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ABSTRACT 

The rising energy demand, as well as growing concerns regarding rising levels 

of environmental pollution and global warming from the usage of fossil fuels, has 

sparked intense research efforts into exploring the potential of energy generation from 

alternative renewable and sustainable energy sources and its subsequent storage. 

Supercapacitor devices have been explored due to their high-power performance, long 

life cycle and low maintenance costs. In the first part of this thesis, we present a direct 

hydrothermal synthesis of hydroxide/oxide nanocomposites of nickel grown on reduced 

graphene oxide (rGO). The materials were employed as a high-performance active layer 

for advanced supercapacitors. Ni(OH)2/rGO and NiO/rGO nanocomposites 

demonstrated a high specific capacitance of 1255.12 and 636.84 F g-1 at 10 mV s-1 

obtained from CV curves while 1092.5 and 1070 F g-1 estimated from GCD at 1 A g-1, 

respectively. Subsequently, symmetric devices with a broad potential window of 1.4 V 

for both materials were also fabricated. Symmetric devices delivered the maximum 

specific capacitance of 115.71 and 80.28 F g-1 at 1 A g-1 with an energy density of 31. 

5 Wh Kg-1 and 22 Wh kg-1 at a power density of 1.4 kW kg-1 which indicates the high-

rate capability of the devices. The devices have maximum capacity retention of 81% 

and 93%, when tested for 1000 discharge cycles at 3 A g-1 showing high cycle stability. 

The superlative performance of nanocomposites can be of the synergistic effects they 

exhibit, demonstrating that they are appealing electrode materials for supercapacitor 

applications.  

In the second part of this thesis, we demonstrate a successful synthesis of heteroatom 

(N,S) co-doped TiO2 decorated with Ag nanoparticles using a direct combustion 

approach. These materials serve as a high-performance active layer for advanced 

battery-type supercapacitors. Among all the investigated materials, N,S co-doped TiO2 

nanoparticles and Ag/N,S co-doped TiO2 nanocomposite exhibited impressive specific 

capacitances of 360 and 480 F g-1 at a current density of 1 A g-1. Moreover, we 

employed Ag/N,S co-doped TiO2 nanocomposite as a symmetric supercapacitor from -

-1 to +1 V. The symmetric electrode demonstrated a capacitance of 183 F g-1 at 3 A g-

1 with an energy density of 105 Wh kg-1 at a power density of 6 kW kg-1. One of the 

most promising aspects of this study was the high cyclic stability of the device, with 

capacity retention of 80% when tested for 3000 discharge cycles at 3 A g-1. The 

improved electrochemical performance of the Ag decorated N,S co-doped TiO2 
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structure confirms the synergistic behaviour of each component in the nanocomposite. 

These results indicate the remarkable durability of the device. Additionally, the 

materials used in this work are environmentally friendly, making them attractive 

candidates for battery-type supercapacitors. 

The third part of this thesis reports a newly developed, surfactant-free and scalable 

methodology for the synthesis of spherical nanoparticles of Ni(OH)2 and NiO, 

employing the polar, aprotic solvent, Dimethylformamide (DMF). The methodology 

was extended to the synthesis of the hybrid nanomaterial Ni(OH)2-MnO2 and, with the 

addition of SDBS, MnO2 nanoparticles. The nanostructures obtained were evaluated 

for their ability to be used as electrochemical battery-type supercapacitors. Of all 

electrode materials investigated in three-electrode configuration, surfactant-free NiO 

and α-Ni(OH)2-MnO2 exhibit the highest values of 1450 F g-1 and 1604.75 F g-1 at 1 A 

g-1, respectively. Subsequently, symmetric devices were fabricated and tested from 0 to 

1 V for all synthesized materials, and their electrochemical performance was 

investigated. In symmetric devices where surfactant-free NiO and α-Ni(OH)2-MnO2 

were employed as the active layers and showed specific capacitance of 340 F g-1 and 

502 F g-1 at a current density of 1 A g-1 and energy densities of 47.21 Wh kg-1 and 69.72 

Wh kg-1 at a power density of 1 kW kg-1 respectively, clearly demonstrating the high 

capabilities of the symmetric devices. The devices have a maximum capacity retention 

of 65% and 72% after 5000 cycles at 3 A g-1 demonstrating their high cycle stability.   

In the final part of this research dissertation, we present the successful synthesis of V2O5 

nanoparticles, V2O5/GO, and V2O5/rGO using a newly developed colloidal method. 

The reaction parameters were carefully controlled using a single molecular precursor. 

The as-prepared V2O5 and its composites were evaluated for their potential in battery-

type supercapacitors. All the materials exhibited excellent specific capacitance 

performance in three-electrode configurations, with V2O5/rGO demonstrating the 

highest value of 1190 F g-1 at 1 A g-1. These results highlight the high-rate capability of 

the fabricated device. This impressive performance of the device opens up new 

possibilities for the use of the above-mentioned materials for state-of-the-art storage 

systems. Additionally, the materials used in this work are environmentally friendly, 

making them attractive candidates for battery-type supercapacitors. 
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1. Introduction                                                         Chapter # 1 

1.1. Energy Storage  

In the modern world, the demand for more energy looks to be rising steadily. 

Massive amounts of power are required by both industry and households. Meanwhile, 

the current energy production sources are simultaneously facing new problems.1-2 

Global efforts are aimed at regulating pollution levels, addressing the challenges of 

global warming by implementing strategies to decrease carbon dioxide emissions, and 

several nations have decided to dismantle current nuclear power plants instead of 

building new ones.3 Furthermore, there has been a substantial increase in the cost of 

traditional energy resources, need for a steady and unaltered supply of these sources, 

given the significant worldwide increase in energy usage. Therefore, development of 

new energy production methods is required. Many recent techniques are already in use 

in the commercial sector, while most of are now being developed, such as the intriguing 

nuclear fission power. On a global scale, the significance of alternative energy sources 

and other viable reservoirs is rising. These energy alternatives are wind and solar energy 

which rely on weather conditions or climate for their effective operation.4 There are 

certain obvious benefits of using these new energy sources over more traditional ones. 

However, they are presenting some new challenges. The output of conventional 

techniques is simple to modify in accordance with power requirements. On the other 

hand, the peak power outputs of the new energy sources may not match the necessary 

power levels since they are more directly capture the energy from the nature. Their 

power output may vary significantly over the periods of months or even yearly cycles. 

Additionally, the requirements may fluctuate on a weekly or annual basis. Therefore, 

the energy must be stored from these new sources to become dependable as main energy 

sources. Typically, energy from these sources needs to be stored during periods of high 

output and released during periods of low demand. Energy storage technologies are 

therefore a vital and necessary components of distributed generation units. Large 

amounts of energy must also be stored for other reasons. The distribution of storage 

may also assist the network withstand peaks in demand, depending on how it is 

distributed. Energy storage enables distribution and transmission to run at maximum 

efficiency, reducing the need for newer or better lines and raising plant productivity. 
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There is obviously energy storage is required, especially on a higher level than ever 

before. Conventional energy storage techniques, such the electrochemical cell, may not 

be suitable for industrial-scale systems, and their effectiveness may not be at its highest 

potential. In the meantime, numerous innovative and promising techniques are being 

developed. Some of them are brand-new concepts, while others are conventional ideas 

updated for use in contemporary energy storage. Some are more developed than others, 

but most can yet be improved.  

Here, the most significant energy storage technologies currently in use or development 

are discussed in detailed. It is obvious that the technology and underlying concepts for 

each storage method can differ greatly, thus the range of available energy storage 

products can be diversified significantly. This means that each approach can vary 

according to its own application for environment and energy storage scale. More 

precisely, one method of storing energy might be perfect for smooth out the yearly 

fluctuation while another might be appropriate to meet the short power requirements. 

Eventually, the comparison between the various methods is undertaken, in order to 

understand the fundamental difference of each methodology, where applicable.     

1.2. Batteries for Energy Storage 

Electric energy-based motors and generators first entered into human life during 

the second industrial revolution, and they have since dominated the secondary energy 

sources that keep human civilization alive. It is extremely difficult to store electric 

energy than production and consumption because does not have the similar properties 

as of fuel or coal and can only be achieved through efficient energy conversion. The 

invention of the batteries was prompted by the development and use of the power 

equipment’s. Batteries are stored energy because of faradaic reactions that takes place 

at anode and cathode.5 There is a variety of batteries available in the market depending 

on their chemical structure. Currently, three most common types of rechargeable 

batteries are being used in vehicles including lithium-ion, lead acid and nickel-metal 

hydride batteries.  

1.2.1 Lithium-Ion Batteries (LIBs) 

LIBs have been discovered in 1970s and got popularity in 1990s. LIBs 

demonstrated energy density of (>180 Wh kg-1) because of redox reactions.  LIBs show 
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very long charge/discharge time due to the ion diffusion kinetic process occurring at 

the electrode. Therefore, LIBs are frequently used in domestic gadgets such as laptops, 

smartphones, and many others that need more capacity as to resist the faster 

charge/discharge rate. LIBs are the stat of the art technology utilized in the automobiles 

because of their features e.g., low mass, high specific power and energy densities.6-9 

Moreover, LIBs are memory free with absence of any toxic materials like lead, 

mercury, and cadmium etc. LIBs are fabricated by many electrochemical cells which 

relate to each other into a module before making the battery pack. When compared to 

other battery types, biggest disadvantage of LIBs is their higher cost. According to the 

manufacturer, LiBs are fabricated of interconnected cells that have different lengths, 

widths, and heights as well as shapes e.g., pouch, prismatic, and cylindrical. The 

structure of the battery packs needs to be improved including the engineering and 

chemical components. The shape of the cell, module, and pack must be maintained in 

way that the overall weight and volume should be low with highest efficacy. To increase 

the current storage capacity of the LIBs, significant modification is required in the 

chemistry of the electrolyte and electrode.10 In the recent years, development in the 

durability of the electrolyte is a big challenge for the researchers. Modifications are 

necessary to the chemistries of batteries like Li-S, and metal-air for the bright future of 

the electric vehicles (EVs). Since the battery's performance limit is anticipated to be 

reached in 2030. advances in cell chemistry and technology are crucial. However, there 

has been a significant advancement seen in the energy density of the batteries.  

1.2.2 Lead-Acid Batteries 

Lead-acid batteries have been extensively employed in the household and 

commercial purposes due to their rechargeable electrochemical nature. The demands of 

the lead-acid batteries are increasing immensely because of many features including 

low cost, high energy efficiency (>80%).6 rapid response time, and extremely low 

discharge rates (up to 2% per month). On the other hand, the low energy density of 30–

50 Wh/kg,6 and low cycle life cycle life of up to 1500 cycles [18] are the disadvantages. 

Moreover, in the parallel fashion, the use of lead also has negative effects on the 

environment and human health.7, 11 

1.2.3 Nickel-Based Batteries 

There are four types of nickel-based batteries such as nickel-iron, nickel-

cadmium, nickel-metal hydride, and nickel-zinc.12 The positive electrode is nickel 

hydroxide, while the electrolyte is predominantly lithium hydroxide combined with an 
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aqueous potassium hydroxide solution. On contrary, cadmium hydroxide is used as 

negative electrolyte in nickel-cadmium type while an alloy of metl is being used in 

nickel-metal hydride type, and zinc hydroxide in the nickel-zinc.8 The energy densities 

for alkaline batteries from 50 Wh/kg to 95 Wh/kg, which higher than those of lead-acid 

batteries. nickel-cadmium batteries demonstrated very high operating and life cycle up 

to 10,000 cycles.6, 8, 12   

1.3. Hybrid Energy Storage Systems  

To overcome the problems associated with the single energy source in the 

electric vehicles, a dual-source hybrid energy storage systems (HESS) has been 

developed by combining the two energy sources. There are numerous advantages of 

HESS over single storage system, including the long life, storage capacity, low cost and 

volume etc.13 The basic motivation for the fabrication of these hybrid systems is to 

improve the overall power and energy density. Furthermore, a variety of dual source 

systems are discussed in the literature. Massive research focused on combining the 

battery and supercapacitors to improve the storage capacity of the HESS,14 although 

the other configurations have many advantages over it. As a result, combination of 

various storage technologies can benefit from each other's complementary properties. 

