

capacitance and cycle stability by incorporating metal oxide and carbon materials. 

6. Finally, future work can be directed at investigating further improvements on the 

engineered materials and their potential uses in the field of other energy storage applications 

such as electrochemical water splitting to produce hydrogen and oxygen gas for fuel cells. 
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