This combination has gained a massive attention because of its comparable operational 

concept, broad availability, and low starting cost.15  

1.4. Supercapacitors for Energy Storage  

The demands of energy on global scale have immensely increased while the 

resources of fossil fuels are depleting by the consistent emission of the greenhouse 

gases. 16-18 These issues can be resolved by using renewable energy sources such as 

solar, wind and hydropower.19-23  It is necessary to store electricity generated from the 

various sources effectively to meet the world energy demands.24-26 As a result, 

numerous storage technologies are being carefully examined in order to create cutting-

edge devices, as seen in the Ragone plot Figure 1.1.25, 27-33  
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Figure 1.1. Ragone plot.34 

These days, consumer electronics typically use lithium-ion batteries.30, 35  There are 

several health and safety issues are associated with batteries because of a number of 

resistive losses brought on by delayed charge transportation, such as significant heat 

generation and dendrite formation.36 Some well-publicized faults have been noticed in 

Tesla's electric automobiles and Boeing's Dreamliner jets. Supercapacitors may easily 

replace batteries since they can provide high power and fast charging while also having 

a long cycle life (>100000 cycles).37-40 Supercapacitors are gaining a huge interest in 

applications that need fast charging, very high cyclic stability, and power density. For 

instance, heavy-duty vehicles, hybrid truck and bus platforms, are all use 

supercapacitors.25 Supercapacitors, on the other hand, are still much less powerful than 

batteries and fuel cells but energy density (5 Wh kg-1) comparative to capacitors with 

solid phase electrolyte. Due to the limited global use of supercapacitors, significant 

research is underway to obtain high energy-storage capabilities in batteries. Therefore, 

a rational design is required to resolve the issues associated with the low energy 

densities in the supercapacitor devices.  

1.5. Brief History of Supercapacitors 

Historically, the development of the supercapacitor is based on the discovery of 

the storage mechanism. The first supercapacitor was invented in 1745 and 1746 by 

Ewald Georg von Kleist, a German priest, and Pieter van Musschenbroek, a Dutch 

scientist. The simplest "Leyden jar" design, as depicted in Figure 1.2, composed of two 

metal plates, water and conductive a chain. The static electricity was generated by the 
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rotation of the glass jar and energy stored at interface. This was first idea of the EDLCs 

until discovery of the battery in 1980.  

 

Figure ̀ 1.2. Historical background of supercapacitors. The images illustrate the various 

models.28   

In 1853, Von Helmholtz has fabricated the first electrical double-layer using colloidal 

suspensions and fully described the mechanism that how much a capacitor can store 

energy.  Gouy,62 Chapman, Stern, and Grahame were earlier electrochemists who 

proposed the contemporary concept of EDLC capacitance of electrode and electrolyte 

by end of 19th and start of the 20th century. In 1971, the Faradic process was used to 

produce a novel electrochemical capacitor based on RuO2 called pseudocapacitor.41 

The charge-storage mechanism of RuO2 based electrode’s is Faradaic in nature, and 

cyclic voltammogram (CV) profile is rectangular, demonstrating its characteristic 

capacitive behaviour. On the other hand, the development of the pseudocapacitor 

opened up new methodologies to bring advancement in the electrochemical capacitors. 

The Peninsula Research Institute (PRI) began work on the PRI Ultracapacitor project 

in the 1980s to produce RuO2 and tantalum oxide based pseudocapacitors. 

In order to provide high performance supercapacitors for electric and hybrid vehicles, 

the US Department of Energy (DOE) started funding supercapacitor research..42 As a 

result, Maxwell Technologies, Inc., and DOE signed a world-leading contract to 

develop high energy density supercapacitors. The aim of project was to assemble a 

state-of-the-art power system for hybrid vehicles. Until now, there are many different 
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types of supercapacitors that are currently available in the market. Each has unique 

properties and uses, such as providing backup energy storage for portable devices and 

heavy vehicles. The biggest producers of supercapacitors worldwide are CAP-XX 

(Australia), ELTON (Russia), Nippon Chemicon (Japan), and Nesscap (Korea).  

Since the beginning of this century, supercapacitor research has been a promising topic 

of interest for scientists due to the increasing demand of energy. Despite this, based on 

major developments in nanoscience and characteristic techniques, researchers have 

discovered many new physical and electrochemical processes for all kind of super 

capacitive systems. However, the charge storage mechanism of supercapacitors has 

remained unclear as of yet.  

1.6. Differences of Supercapacitors from Batteries 

The devices that use extremely quick Faradaic reactions to store energy are 

called supercapacitors. The faradaic processes occurred at the interface of electrode due 

to  the metal oxides, conductive polymers and extremely porous carbon are used. The 

charge storage mechanism in supercapacitors is identical to traditional capacitors, but 

the energy and power densities have been enhanced by a factor of 100000 even more 

than a typical capacitor. The performance of the device can be achieved by materials 

with thousand times greater areas, dielectric distances, and quick Faradaic reactions 

which can add extra pseudocapacitance. A single supercapacitor device may store 

thousands of Farads, far higher than micro and milli-Farads by a conventional capacitor. 

Supercapacitors also have the advantage of being able to discharge energy at a faster 

rate than current generation of the batteries. Despite their increased power density, 

supercapacitors have few other benefits over batteries i.e., high safety and long cycle 

stability. The most fundamental features that distinguishes supercapacitors from 

batteries is the linear voltage increase when charged or discharged at constant current,43 

as seen in Figure 1.3. 
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Figure 1.3. A comparative demonstration of conventional supercapacitor and Battery-

type: (a, b) CV profiles and (c, d) GCD profiles. ESR, equivalent series resistance.34  

 

In the case of an applied potential scan, the capacitance is independent of potential. 

Therefore, voltammogram behaviour of the supercapacitor remains rectangular shape. 

The batteries exhibit their own peaks with substantial Faradic current. When studying 

galvanostatic charge/discharge curves (GCD) batteries typically shows a flat plateau at 

a fixed voltage, but supercapacitors have a tilted form with a constant slope. 

Meanwhile, supercapacitors must be connected with the DC-DC convertor to control 

the out-put voltage, where a constant voltage required. The energy stored in the 

electrodes has a different definition and unit due to the difference in charge-storage 

mechanisms. The capacitance of a capacitive electrode calculated using equation (1). 

𝐶 =
∆𝑄

∆𝑈
                                    (1) 

ΔQ is stored charge and ΔU applied voltage. C is capacitance in Farad (F). Recently, a 

massive publication demonstrating the difference of electrochemical behaviour 

between both the energy storage devices (supercapacitors, batteries).44-45 However, 

EDLCs and pseudocapacitors storage systems are represented in the Figure 1.4. 
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Figure 1.4. Mechanistic illustration of (a) EDLC, (b-d) Various pseudocapacitance.44 

1.7. Electric Double Layer Capacitors (EDLCs) 
Generally, a double layer is often forms when an electrolyte is applied to a 

conductive electrode because charges accumulate at the electrode-electrolyte contact. 

The simplest commercially available supercapacitor is the EDLCs in which charge store 

due to the accumulation of the ions at electrode interface.28, 38, 46-50 EDLCs performance 

is significantly influenced by the unique surface properties of carbon materials being 

used for the fabrication of device. The capacitance of EDLCs determined by equation 

(2). 

𝐶 =
ε𝑟ε0

𝑑
𝐴                   (2) 

where A is the area of the materials, εr stands for the electrolyte permittivity, ε0, and d 

for separation between electrical double layers. 

EDLCs storage capacity can be increase by enhancing the surface area and the charge 

separation length of than a conventional capacitor. Numerous carbon base materials, 

among them are activated carbon, 51-53 carbon aerogels, to carbon nanomaterials, 54 

including carbon nanotubes, 55-62 and graphene, 58, 63-75 have all been used as electrode 

materials. The thickness of the device can be found by the size and concentration of 

ions, as well as solvent sphere, which ranges from 5-10 Å.  Carbon-base devices shows 

capacitance is in the range between 10 and 21 μ F cm-2 depending on the effectiveness 

of double-layer and permittivity of the medium. Thus, devices having high carbon 

surface area can have performance of 300-550 F g-1. However, inaccessibility of active 
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sites has reduced the capacitance of pure carbon based EDLCs up to 100-250 F g-1.28 

Therefore, commercially available EDLC electrode materials have an energy storage 

capacity of 3–10 Wh kg-1. However, D.C. Graham has labelled the double layers into 

three parts and given them the name, (1) inner Helmholtz plane (IHP), (2) outer 

Helmholtz (OHP), and (3) diffused layer, respectively. In some cases, the inner 

Helmholtz plane exist due to some specific ions at the electrode surface. While for outer 

Helmholtz plane, an ion should be surrounded by solvent through which the plane 

pass.76 The Helmholtz model, Gouy-Chapman model, and Stern model are three models 

that support the idea of double layer. The all models are described below.  

1.7.1. Helmholtz Model  

The distribution of opposing charge at the interface of the colloid particles was 

first represented by Helmholtz model in 1879, displayed in Figure 1.5(a). In this model, 

counter ions are neutralized by a separation ‘d’ which is known as the charge’s 

approximation. As a result, electrostatic forces of interactions have been developed 

within the surface and opposing ions present in the solution. On the other hand, the 

main disadvantage is that ions in the double layer are not stable and fluctuate due to 

thermal behaviour. Additionally, this model does not take into consideration the 

solvent/surface interaction, ion diffusion, and surface adsorption. Also, the surface 

charge potential is the rate at which counter-ions linearly dissipate to the surface of the 

electrode.77-78 

1.7.2. Gouy-Chapman Double-Layer Model 

In 1910, Gouy-Chapman model has been developed, which investigates the 

kinetic energy of ions based on the thickness of the diffuse layer. An essential factor in 

this theory is the concentration of ions, which follows the statistical principles of 

Maxwell distribution. However, Boltzmann law anticipates that the probability of a 

subsystem is always in equilibrium with a specific energy.  

The relation of number density and kinetic energy of the ions which used to bring them 

at a distance ‘r’ from the infinity at a given temperature can be expressed by equation 

(3). 

𝐧(𝐫) = 𝐍 𝐞𝐱𝐩⟮ −
𝐕(𝐫)

𝐓𝐊𝐛
⟯                     (3) 

The notation used here, n(r) for ion distribution, N represents the number density of the 

ions, V(r) for potential, Kb, and T are being used for Boltzmann constant and 

temperature, respectively. It is assumed that the ions are particular point charges that 
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exhibit forces of interactions but do not show polarizability, adsorption, and absence of 

IHP or OHP. Figure 1.5(b) illustrates the Gouy-Chapman model, which addresses the 

limitations of the Helmholtz model that involves the influence of thermal fluctuations. 

According to this model, the interface potential is established at double layer of 

electrode surface, which is a result of the existence of charged ions. These ions are 

surrounded by the same number of opposite charge ions that permeate through the 

electrolyte. However, the Gouy-Chapman model also has its own disadvantages, such 

as the assumption of point charges and inappropriate location of potential close to the 

electrode surface are incorrect.79 

1.7.3. Stern Model  

The Stern model was introduced in 1924 with some modification to explain the 

limitations of the Gouy-Chapman model, as shown in Figure 1.5(c). This modified new 

model integrates the aspects of both the models which clearly differentiate the two 

regions of the ion distribution. The first region, referred to as the Stern layer, and the 

second region, known as the diffuse layer, are identified in this model. Within the Stern 

layer, the electrode exhibits a strong adsorption of ions in a hydrated form. These 

adsorbed ions are categorized as particular adsorbed ions and non-particular adsorbed 

counter ions. Furthermore, these ions can be identified as IHP and OHP. The 

subsequent region, which is diffuse layer, follows the Gouy-Chapman model.28 

 

Figure 1.5. Graphical illustration of electrical double layer models. 
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1.8. Pseudocapacitors  

Pseudocapacitors store charge through Faradaic processes, which caused by the 

redox materials.  The mechanism of the redox reactions is related to transportation of 

electrons in the valence state of the electrode materials.44, 80-81 The first metal oxide 

substance to be investigated and show pseudocapacitive behaviour was ruthenium 

dioxide (RuO2). However, the charge transfer phenomena happened in RuO2 

demonstrated the Faradaic reactions while the CV shapes are rectangular, which 

represents the capacitive nature of the material.44 Generally, the materials store charge 

through Faradaic reactions across the double layer are referred to as pseudocapacitive 

materials.44, 82 The capacitance is calculated through the relationship between the 

charge extent (Q) and potential change (ΔU), caused by the Faradaic reactions. One of 

the main factors that affects the pseudo capacitance is the active sites, which are located 

at a distance of ≪(2Dt)1/2 the metal oxide surface, The D represents the diffusion 

coefficient (cm2 s-1) while t is being used for diffusion time (s). Pseudocapacitive based 

systems displays an electrochemical behaviour that exhibits in between the double-

layers as well as in solid-state which controlled by redox process in battery-type 

materials. However, various redox reactions are appeared due to the electrochemical 

capacitive phenomena as displayed in the Figure 1.4(b-d).44, 83  

1) underpotential deposition, where ions are deposited at the interface of the metal-

electrolyte and potential is positive with respective to reversible potential such as H+ 

on Pt or Pd2+ on Au metal. 2) redox potential, the reduced materials are 

electrochemically absorbed on the surface of oxidized materials in the faradaic 

processes such as RuO2 
84-87 or MnO2 

88-90 and conducting polymers etc).54, 91-93 3) 

intercalation pseudocapacitance, in which ions diffusion or intercalation occurred into 

the redox-active species without phase change in the materials and very close to EDLs 

e.g., Nb2O5.
94-98  

Typically, hydrogen is deposited onto the surface of Pt, Rh, and Ir metals and carried 

out by underpotential deposition while in a parallel way metal cation are 

electrodeposited at less negative potential rather than the reduction potential of the 

cations. The phenomenon is explained by equation (4).  

M + xCz+ + xze- ↔ C.M        (4) 

The C represents the H or Pd which are absorbed atoms while M are the catalytic metals, 

x is for adsorbed atoms, and z for electrons transferred during the reaction.99 However, 
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the applied potential must be lower than the redox potential of the cation. For instance, 

during the underpotential deposition, potential must be positive with respect to 

reversible electrode potential. Therefore, an extremely high value specific capacitance 

is possible. The ability to reverse the kinetics of charging and discharging is crucial in 

achieving an optimal power density for electrode materials. While, in underpotential 

deposition technique, the typical working potential window range is 0.3-0.6 V, and 

capacitive parameters are extremely dependent on the potential window. But the energy 

density values are very low comparative to few other pseudocapacitive configuration. 

In pseudocapacitive materials, the electron transfer during a redox reaction As seen in 

equation 4, these reactions can be explained as electrochemical cation adsorption on the 

surface of the oxidised species in conjunction with rapid and reversible electron transfer 

at interface by equation (5).   

Ox + zC+ + ze- ↔ RedCz            (5) 

The C stands for electrolyte cations and z transferred electron. The maximum 

capacitance that can be achieve by these redox pseudocapacitive devices is approx. 

∼5000 F cm-3, which is completely depends upon the reactant ions and active site 

available for reactions. This value of the capacitance is substantially much greater than 

the 825 F cm-3 that is highest theoretical value of capacitance achieved by a EDLC from 

a surface area of 1 cm3 carbon.100 The diffusion of the ions into the crystalline layers 

the materials also cause pseudocapacitance as displayed by equation (6). 

MAy + xLi+ + Xe- ↔ LixMAy         (6) 

The MAy is the material e.g., Nb2O5 
97, 100 with layered structure and intercalation of 

the ions takes place in the layers. Where, x is the number of the electrons. However, to 

keep the electric neutrality into the structure of the host material, the intercalation 

occurs to the valence of the metal. When a cation is intercalated in pseudocapacitor, a 

particular term is being used to describe the electrochemical behaviour "translational" 

between supercapacitors and Li-ion batteries.97 The main differentiation between these 

processes lies in the fact that pseudocapacitive intercalation exhibits certain capacitor-

like characteristics. Conversely, battery-type materials display restricted ion diffusion, 

leading to their low power density.  

The charge-storage phenomena in intrinsic pseudocapacitance did not depend on 

morphology and particle sizes. On contrary, when the particle sizes are reduced to 
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nanosized, battery-type materials showed the pseudocapacitive behaviour due to ion 

diffusion-controlled properties.44 These materials are regarded as extrinsic 

pseudocapacitive substances. The total charge store by ion intercalation process can be 

divided into three components: (1) contribution from the Faradaic reaction because of 

solid-state diffusion of ions, (2) from the surface ion diffusion dynamics known as 

pseudocapacitance, (3) contribution from the electrostatic charges which can be due to 

the adsorption and desorption of ions.101 As a result, it is essential to differentiate 

between the charges that are stored due to capacitive and intercalation of Li-ions. 

Despite the fact that the mechanism is Faradaic in behaviour in pseudocapacitor while 

capacitive properties are direct relied on working potential window in charge-storage 

are crucial kinetic features that separate the pseudocapacitve materials from the battery-

type. The charge-storage mechanism in pseudocapacitive can be differentiate from the 

battery-type materials, by investigating the CV at low scan rate depend on the current 

response which ultimately gave comprehensive understanding of the charge-storage 

process as can be seen from equation (7).102 

𝑖 = 𝑎𝑣𝑏                       (7) 

The 𝑖 is the current response at scan rate 𝑣, while a and b are constants.  

The ion intercalation mechanism has been strictly constrained in battery-type materials. 

As a results, it is anticipated that the relation between voltametric current, 𝑖, and scan 

rate can be described as equation (8).102-103  

𝑖 = 𝑛𝐹𝐴𝐶. 𝐷1/2𝑣1/2[
𝛼𝑛𝑎𝐹

𝑅𝑇
]1/2𝜋1/2𝜒(𝑏𝑡)         (8) 

On comparing the equation 7 and 8, when 𝑏 = 1/2, Cottrell’s equation will confirmed 

as equation (9). 

𝑖 = 𝑎𝑣1/2                         (9) 

Thus, current response anticipated that the charge-storage in bulk battery-type materials 

is diffusion-controlled. On the other hand, capacitive current is linearly relied on the 

scan rate, when 𝑏 = 1.0,  with the following equation (10).67  

𝑖 = 𝑣𝐷𝑑𝐴                      (10) 

Where 𝐷𝑑 represents the capacitance and charge-storage can be recognised as capacitor 

like. Wang et al. has used this approach to explain the capacitive contribution from the 

TiO2.
101 Figure 1.6(a) displayed the estimated b values from the CV profiles of the 
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TiO2 thin film. Also, the equation 7 is being used to derive the log(i) = log(a) + b log(v), 

so that the b values at various potential can calculated from the slope of log(i) vs log(v), 

as can be seen from the inset of the Figure. 1.6(a). The b obtained is approx. 0.55 at 

1.70 V, denotes that the primary source of current will be driven from the intercalation 

of ions. However, the b values fluctuate between 0.8 and 1.0, demonstrating that ion 

intercalation pseudocapacitive processes are primarily responsible for charge storage. 

According to earlier research and CV analysis, it was found that current at fixed 

potential, is the combination of surface and diffusion-controlled or intercalation.104 

Therefore, it is possible to divide the voltametric current. i, into two halves according 

to the equation (11). 

𝑖(𝑉) = 𝑘1𝜐 + 𝑘2𝜐
1

2                                 (11) 

On rearranging the equation (12). 

𝑖(𝑉)

𝑣1/2 =  𝑘1𝑣1/2 +  𝑘2                            (12) 

 

k1v and k2v
1/2, refer to current contribution from capacitive and diffusion phenomenon, 

that is the intercalation/de-intercalation of the ions. K1 and k2 calculated form slope and 

intercept line that results from a plot of i(V)/υ½ vs υ½ at various potentials and various 

scan rates from CV curves Figure 1.6(b). Moreover, potential range in this situation is 

from 1.6 and 2.0 V, where the redox reactions can be completely covers.  

The area under CV curve shown by gray colour demonstrates the contribution from the 

capacitive current as seen from Figure 1.6(c). On the other hand, Figure 6d represents 

the contribution from the capacitive current are 55%, 35%, and 15% for 7, 10, and 30 

nm fabricated TiO2 devices. It is evident that decrease in size contribute more to the 

capacitive charge than having larger particle sizes. The all pseudocapacitve process 

presented in the (Figure 1.4b-d) are purely due to the different electrochemical 

mechanisms. Although, the electrochemical features are identical between voltage and 

fractional coverage (X) of the ions which reacted at electrode surface during the charge-

discharge phenomenon.44 Pseudocapacitive mechanism could arises only on the 

surfaces which are 10-100 times bigger than the EDLC processes. Consequently, huge 

research efforts have been devoted by using pseudocapacitve materials to assemble 

asymmetric supercapacitor devices that may be redox or pseudocapacitive in nature. It 

is important to remember that these descriptions are only appropriate for a single 
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electrode. It is difficult to differentiate whether a Faradaic electrode is a part of a 

battery-type or a pseudocapacitive process when integrated with a capacitive material. 

When a battery-type and capacitive electrodes are coupled with each other, the shape 

of the CV profiles may still be rectangular.  

 

Figure 1.6. Electrochemical anergy storage system dependence on materials sizes. (a) 

The b is evaluated for TiO2 nanoparticles from CV at various potentials, (b) Plots of 

(i/v1/2) vs (v1/2), (c) CV profiles of different electrodes at constant scan rate, (d) 

Diffusion and surface contribution of different size TiO2 nanoparticles-based 

electrodes.105 
 

1.9. Electrolytes 

Three common categories of electrolytes employed in supercapacitors are 

aqueous, organic, and ionic liquids (ILs). The potential window within which 

supercapacitors function effectively has been determined based on electrolyte. The 

electrolyte conductivity and stability are significantly impacted the rate capability and 

cyclic stability of electrode. Moreover, aqueous electrolyte is categorised into acidic 

(H2SO4), alkaline (NaOH), and neutrals (Na2SO4). The main advantages of the aqueous 

electrolyte compared to others is their high conductivity, inexpensive, easy availability, 

and non-flammable. The aqueous electrolytic ions are superiors place in the 

electrochemical devices. Supercapacitors show a higher specific capacitance when an 

aqueous electrolyte is used. However, there are still some limitations with the voltage 
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range of water because of the thermodynamic stability window and durability 

throughout the long-term cell operation. Therefore, additional measures must be 

required for the selection of the current collector to keep away from corrosion during 

the choice of the alkali or acidic electrolyte.  

Aqueous electrolyte is suitable for high power and large-scale energy-storage devices 

due to low voltage windows which can offer limited capability to get higher energy 

densities. The current research has shown that the neutral electrolyte can demonstrate a 

broad working window range from 1.6 to 1.9 V, which is almost higher than the 

decomposition voltage of water, 1.23 V.106-111  This high voltage results from the OH-

ion production potential and hydrogen evolution overpotential that occur when an 

aqueous electrolyte is used. When the pH is increased, the potential obviously shifts 

towards lower values clearly be seen by the Nernst equation (Ered = -0.059 pH). ILs-

based supercapacitors have recently been widely available in the market due to their 

wide working potential windows compared to aqueous electrolytes (often in the range 

2.5-2.8).112-115 The wide potential window has a substantial impact on the enhancement 

of the energy density. Nonaqueous supercapacitors also have the advantage of having 

a high output voltage in energy storage applications. Moreover, a very high intrinsic 

cell voltage causes the reduction of the devices required to be aligned in the series. On 

the other hand, the stable operating potential window of nonaqueous electrolytes is 

influenced by a variety of factors, including e.g., solvents, conducting salts and 

impurities, especially the presence of trace water being the most important. 

In organic electrolytes, the two most commonly used solvents are acetonitrile (ACN) 

as well as propylene carbonate (PC). ACN is preferred organic solvent for the 

researchers because it has a better ability to dissolve the electrolyte salts and has a 

higher conductivity than other solvents. Unfortunately, the usage of ACN is constrained 

due to the fact that it is not environmentally friendly and has proved to be hazardous 

during the battery manufacturing. However, the PC has a number of advantages over 

ACN including being considerably friendlier and having a lager stable potential 

window. As a result, strict requirements are made for the selection of organic 

electrolytes to maintains the level of moisture below 3-5 ppm to avoid the serious 

performance damages and health issues.116 However, an ionic liquid is salt that has 

specific melting point at a given temperature. ILs have a low ionic conductivity than 

that of other electrolytes but still it can be obtained an acceptable value of ∼10 mScm-

1 and potential window of from 2 to 6 V, particularly 4.5 V. The above-mentioned 
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characteristics of the ILs make them an ideal choice for electrolyte in supercapacitors. 

The absence of a solvation shell in IL anticipated that it’s a solvent free electrolyte 

system. Hence, ILs can provide a homogeneous ion size for ion dynamic analyses and 

EDLCs storage mechanism studies.  

Researchers continue to have various inquiries that need to be considered into account 

using organic or ILs electrolytes for supercapacitors. Organic electrolytes and ILs can 

be distinguished from the aqueous electrolytes that they have a lower conductivity and 

a higher viscosity, which resists the diffusion of the ions. The nonaqueous electrolyte 

shows lower ionic conductivity than aqueous one order of the magnitudes, which results 

higher internal resistance in supercapacitors. Therefore, specific capacitance of the 

supercapacitors cannot surpass 200 F g-1 and lead to extremely low power density. 

These supercapacitors are commonly deteriorated due to the high cost and toxicity of 

the ILs.116 The stability of the electrolyte and electrode is significantly influenced by 

the applied voltage. Electrode material oxidation and electrolyte decomposition are 

possible if the applied voltage exceeds the stable potential window. This phenomenon 

may cause the aging of the electrode components such as electrolyte and active 

material. In order to avoid such issues, an organic electrolyte extra purification and inert 

atmosphere to control the contamination from oxygen and moisture so that 

supercapacitor device can function normally.  

1.10. Probing of Thermodynamic and Kinetic for Pseudocapacitive 

Materials 

It is important to investigate the correlation between potential and charge 

generated because of adsorption/desorption mechanisms by equation (13).44, 117 

𝐸 ≈ 𝐸° −
𝑅𝑇

𝑛𝐹
ln [

𝑋

1−𝑋
]               (13) 

All parameters and constants are in accordance with their conventional definitions. 

Consequently, the potential of electrodes based on pseudocapacitive materials 

fluctuates during charge-discharge process. 

The capacitance can be evaluated at different potential, when  𝐸 and X are linear with 

each other, given by the equation (14).44 

𝐶 = [
𝑛𝐹

𝑚
]

𝑋

𝐸
                                 (14) 

In this, m is mass and C can be evaluated from this relation when X is taken to be 1.  
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The kinetic and thermodynamics of the electrode are equally crucial for the 

comprehensive study of potential window and electrochemical performance of the 

pseudocapacitor. As the pseudocapacitance and battery type materials show similar 

redox reactions, various kinetic processes must be accounted for that cause polarization 

in battery-type materials as well as in pseudocapacitive materials. During the 

investigation of supercapacitor electrodes, distinct polarization mechanisms have been 

observed:117 These polarization phenomena certainly lead to the development of a 

passivation layer at the interface. Therefore, this passivation layer significantly 

impacted the specific capacitance and potential window.   

Moreover, it's important to note that the crystal structure of materials utilized in 

electrochemical investigations and the properties of the electrolyte (such as pH or ion 

composition) exert a significant influence on the working potential window. 

Particularly, porous materials with substantial surface area, despite being capable of 

Faradaic processes, may not exhibit the maximum theoretical capacitance. It is widely 

acknowledged that carbon-based materials display an approximate 1-5% 

pseudocapacitance, often attributed to the Faradaic reactivity of oxygen functional 

groups. Similarly, pseudocapacitors display characteristics of both electrical double-

layer capacitors (EDLCs) and pseudocapacitance, with about 5-10% of their active 

interfacial area demonstrating EDLC-like behaviour. As a result, the overall 

capacitance of supercapacitor materials arises from the combined contribution of both 

components, EDLCs and pseudocapacitance. 

1.11. Transition Metal Oxides for Supercapacitors 

Transition metal oxides have gained a massive interest for storage technologies 

due their sufficient reserves, eco-friendly nature, easy availability, and many other 

promising properties. Notably, diverse variety of constituents and morphologies, high 

surface to volume ratio, and elevated specific capacitance make them appealing 

materials.37, 118-119 Also, they can significantly enhance the capacitance by manipulating 

and controlling their defects and interfaces at the nanoscale level.120-121 Although there 

has been progress in enhancing their energy density, these materials still face several 

challenges to their practical use. These challenges include limited electrical 

conductivity, uncontrolled expansion in volume, and slow ion diffusion within the bulk 

phase.122-125 The rational design of the metal oxide regarding their composition, 

fabrication of innovative materials, and enhancement in their electrical conductivity 
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and oxygen vacancies, has greatly improved the physical and chemical properties of 

these materials. These advancements have positively affected their electrical 

conductivity, specific surface area, electroactive sites, and chemical stability. 

Furthermore, the metal oxide materials exhibit desirable electroactive sites, along with 

exceptional chemical and high-thermal stabilities, ensuring their ability to deliver high 

pseudo-capacitive performance and cyclic stability. 

Due to the above-mentioned distinctive properties, the utilization of metal oxides has 

revolutionized pseudo-supercapacitors and progressive improvement in the energy 

density at the battery level while preserving the power delivering capabilities of 

conventional supercapacitors effectively bridges the gap between batteries and 

capacitors. To overcome the shortcoming of the bulk metal oxide materials, which have 

lower specific surface area and capacitive performance, there is a rising trend towards 

the prototype design and manufacturing of porous nanostructures and carbon materials-

based energy-storage devices. Therefore, this comprehensive thesis focuses on the 

recent advancements in metal oxide-based supercapacitors, emphasizing their 

significance in the development of high-energy-density supercapacitors. The 

fundamentals of the metal oxide materials and the advancements made in the various 

types of the supercapacitor devices have been extensively reported. Therefore, recent 

literature review can provide a valuable insight into this field and future advancement 

of supercapacitors. The extensively investigated metal oxides for supercapacitors are 

thoroughly explained here.     

1.11.1. RuO2-Based Supercapacitors 

RuO2 has been extensively studied as a material for supercapacitor electrodes 

owing to its remarkable properties. These include an elevated voltage range of up to 1.2 

V, capability for redox reactions, ability to exist in various oxidation states, exceptional 

specific capacitance, high conductivity, excellent thermal stability, extended cycle life, 

metallic conductivity, and impressive capacity to handle high charge/discharge 

rates.126-127 The RuO2 electrodes in which the redox pseudocapacitive mechanism can 

occur, the contribution from the double-layer charging is very minute, around 10%. 

 Moreover, RuO2 exhibits pseudocapacitive behaviour in both acidic and alkaline 

electrolytes, including a variety of distinct redox processes that are sensitive to 

crystalline forms. For instance, amorphous RuO2 have a maximum capacitance of 720 

F g-1 in H2SO4 electrolyte,128 while the crystalline form shows a highest capacitance of 
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710 F g-1 in KOH electrolyte when annealed at 200°C.129 The reason for the higher 

value of capacitance in the acidic medium is due to the fast reversible transfer of the 

electron by the adsorption of proton on the surface of the RuO2 nanoparticles, where 

the conversion of Ru(II) to (IV) takes place as in equation (15). 130-131 

RuO2 + xH+ + xe-1 ↔ 2 RuO2-x(OH)x                       (15) 

The oxidation state of RuO2 in alkaline solution is completely different. It is anticipated 

that when the composite of the ruthenium is charged, it will oxidize to RuO4
2-, RuO4

-, 

and RuO4, and conversely get to reduce to RuO2, when it is discharged.132 The 

performance of RuO2-based electrodes not only depend on types of electrolytes, but 

other factors play a crucial role. The pseudocapacitive nature of the RuO2 generally 

arises from the redox reactions occurred at the surface. For this, the large the surface 

area, the maximum metal sites will be available for redox reactions and the specific will 

be higher then. Therefore, the increase in the surface is effective to enhance the specific 

capacitance.128  Hence, many attempts have been made, among them the deposition of 

RuO2 on a substrate material with a high surface area to make thin film supercapacitor 

electrodes. These thin films exhibit many micropores for diffusion of ions.133-135 For 

instance, electrodeposition of the ruthenium oxide on titanium substrates shows 

reversible reactions, and superlative power density. The specific capacitance for the 

thin films reported 786 F g-1.134 Moreover, the nanoparticles of the metal prepared by 

polyol method and homogeneously distributed on carbon surface, results 914 F g-1.136 

nontubular arrayed electrode was also demonstrate a performance of 1300 F g-1, when 

hydrous ruthenium oxide being incorporated.86  

The amount of water present with the ruthenium oxide mainly depends on the synthesis 

conditions and electrocatalytically formed ruthenium oxide has more hydroxide states 

which cause additional redox reactions on the surface. Typically, a product dried at 

room temperature also contains some water content, however the dihydrate and 

trihydrate can also be achieved changing the conditions.137 Another factor that causes 

the reduction of capacitance is the annealing at higher temperature can result in the 

evaporation of water molecules.138-139 Reduced diffusion path lengths and enhanced 

proton transport within the bulk of RuO2 are supported by the utilization of smaller 

particle sizes.140 Among various electrode structures, porous materials exhibit notable 

benefits, particularly when the pores exhibit a high degree of organization. This well-

ordered pore structure help the diffusion of electrolyte ions into the electrodes, thereby 
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expediting redox reactions within pseudocapacitive electrodes.141 RuO2 electrodes is 

significantly influenced by the choice of electrolyte, a critical factor in studying 

supercapacitor performance. RuO2 oxide shows electrical-double layer capacitive 

behaviour in some electrodes ‘‘however’’ in others, it displays pseudocapacitive nature 

that depended on the loading content of the RuO2. For instance, capacitance is highly 

influenced the concentration of KOH is higher than 0.5 M, capacitance increase 

otherwise decreases. So, the electrolyte concentration should not change in both the 

Faradaic and non-Faradaic reactions. 

Furthermore, ruthenium is an expensive metal, and some efforts are being employed to 

combine it with other low-cost materials to reduce the cost for electrochemical 

applications. For example, the SnO2-RuO2 system was developed using a wet 

precipitate method to obtain capacitance of 710 Fg-1.129 Takasu et al. has fabricated a 

system of RuO2 (33%)–VO2 (67%)/Ti is much higher than RuO2/Ti electrode.142 The 

incorporation of vanadium not only increases the working potential window but also 

stability.143 Hwang et al. have produced a positive electrode using laser-scribed 

graphene (LSG) combined with RuO2 for an asymmetric device, while the negative 

electrode is composed of activated carbon. The images Figure 1.7(a) and 1.7(b), 

showed the successful growth of RuO2 nanoparticles on graphene flakes. The use of 

graphene helped to avoid the agglomeration of RuO2 nanoparticles as well as enable 

the transportation of the electron. The LSG/RuO2 electrode shown pseudocapacitive 

features and store energy due to the quick redox reaction that occurred at the interface 

of the electrode-electrolyte. The capacity achieved by this fabricated device is 1139 F 

g-1. The structural representation of the asymmetric device is shown in Figure 1.7(d). 

However, the CV profiles of positive and negative electrode are displayed in Figure 

1.7(e). Also, the optimized asymmetric cell demonstrates a rectangular and capacitive 

CV profile with a window of 1.8 V as seen in Figure 1.7(f). 
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Figure 1.7. (a, b) SEM and TEM micrographs of LSG/RuO2 system, (c) Graphical 

illustration of LSG/RuO2 showing the diffusion phenomenon, (d) Asymmetric 

electrode fabrication of supercapacitor, (e) CV profiles of both electrodes, (f) CV 

profiles of device in wide potential window 1.0 to 2.0 V.144     

 

1.11.2. MnO2-Based Supercapacitors 

Recently, MnO2 has been deemed to be the most attractive electrode material 

after ruthenium oxide due to less expensive, easy availability, and highest theoretical 

capacitance.145-147 MnO2 can exist in a variable oxidation states like other transition 

metal oxide (MnO, Mn3O4, Mn2O3, MnO2), and have various crystals forms. Due to a 

diverse range of crystal structures, structural defects, porosity, morphology, and surface 

features can make MnO2 an ideal material for electrochemical applications. On the 

basis of these structural parameters, lots of research has been devoted to modifying the 

synthesis of MnO2 with desire morphology, crystal phase, and defect chemistry to 

enhance the performance of the supercapacitors.148-155 The electrical conductivity of 

thick MnO2 is lower than that of planar system due to less mass loading. For this reason, 

loading and incorporation of other transition metals into MnO2 proved an obvious 

chemical strategy to improve the conductivity and storage capacity. Therefore, MnO2 

based electrode materials can be modified to elevate the performance by the deposition 

of Ni, Cu, Fe, V, Co, Mo, Ru,138 and doping of the impurity metal Al, Sn, and Pb.156 

The chemical modification had major impact on the enhancement of the parameters 
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such as rate capability and capacitance. Using porous and highly conductive materials 

as substrate can improve the electrical conductivity of the MnO2. The frequently used 

substrate materials could be carbon nanofoam, porous carbon, graphene, and nanotube 

assemblies. Among these hybrid systems, the carbon-based substrates are preferred 

because they provide continuous pathways for ions into the oxide materials.157 

Therefore, many ways have been used to integrate porous carbon with MnO2 e.g., 

physical mixing,158 thermal deposition,159 chemical deposition,160 and electrochemical 

deposition.161 Instead of poor electrical conductivity, a number of other mechanical 

issues for instance low structural stability, flexibility, and dissolution of electrode active 

material exist for MnO2 causing long term cyclability. To overcome the 

electrochemical dissolution, a growth phenomenon based on electro-polymerization of 

o-phenylenediamine has been designed.162 In this process, the polymer coherently coats 

the nanoscale oxide and acts as a barrier for the electrolyte, which consequently protects 

the underlying MnO2 nanoarchitecture from chemical dissolution.163 Numerous efforts 

have been attempted to make MnO2-polymer composites and their derivatives for 

supercapacitor electrodes with different morphologies.164 The electrochemical 

parameters of the MnO2-polymer composite system for supercapacitors were improved 

because of conductivity, stability, and mechanical strength of the used polymers.164 The 

supercapacitor's electrodes based on MnO2 nanostructures can be fabricated using a 

single component or assembled with the porous carbon and conductive polymers, 

creating new opportunities for the development of advanced supercapacitors. 

Jiang et al. developed an aqueous-based MnO2 system composed of 2-3 nm 

nanoflowers having high surface area ∼213 m2 g-1 and pore size ∼3.6 nm which was 

examined by Brunauer–Emmett–Teller (BET) technique.165 Due to the porous nature 

of a prepared system and enough space available for smooth movement of the 

electrolyte ions. In recent times, Shi et al. prepared 2D MnO2 nanosheets having ∼2 nm 

thickness by a newly developed template based synthetic protocol.166 The as-prepared 

MnO2 nanosheets and its composite with graphene showed an excellent retention of 

90% even over 10000 cycles in aqueous electrolyte. Furthermore, Gao et al. designed 

a unique architecture in which MnO2 nanoplates were vertically electrodeposited onto 

nickel foam to enhance the capacitance.167 In Figure 1.8(a), the process of fabricating 

the asymmetric supercapacitor is depicted. Here, the positive electrode is formed by 

depositing MnO2 on Ni foam, while the negative electrode consists of graphene 

hydrogel. The operational potential windows for these electrodes are 0-1.0 V and -1.0-
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0 V, as illustrated in Figure 1.8(b). As described, the electrode showed very high 

energy density 23.2 Whkg-1 and cyclic reversibility in a 2.0 V as seen in Figure 1.8(c). 

 

Figure 1.8. (a) Graphical demonstration of graphene hydrogel/MnO2 based electrode, 

(b) Comparative CV profiles of graphene hydrogel and MnO2 in three-electrode 

configuration, (c) CV profiles of graphene hydrogel/MnO2 asymmetric device.168 

1.11.3. NiO-Based Supercapacitors 

Presently, NiO is considered to be an appealing candidate due to its natural 

abundance, excellent thermal and chemical stability as well as pseudocapacitive 

behavior.169-170 Generally, an oxide material must have the properties for its use in the 

supercapacitor application e.g., electrically conductive, various oxidation states of the 

metal, large surface area, and electrolyte ions can intercalate and de-intercalate easily 

into the crystal structure. The performance of the NiO is usually determined by their 

redox reactions that occur in the alkaline electrolyte. The main reactions that can be 

possible for the formation of NiO: the first is that the conversion of NiO and NiOOH, 

while the second is that NiO converted to Ni(OH)2 before the reaction between Ni(OH)2 

and NiOOH.171-175 However, both the possibilities are given by equation 16 and 17. 

NiO + OH- ↔ NiOOH + e-                      (16) 

NiO +H2O
 ↔ NiOOH + H+ + e-            (17) 

Furthermore, both the reactions elaborate the origin of the oxidation reactions for Ni+2 

to NiOOH by removal of the electron. However, the second possibility is more realistic, 
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in which combination of NiO with OH-1 ions occur in an alkaline electrolyte. Typically, 

in “pseudocapacitors” the surface characteristics are crucial in the charge-storage 

phenomenon.176 Device efficiency is mainly depends on the surface properties, and 

therefore researcher are keenly focused to bring improvements in the synthetic 

techniques and morphological study of the NiO. In this thesis, we have thoroughly 

studied the morphology, and electrochemical performance of different metal oxide by 

employing our newly developed synthetic protocols. Although a number of synthetic 

methods are being used to the synthesis of NiO, the selection of an uncomplicated and 

eco-friendly protocol is important, which will enhance the surface properties for 

supercapacitor applications.177-178 

1.11.4. V2O5-Based Supercapacitors 

Vanadium pentoxide (V2O5) is another effectual electrode material for 

supercapacitor owing a very high energy density and exhibit very high capacitance with 

more appropriate energy storage mechanism.179-181 V2O5 based nanomaterials are 

promising candidates due to their stable and layered structures, natural abundance, low 

cost, mixed oxidation sates, quick redox reaction, and broad working potential 

window.182 First, decreasing the size on to the nanoscale enhance the performance of 

the materials because of the lowering in the surface area which ultimately decrease the 

path length of the electron. Parallel to this, reduction in size create more sites and 

mitigate electrode material polarization. Second, electrically conductive materials can 

be added to V2O5 as they significantly enhance the electronic transport process. In order 

to examine the effectiveness of an amorphous V2O5, Lee et al. has applied the aqueous 

solution of KCl as electrolyte to obtain capacitance of 350 F g-1. They anticipated that 

the K+ ions are the reason for the Faradaic reactions that take place in amorphous 

V2O5.[144] V2O5 shows a unique electrochemical behaviour as it produced redox 

processes.[145]. 

Graphene is considered to replace conventional carbon matrixes due to its exceptional 

features. Hence, the nanocomposite of V2O5/graphene composites have numerously 

used for energy storage. Hydrous V2O5 also used to produce thin film by 

electrochemical deposition in which carbon nanotubes are used as substrate with 3D 

porous structure to evaluate the supercapacitance. Generally, V2O5/nanotubes thin film 

shows high capacitance at lower scan rate such as 10 mV/s, 910 F g-1 (LiClO4 in 

propylene carbonate). The very fine structure of the thin layer may be the reason of 

electrode's high specific capacitance.[146] Many reports anticipated that the structure 
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V2O5 plays a pivotal role to the enhancement of energy density e.g., bulk V2O5 shows 

a very lower value of energy density of 11.6 Wh kg-1 while a porous nanocomposite of 

V2O5 coated on carbon fibre deliver 45 Wh kg-1.183 The performance of V2O5 can 

enhance by an organic electrolyte of high potential window than aqueous electrolyte.181 

V2O5 nanowires/carbon nanotubes composite demonstrated 65.9 Wh kg-1 energy 

density at power density of 8.32 kW kg-1 in bis(trifluoromethanesulfonyl)imide 

(LiTFSI) electrolyte.  As for as our understanding, no study has yet been published a 

higher value than this and still efforts are being on going to the improvement of energy 

density for practical applications. Siddheswar Rudra et al. has fabricated a unique 

architecture of Au–V2O5–MnO2 which shows excellent specific capacitance 388 F g-1 

at 1 A g-1 and this elevated capacitance of the composite because of synergistic effect 

produced by ach component of the composite as shown in Figure 1.9. 

 

Figure 1.9. (a, b) As synthesized Au–V2O5–MnO2 nanoflower composites, (c, d) CV 

profiles of Au–V2O5–MnO2 and V2O5 with respect to potential at various current per 

gram, (e, f) GCD profiles Au–V2O5–MnO2 and V2O5. 

1.11.5. Ni(OH)2-Based Supercapacitors    

To date, there have been many electrode materials studied and synthesised for 

electrochemical supercapacitors up to this point. The earlier studies have demonstrated 

the suitability of conductive polymers, metal hydroxide/oxide, and carbon materials for 

supercapacitors. The extremely high specific capacitance, non-hazardous nature, low 

cost, and astonishing redox nature of Ni(OH)2.
10, 184-187 Ni(OH)2 exists in two distinct 
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forms, namely the α and β phases, with the β-phase being comprised of well-aligned 

layers of Ni(OH)2. The appearance of the α-Ni(OH)2 phase is attributed to the insertion 

of anions and water molecules between these layers. During charging process, α-

Ni(OH)2 undergoes a transformation into γ-NiOOH. Consequently, in studies of 

electrochemical activity, the α-Ni(OH)2/γ-NiOOH combination generates surplus of 

electrons compared to the β-Ni(OH)2/β-NiOOH pair. This behaviour, α-Ni(OH)2 

consistently demonstrates superior performance as an electrode material. 

Despite having several benefits, α-Ni(OH)2 synthesis remains an important challenge 

because of its unstable nature and easy conversion to β-phase. The redox reactions in 

supercapacitors occur at the interface of the electrode components, for this reason the 

3D hierarchical structure usually have less diffusion path length for electrons and ions, 

which delivered higher specific capacitance. As the redox reactions in supercapacitors 

are very fast cause the rapid transfer of electrolyte proton in the pores. As a result, these 

active materials are appealing candidates for electrochemical utilizations. Additionally, 

the combination of various materials with Ni(OH)2  has been tried to bring 

progressiveness with reference to improving the supercapacitor performance. Graphene 

is an ideal 2D material and usually employed as a substrate for active materials with 

unique properties e.g., high surface area, excellent stability, amazing mechanical 

strength.173, 188-189 Many researchers have reported the various systems with potential 

super capacitive behaviour.  Yang et al.190 has grown the α-Ni(OH)2 at graphene with 

channel-like porous structure, representing a remarkable performance of 1760.72 F g-1. 

Zhang et al.191 has also assembled a 3D α-Ni(OH)2/graphite system which showed 1956 

F g-1 at 1 A g-1. The above mentioned studies have made significant improvements to 

the storage of Ni(OH)2 by making its composites with carbon material.  

1.12. Carbon-Based Materials for Supercapacitors 

Presently, carbon-based materials have gained significant interest owing to their 

abundant availability, stable at high temperatures, excellent electronic conductivity, 

ease of processing, lack of toxicity, substantial surface area, and robust chemical 

stability. They always showed rectangular shape of voltammograms which confirmed 

their suitability for supercapacitors, as see in Figure 1.10(a, b). The galvanostatic 

charge-discharge profiles are appeared in a triangular symmetrical distribution as in 

Figure 1.10(c). The accumulation of electric charge at the electrolyte interface occurs 

via a double layer, and the capacitance is depending on the available surface area for 
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the diffusion of electrolyte ions. Key factors for the efficient use of carbon-based 

materials in double layer supercapacitors encompass surface area, conductivity within 

a porous structure, and the electrolyte's capacity to reach the material's pore regions. 

 

 

Figure 1.10. (a, b) CV profiles of 3D carbon network, (c) GCD profile at a current 

density of 1 A g-1. 

1.12.1. Graphene-Based Supercapacitors 

Graphene is a promising material of 20th century and exist in a hexagonal form. 

Since Novoselov et al.192 has synthesized first time the mechanically exfoliated 

graphene in 2004. Many research efforts have been focused to developed new protocols 

for the synthesis of graphene materials. Ruoff et Al.64 has explored that the exfoliated 

graphene can be used for EDLCs. During the reduction process graphene single layered 

starts to agglomerate and size of the particle can vary from 15 to 25 nm and surface 

area is (705 m2 g-1) which greatly influenced the performance of the supercapacitors.  

In aqueous an organic electrolyte graphene showed 135 and 99 F g-1, respectively. To 

avoid the agglomeration of graphene layers, chemical vapour deposition (CVD) and 

hydrothermal methods are useful methods.  

1.12.2. Graphene Nanosheets Based Supercapacitors 

Graphene sheets represent a distinct form of carbon material capable of energy 

storage in the form of EDLCs with a capacity of up to 550 F g-1. Over time, numerous 

synthetic techniques have been reported in literature. These methods encompass 

procedures like graphite exfoliation,192 carbon nanotube unzipping,193 reduction from 

graphene oxide (GO),194 solvothermal synthesis,195 epitaxial growth on SiC surfaces,196 

epitaxial growth and CVD growth of graphene on matched substrate,197 bottom-up 

organic synthesis.198 Presently, Taghioskoui,199 has compiled various synthetic 

methods. The main problem facing the research community related to the preparation 

of graphene is the stabilization of single sheet. This concern involves maintaining the 
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fundamental chemical and physical properties intact during exfoliation, whether in 

presence or absence of polymeric and surfactant dispersions. Herein, we will explain in 

detail the mechanical and chemical exfoliation of the graphene.   

Geim et al.192 has also prepared exfoliated single-layer graphene by applying pressure 

to the opposite side of the substrate while using a scotch tape to break off the graphene 

layers from graphite using a micromechanical cleavage approach. The tape is removed 

in the final step, resulting in a single-layer graphene of substantially higher quality than 

that obtained by traditional methods. However, this method has a few drawbacks, 

including the inability to produce graphene on large amount due to the huge labour 

work and the lengthy processing time. Chen et al. have put a lot of effort into 

overcoming these limitations by developing a novel mechanical exfoliated method 

Figure 1.11.200 They used three-roll mill equipment, which is commonly available in 

the rubber industry for the conversion of graphite to graphene. Selecting the correct 

types of polymeric adhesives, this approach may be widely used to manufacture 

graphene-polymer composites by adjusting rolling time, temperature, and rolling speed. 

 

Figure 1.11. Schematic illustration for the exfoliation of the graphene.200 

 

On the other hand, the low output of the mechanical exfoliated method caused its 

limitations in the supercapacitor’s applications. Therefore, a new design of an 

alternative approach which yield a high mass production is desired. As an alternative 

to the exfoliation, the chemical technique is a more scalable and optimal process for the 

production of graphene in which graphite is oxidised to GO by Hummers or modified 

Hummer’s as illustrated in Figure 1.12. The as-prepared GO was reduced to graphene 

using some reducing agent especially hydrazine solution. Furthermore, the GO can also 
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be employed for preparation of graphene nanosheets.201 The large-size graphene can 

also be produced from modified Hummer’s method using a very simple wet chemical 

synthesis. First, graphite oxide was made by oxidising it with a strong oxidant (KMnO4, 

P2O5, etc.) and then reduced by using a reducing agent such as hydrazine hydrate,202 

NaBH4 
203 urea,204 UV light,205 and laser.66    

 

Figure 1.12. Graphical representation for the synthesis of chemically produced 

graphene.194 

The capacitance of individual graphene layer is calculated ∼21 mF cm−2 and theoretical 

value in EDLCS could be  ∼550 F g−1.206 These values are still not encouraging 

comparative to theoretical values. In the previous work, the specific capacitance of 

chemically produced graphene in aqueous KOH and organic electrolyte was measured 

to be 130 and 99 F g−1.64 However, the values reported for the derivatives of graphene 

obtained from hydrazine via GO reduction are substantially lower than expected i.e., 

∼200 F g−1 in aqueous electrolyte,207 ∼120 F g−1 in an organic electrolyte,208 and ∼75 

F g−1 in an ionic liquid.209 The aggregation phenomenon occurred in graphene layers is 

due to the π-π interactions. As the aggregation decreased the surface area which has 

results in reduction of the specific capacitance. Furthermore, the graphene’s high 

conductivity also severely affected due to the inter-sheet’s resistance. To avoid from 

these issues various strategies have been employed.210 The intercalation of highly hard 

materials, polymers, and nanoparticles is one of them. In contrary, solvated graphene 

sheets that utilised water as a helpful separator abled to capacitance of 156.5 F g-1.210 

The curved graphene supercapacitors showed very impressive energy density in 

comparison to Ni metal hydride battery, 136 Wh kg-1 at 80 °C  at 1 A g-1.211 

It was also found that the N-doped rGO based electrode assembled by plasma process 

have very low resistivity as well as good conductivity and demonstrate higher 

capacitance than pure rGO.212 However, doping has no worse effect on the other 

parameters of the supercapacitors such as cyclic stability and compatibility with the 



32 
 

substrate. Doping with nitrogen is thought to be that atom enter into the rGO basal 

planes, increasing the binding energy and allowing the adjustment of additional 

electrolyte ions on the electrode surface. Flexible supercapacitors  were also be 

fabricate by combination of polymers with graphene e.g., graphene/polyaniline 

system.213 For instance, polyaniline (PANI)/ graphene system have capacitance of 970 

F g-1.214 Chemical vapour deposition (CVD) was recently used to develop porous three-

dimensional graphene networks (3DGNs).215 NiO nanoparticles were grown on porous 

3D GNs, which proved helpful to avoid the aggregation of the material during the GCD 

analysis. On a parallel fashion, 3DGNs provides a smooth channel for flow of charges 

and showed 816 and 573 F g-1 determined from CV, respectively.216  

1.13. Techniques Used for the Analysis of Supercapacitors 

The electrochemical behaviour of the materials is investigated by various 

electrochemical techniques including CV, GCD and EIS, respectively.  

1.13.1. Cyclic Voltammetry (CV) 

Typically, CV measurements are conducted within a system consisting of a 

three-electrode configuration. Capacitance values are evaluated in different 

electrolytes, ranging from acidic to alkaline, considering the operational potential 

window and various scan rates. The specific capacitance is determined using equation 

(18). 

𝐶𝑠𝑝 =
∫ 𝐼𝑑𝑉

2𝑘𝑚∆𝑉
    (18) 

Where Csp refers to the specific capacitance (F g-1), K represents scan rate mV s-1, 

∫IdVs area under the CV curve, I used for discharge current, m is mass (g), ∆t indicates 

discharge time (s) and ∆V for potential window (V). The research conducted by Binglin 

Guo et sl. involved the synthesis of composites Ni(OH)2-rGO. These samples were 

coded by GN1, GN2, GN5, and GN10. The nomenclature reflects the varying mass 

ratios of GO and Ni(OH)2, specifically in the proportions 1:1, 1:2, 1:5, and 1:10. The 

CV profiles for each of these samples are depicted in Figure 1.13. 
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Figure 1.13. (a) CV profiles, (b-e) CV profiles of GN1, GN2, GN5, and GN10 at 

various scan rates, (f) CV profiles of rGO at various scan rates.217 

 

1.13.2. Galvanostatic Charge-discharge (GCD) 

Chronopotentiometry was applied to carry out GCD behaviour in a supporting 

electrolyte at a specific working potential window at a certain current density. It can be 

observed from charge/discharge curves that charging and discharging curves usually 

show similar behaviour except from the initial charging time. The specific capacitance 

calculated from GCD by equation (19). 

𝐶𝑠𝑝 =
𝐼∆𝑡

𝑚∆𝑉
        (19) 

However, specific capacitance for symmetric device evaluated by equation (20). 

𝐶𝑠𝑝 = 2
𝐼∆𝑡

𝑚∆𝑉
        (20) 

 

The GN2 with respective specific capacities in mAh g-1, and different electrodes at 

constant current density are displayed in Figure 1.14(a, b).    
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Figure 1.14. (a) GCD profiles of potential candidate GN2, (b) GCD analysis of GN1, 

GN2, GN5, and GN10 at 2 A g–1.217 

The specific capacitance evaluated from both CV and GCD measurements are 

considerable reliable. Nevertheless, a significant reduction in power and capacity 

possibly attributed to the minor difference in potential at the initiation of the discharge 

curve as because of IR drop after each half-cycle. 

1.13.3. Electrochemical Impedance Spectroscopy (EIS)  

EIS stands a technique utilized for assessing the electrochemical performance 

of electrode materials at their open circuit potential. By utilizing an acidic or alkaline 

medium at both lower and higher frequency ranges, the Nyquist plots are generated. 

These plots depict the relationship between imaginary impedance (Zim) and real 

impedance (Zre). Notably, in the high-frequency region, an evident semicircle 

manifests, while a linear trend is observable in the lower frequency region for each of 

the Ni(OH)2-rGO composite samples, illustrated in Figure 1.15(a, b, c, d). The Rct 

denotes the charge transfer resistance and evaluated from semicircle of the plots. 

Furthermore, the specific capacitance can also be calculated based on the semicircle 

region. The plot drawn through an angle of 45° relate to the Warburg impedance and 

anticipates the fast ion diffusion resistance. When high frequency resistance applied to 

the open circuit cause to increase the value of the effective series resistance (ESR) and 

electrode material resistance. Hence, the specific capacitance got to a highest value.   
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Figure 1.15. Nyquist plots with corresponding fitting data of given samples at open 

circuit voltage.217 

1.14. Parameters of Supercapacitors 

1.14.1. Coulombic Efficiency 

It is the ratio of discharge and charge time, which can be measure using the 

equation (21). 

𝜂 =
𝑡𝑑

𝑡𝑐
× 100%                (21)  

Here, 𝜂  is coulombic efficiency, td discharge and tc is charge time(s). Sachin Pundir et 

al. assembled a system which composed of 1D β-MnO2 nanowires which was tested for 

cyclic stability test for 5000 cycles. After 5000 cycles, fabricated system maintained 

the coulombic efficiency of >98% with excellent cyclic stability of 97.5% as shown in 

Figure 1.16. 
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Figure 1.16. Capacitance retention and coulombic efficiency of 1D β-MnO2 nanowires 

in aqueous electrolyte.218 

1.14.2. Power density (P) and Energy density (E) 

Power and energy densities of supercapacitors are frequently measured from a 

well-known charge-discharge method. Additionally, both have an inverse relationship 

with each other and are effective tools for electrochemical study. Both the parameters 

have great importance to the estimation of electrode performance. E in Wh kg-1 and P 

in W kg-1 of the fabricated electrode materials were calculated using equations 22 and 

23, respectively.  

 

     𝐸 =
𝐶𝑠𝑝×∆𝑉2

2×3.6
   (22) 

 

     𝑃 =
𝐸×3600

𝛥𝑡
   (23) 

1.15. Important Synthetic Methods of Nanomaterials 

The biggest challenge facing the field of nanoscience is the synthesis of 

nanomaterials with desired morphology and composition. The primary goal is to 

fabricate the stat-of-the-art nanomaterials so that their physical and chemical properties 

can be fully exploits. As a results, numerous methods have been explored in the 

literature including thermal evaporation 219-232, metal organic and chemical vapour 

deposition, 233-237, hydrothermal or solvothermal synthesis238-243, template-based 

synthesis etc. These methods can be categorized into template-based and spontaneous. 
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In template-based synthesis, materials are grown using a certain template while in 

spontaneous the crystal structure and surface characteristics are changed in a particular 

way. The spontaneous technique is additionally split into three categories: dissolution-

condensation, evaporation-condensation, and vapour liquid solid development (VLS). 

Generally, two approaches have been intensively employed to the synthesis of 

nanomaterials: top-down and bottom-up. In top-down strategy, the nanosized particles 

are prepared by using physical methods such as photolithography, slicing or sequential 

cutting of bulk materials while bottom-up approach involves the physical and chemical 

synthesis of nanomaterials in which materials are attached with each other from bottom 

to top e.g., atom to atom, molecules to molecules and cluster to cluster. Bottom-up 

approach is the best way for the large scale production of the electronic devices and 3D 

architectures because it provides noncovalent intermolecular interaction between the 

molecules to fabricate the structures at nanoscale.244-245 The biggest challenge faced by 

the semiconductor industry is to process the materials in solution phase and bottom-up 

approach seems to be a promising solution of this problem.246 Milling is an example of 

top-down method for the synthesis of the nanomaterials while colloidal synthesis 

anticipate the bottom-up approach.247-248 Hence, both the techniques have key 

importance in the field of nanotechnology. In the literature, a variety of experimental 

procedures have been investigated, but we have chosen solution phase growth methods: 

1) Hydrothermal or solvothermal method  

2) Hot-injection method 

1.15.1. Hydrothermal or Solvothermal Method 

For decades, researcher is using hydrothermal method for the synthesis of 

inorganic materials. The hydrothermal techniques applied for heterogeneous reactions 

that contains aqueous solvent at elevated temperature and under pressure to dissolve 

and recrystalize the materials which are not soluble at room temperature.249 The 

hydrothermal synthesis is carried out in an autoclave which have steel lined vessel and 

all the precursors are added into it with the water. The desired temperature is maintained 

to dissolve the nutrient from the opposite end of the growth chamber while the other 

end is responsible for further growth. The method was developed by the geologist in 

the middle of the 19th century and promoted by gradually to understand the formation 

of minerals at high temperature and pressure. The research associated with laboratory 

simulation have assisted the researchers to figure out the complicated phenomena such 

as exitance of rocks etc. In the 20th century, it was clearly anticipated that hydrothermal 
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technique is a key tool for material synthesis, especially in the area of hydrometallurgy 

and crystal formation. The commercial importance and viability of the hydrothermal 

method can be estimated that the sodium hydroxide has been successfully synthesized 

from leach bauxite, quartz crystals and zeolite etc. In recent years, hydrothermal method 

is essential in many areas of the science due to controlled reaction conditions as well as 

less chances of contamination. One of the main benefits of hydrothermal synthesis is 

the capacity to direct formation of the anhydrous, crystalline, and amorphous powders 

from solution phase. It can also control the shape, size, chemical composition, and 

stoichiometry of the materials. Most importantly, the powders are extremely reactive in 

sintering, in many situations no need of the calcination and milling process. Despite its 

many advantages, hydrothermal synthesis has a few drawbacks, such as high-cost 

equipment and the difficulty to monitor reaction progress. Currently, numerous efforts 

have been focused on the development of environmentally friendly materials due to the 

growing awareness of the health and safety. Furthermore, the processing methods for 

the fabrication, treatment, reuse, and recycling of the materials must be controlled and 

eco-friendly. Therefore, hydrothermal method stands apart in the contemporary 

science.  

1.15.2. Hot-Injection Method 

Currently, colloidal quantum dots (CQDs) are synthesized employing a method 

proposed by LaMer and Dinegar, described the rapid synthesis of monodisperse particle 

by nucleation and fast growth of the existence nuclei. Alivisatos and Bawendi et al. 

developed a new protocol "hot injection" for the synthesis monodisperse CdS, CdSe, 

and CdTe QDs using this method. In this approach, an organometallic reagent is rapidly 

injected into a hot high boiling solvent to produce homogeneous nuclei. To avoid the 

agglomeration of the nanocrystals an organic ligand was also added in the solution 

before the addition of reagent. For instance, the ligands that are usually used e.g., 

trioctylphosphine oxide, trioctylphosphine oxide, oleic acid, and oleylamine. After 

nucleation, the growth of nanocrystals observed in the solution with the larger particles 

growing more slowly than smaller. Ostwald ripening happens as the growth progresses 

in which smaller nanocrystals are dissolved by the larger nanocrystals. Therefore, the 

average size of the particle increases though the concentration of the particle decreases 

before reaching to the saturation point. Hot injection approach is useful as it provides 

fully control over the shape and size during the growth stage. Hence, nanocrystals of 
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different sizes can easily be obtained from this approach by adjusting the temperature, 

surfactant content, and reaction time.  

1.16. Aims and Objectives 

1.16.1.  Aims 

• The study of β-Ni(OH)2 and NiO nanoparticles on rGO substrates as high-

performance active layer for advanced supercapacitors.  

• To explore the influence of Ag nanoparticles on N and S do-doped TiO2 for 

battery-type Supercapacitor Application  

• To investigate the electrochemical performance of as-synthesized α-Ni(OH)2, 

NiO, MnO2, and α-Ni(OH)2–MnO2 nanomaterials for battery-type 

supercapacitors. 

• To investigate the super-capacitive performance of V2O5 based nanomaterials 

synthesized by unique molecular precursor route and its composites with GO 

and rGO substrates.  

1.16.2.  Objectives 

• To perform in-situ synthesis of β-Ni(OH)2 and NiO nanoparticles on graphene 

substrate by hydrothermal method. 

• To investigate the β-Ni(OH)2/rGO as precursor for the synthesis of NiO/rGO 

nanocomposites 

• To the synthesis of heteroatom (N, S) co-doped TiO2 decorated with Ag 

nanoparticles using a direct combustion approach. 

• To design of a new synthetic protocol for the synthesis of spherical 

nanoparticles of α-Ni(OH)2, NiO, MnO2, and α-Ni(OH)2–MnO2 hybrid, 

employing the polar, aprotic solvent, Dimethylformamide (DMF). 

• Colloidal synthesis of V2O5 nanoparticles using a single starting material from 

molecular precursor route in simple and efficient way.   

• To comprehensively characterize all the synthesized nanomaterials using P-

XRD, Raman spectroscopy, XPS, (TEM and SEM respectively), TGA and 

DSC. 
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2. Experimental                                                        Chapter # 2  

2.1. Chemicals  

All chemicals were analytical grade and used as received. The nickel acetate 

(Ni(OCOCH3)2, ≥98%), CTAB (C19H42BrN, ≥99%), urea (CH₄N₂O, ≥99%), deionized 

water, graphite powder (C, ≥99.9%), sodium nitrate  (NaNO3, ≥99.9%), potassium 

permanganate (KMnO4,  ≥99.9%), hydrochloric acid (HCl, 37%), sulfuric acid (H2SO4, 

≥98%), hydrogen peroxide (H2O2, 30%), thiourea (NH2CSNH2, ≥99.0%), titanium (II) 

oxide (TiO2 powder, ≥99.8%), silver nitrate (AgNO3, ≥99.0%), (NaBH4, ≥99%), 

nickel(II) sulphate heptahydrate, (NiSO4·7H2O, ≥99.9%), sodium hydroxide (NaOH, 

≥98.0%), dimethylformamide (DMF, ≥99.8%), manganese(II) nitrate tetrahydrate 

(Mn(NO3)2·4H2O, ≥97.0%), sodium dodecyl benzene sulphonate (SDBS, technical 

grade) and potassium permanganate (KMnO4, ≥99.0%), oleylamine (C18H37N, ≥98%), 

vanadium (III) acetylacetonate (V(C5H7O2)3, ≥98%), 1-Octadecene 

(CH3(CH2)15CH=CH2, ≥99.0%), acetone (CH3COCH3, ≥99.5%), methanol (CH3OH, 

≥99.8%), polyvinylidene fluoride (PVDF) {(CH2CF2)n, ≥99.0%}, N-methyl-2-

pyrrolidone (NMP) {C5H9NO, ≥99.0%}, carbon black (C, ≥95%), potassium hydroxide 

(KOH, ≥98%).  

2.2. Material Synthesis 

2.2.1. Synthesis of Ni(OH)2 and NiO Nanoparticles Supported on rGO 

Ni(OH)2 nanoparticles were synthesized by direct hydrothermal technique. For 

this, a mixture of 30 mL of deionized water, 0.8 g of nickel acetate, 0.4 g of CTAB and 

0.3 g of urea were stirred in a beaker for 0.5 h. Then, the mixture was added into an 

autoclave and maintained at 120 °C for 12 h. The resulting product was centrifuged and 

washed to obtain Ni(OH)2 nanoparticles. In the meantime, the same method described 

above was used to prepare Ni(OH)2/rGO nanocomposite, with the exception that 15 mL 

of water was used along with a 15 mL of rGO, where the concentration of rGO was 

kept at 0.5 mL-1.250 The NiO/rGO nanocomposite was also obtained by the same method 

after the annealing of Ni(OH)2/rGO at 400 °C. Reduced graphene oxide was obtained 

by thermal annealing of the graphene oxide at 200 ˚C .251  
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Figure 2.1. Schematic Illustration of Ni(OH)2 and NiO nanoparticles grown on rGO by 

direct hydrothermal approach. 

2.2.2. Synthesis of Ag/N,S co-doped TiO2 Nanocomposite   

In a typical synthesis of N, S co-doped TiO2, a mixture of TiO2 and thiourea 

with mass ratio of 1:1 was mixed in a ceramic dish and ground for 30 minutes to make 

a homogeneous fine powder. Then, the powder was heated at 400 °C for 1 hour. The 

obtained mixture is N, S coped TiO2 nanoparticles with pale-yellow color. The 

nanoparticles were further decorated by Ag nanoparticles by reduction of the metal. For 

this 0.5 g of an aqueous AgNO3 solution was mixed to 5% by weight of N, S co-doped 

TiO2 and after that NaBH4 aqueous solution added dropwise to reduce Ag metal to 

obtained Ag/N,S co-doped TiO2 nanocomposite. 

 

Figure 2.2. Illustration of Ag/N,S co-doped TiO2 nanocomposite synthesis. 

2.2.3. Synthesis of α-Ni(OH)2 and NiO Nanoparticles 

In the synthesis of α-Ni(OH)2 nanoparticles, a mixture of NiSO4·7H2O (2.75 g, 

9.8 mmol) and NaOH (0.132 g, 3.3 mmol) in 40 mL of DMF were degassed under 

vacuum and with vigorous stirring at 60 °C for 1 hr. Then maintained at 120 °C for 24 

hrs. Subsequently, the reaction mixture was centrifuged at 6000 rpm for 5 minutes 

which resulted in the separation of a green paste-like precipitate. The green paste was 

dried in an oven at 60 °C for 12 hrs which yielded a green crystalline powder, identified 
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as α-Ni(OH)2. Nanoparticles of NiO were obtained directly, by annealing at 500 °C for 

2 hrs in a furnace. 

 

Figure 2.3. Schematic illustration for the synthesis of α-Ni(OH)2 and NiO 

nanoparticles. 

2.2.4.  Synthesis of MnO2 Nanoparticles 

In a typical synthesis of MnO2 nanoparticles, Mn(NO3)2·4H2O (0.2685 g, 1.07 

mmol) and sodium dodecyl benzene sulfonate (SDBS, 0.3845 g, 1.1 mmol) were 

dissolved in 30 mL of DMF in a 50 mL three necked, round-bottomed flask. When the 

solution turned clear, 5 mL of 0.2 M aqueous KMnO4 was added, and the mixture was 

degassed under vacuum for 30 minutes at room temperature while continuously stirring. 

The temperature of the resulting solution was then maintained at 150 °C for 6 hrs and 

subsequently allowed to cool down to room temperature naturally and dried at 60 °C 

for 6 hrs. 

 

Figure 2.4. Schematic illustration for the synthesis of MnO2 nanoparticles. 
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2.2.5. Synthesis of α-Ni(OH)2-MnO2 Hybrid Nanocomposite 

The α-Ni(OH)2-MnO2 hybrid nanostructures, 50 mg of the above synthesized 

Ni(OH)2 nanoparticles were placed in a 50 mL three necked, round-bottomed flask and 

dispersed in 30 mL of DMF. Then, 10 mL of 0.08 M KMnO4, prepared in DMF, was 

added to the suspension and the mixture was degassed under vacuum. The solution was 

kept under constant stirring for 3 hrs. The temperature of the mixed solution was then 

maintained at 150 °C for 5 hrs and centrifuged at 6000 rpm for 5 minutes as well as 

dried at 60 °C for 6 hrs. 

 

Figure 2.5. Schematic illustration for the synthesis of α-Ni(OH)2-MnO2 

nanocomposite. 

2.2.6. Synthesis of V2O5 Nanoparticles, V2O5/GO, and V2O5/rGO Nanocomposites  

V2O5 nanoparticles were synthesized by using a colloidal synthetic route. 

Initially, 6 ml of oleylamine heated to 200 °C in a three necked, round-bottom flask. 

Subsequently, 0.3 g of vanadium (III) acetylacetonate which was sonicated in 3 ml of 

1-octadecne (ODE), injected to heated oleyalamine. The temperature of the reaction 

mixture decreased approximately 15-20 °C upon injection. The temperature was 

maintained to 200 °C for 1 hour and centrifuged at 6000 rpm for 5 minutes which 

resulted in the separation of a black precipitates. The precipitates were dried product 

was calcined at 500 °C for 2 hrs to obtain V2O5 nanoparticle and colour was changed 

from black to yellowish-brown. The composite of pre-synthesized V2O5 nanoparticles 

with GO and rGO were prepared by sonicating in a weight ratio of ~7:3 in water. 
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Figure 2.6. Schematic illustration for the synthesis of V2O5 nanoparticles, V2O5/GO, 

and V2O5/rGO nanocomposites.  

2.2.7. Synthesis of Graphene Oxide (GO) and Reduced Graphene Oxide (rGO) 

In a typical synthesis, 3.0 g of graphite powder and 1.5 g sodium nitrate were mixed in 

flask. Then, 10 mL of sulphuric acid was added dropwise at 10 °C and 9.0 g of KMnO4 

immediately added in the mixture while stirred for 3 hours. In addition, 300 mL of H2O 

poured into the solution and maintained at 90 °C for 1 hour. After that, 60 mL of 35% 

H2O2 added, washed with deionized water and 5% HCl to attain neutral pH. The mixture 

was centrifuged and dried at 70°C to obtain brownish powder of GO. The rGO was 

obtained by annealing of GO at 350°C.  

 

 

Figure 2.7. Schematic illustration for the synthesis GO and rGO. 
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2.3. Electrode Fabrication  

Gamry instrument (interface 1010E) is used for electrochemical analysis. 

However, reference (Ag/AgCl) and counter (Pt foil) are employed. The active material, 

carbon black, and binder (polyvinylidene fluoride, PVDF) are used for the fabrication 

of working. The slurry is prepared with the weight ratios of 8:1:1 and dissolved in N-

methyl-2-pyrrolidone (NMP). Then the slurry deposited on nickel foam having 

dimensions 1×1 cm2. Moreover, the fabrication process for the symmetric device 

followed the same steps as for the three-electrode system and measurements were 

carried out in 2 M KOH electrolyte with the exception that the nickel foam dimensions 

are 2×3 cm2. The mass of the materials has been loaded 1 mg ± 5% on each electrode 

which was calculated before and after the loading. In case of three electrode 

configuration, the specific capacitance was determined by CV and GCD profiles using 

equation 18 and 19. 252 For symmetric devices, Csp values are evaluated by equation 

(20).  

2.4. Physical Characterization with Sample Preparation Method 

2.4.1. Powder X-ray Diffraction (P-XRD) 

PXRD recorded on Bruker advance AXS D8 using a Cu source running at 30 

kV and 10 mA. The as-prepared nanostructures powder was spread out over a silicon 

waver to prepare the sample. The measurement was carried out using WinXPow 

program and references from the inorganic Crystal Structure Database.  

2.4.2. Raman and FTIR Spectroscopy 

Nanostructures were analysed by exciting materials using a 633 nm diode-

pumped solid-state laser and registered with a Renishaw InVia equipped with a Leica 

microscope at a spectral resolution of approximately 2 cm-1. The samples were prepared 

via spreading nanostructures powder onto a thin Al film for Raman measurements. To 

prevent samples from heating under the microscope lens, the incident laser power was 

maintained below 0.02 mW. Furthermore, the nanostructures were elucidated via FT-

IR (PerkinElmer Frontier 100 with ATR Diamond). The sample is placed over the 

surface of the attenuated total reflectance (ATR) diamond crystal and then IR beam is 

directed from below into the sample to a depth of only 1 to 2 micrometres.    

2.4.3. X-ray Photoelectron Spectroscopy (XPS) 

A Kratos Axis Super XPS (X-ray Photoelectron Spectroscopy) instrument with 

Al Kα X-ray source (hʋ = 1486.6 eV) was used to carry out XPS analysis. The 
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adventitious C 1s with 284.8 eV as a reference for the binding energies of all the 

elements.  

2.4.4. Scanning Electron Microscopy (SEM), Elemental Mapping, and Energy-

dispersive X-ray (EDX) Spectroscopy 

Nanostructures were analysed via scanning electron microscopy (SEM, FEI 

Quanta 400) on an Oxford Instrument Explore 30. The samples were prepared by 

uniformly depositing powders on Al stubs and then a layer of carbon was coated onto 

them via sputtering to prevent the build-up of charge, enhancing the quality of the 

images. Furthermore, the elemental mapping and energy-dispersive X-ray spectroscopy 

(EDX) were carried out during the conventional SEM analysis to determine the 

homogeneous particles distribution and composition.  

2.4.5. Transmission Electron Microscopy (TEM) 

The images were acquired by making their dispersion in the water and dropping 

them onto copper grids that had been coated with carbon, and the solvent was then 

evaporated. The imaging was carried out on a conventional JEOL JEM-1200 EX MKII 

microscope.  

2.4.6. Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry 

(DSC) 

TGA spectra of as-prepared nanostructures were measured by using TA 

Instruments Q5000, under N2. The sample was placed over the platinum pan and 

maintained the desire temperature of the instrument for analysis. Similar to TGA, DSC 

analysis was carried out under the same conditions using TA Instruments Q2000. The 

sample was placed on an aluminium pan, covered with a lid, and subjected to desired 

temperature for analysis. TA universal analysis software being used to interpret the data 

for both the techniques. The data for both techniques were being interpreted using TA 

universal analysis software.  
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3. Results and Discussion                                        Chapter # 3 

This chapter is consisting of four main sections, which are as flows: (i) probing 

the synergy of Ni(OH)2/NiO nanoparticles supported on rGO for battery-type 

supercapacitors, (ii) investigating the impact of Ag nanoparticles on N and S co-doped 

TiO2 for battery-type supercapacitor application, (iii) Hydroxide/oxides of nickel and 

Mn for their ability to be employed as electrochemical battery-type supercapacitors, 

(iv) V2O5 based nanocomposites electrode materials for high-performance 

electrochemical supercapacitors, Throughout this chapter, a comprehensive 

investigation of the as-synthesize materials was discussed for supercapacitor 

applications. 

Part-01 

3.1. Probing the Synergy of Ni(OH)2/NiO Nanoparticles Supported 

on rGO for Battery-Type Supercapacitors 

3.1.1. PXRD Analysis 

The phase purity of pure Ni(OH)2, NiO, Ni(OH)2/rGO and NiO/rGO  

 was confirmed by PXRD analysis as represented in  Figure 3.1(a). The profile of 

Ni(OH)2 nanoparticles matches well to the β-phase of hexagonal brucite structure with 

standard pattern (JCPDS 01-1047). No extra peak appeared which indicated that the 

material is in a single phase. Figure 3.1(b) presents PXRD of NiO nanoparticles which 

were obtained via thermal decomposition of Ni(OH)2 nanoparticles. All peaks observed 

are those expected for cubic crystalline structure of NiO nanoparticulate. The 

Ni(OH)2/rGO nanocomposite has almost identical characteristic peaks to those of 

Ni(OH)2 except a less intense characteristic peak of rGO nanosheets at 25.55°, which 

matches well with the (002) plane of the rGO and confirm the uniform growth of 

nanoparticles as demonstrated in Figure 3.1(c). . NiO/rGO nanocomposite has all the 

peaks revealing the perfect cubic crystalline structure of the NiO with an additional less 

intense peak of graphene nanosheets as seen in Figure 3.1(d).  
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Figure 3.1. PXRD patterns of (a) Ni(OH)2 nanoparticles, b) NiO nanoparticles, c) 

Ni(OH)2/rGO nanocomposite, d) NiO/rGO nanocomposite.  

3.1.2. XPS Analysis 

Additionally, oxidation state of each element present in Ni(OH)2/rGO was 

indicated by XPS analysis. The two main spin-orbit peaks which are appeared at 856 

(2p3/2) and 873.6 eV (2p1/2)  can be assigned to Ni 2p with two satellite peaks at 862.7 

and 274.1 eV, which is consistent with the literature on Ni(OH)2/rGO,253 as displayed 

in Figure 3.2(a). C1s spectra revealed five characteristic bands of C=C, C-C, C-O, 

C=C, and O-C=O located at energies of 284.39, 285.60, 287.90, and 289.00 eV 

displayed in Figure 3.2(b). The C1s spectrum verified that the sample contained rGO. 

There were two peaks in the deconvoluted O1s spectrum that are caused by Ni-O-H 

and surface water as in Figure 3.2(c). However, for NiO/rGO nanocomposite similar 

characteristics appear for each element with slight change in the binding energies as in 

Figure 3.2(d, e, f). In case of O1s no peaks observed for surface water because the 

NiO/rGO obtained after the annealing of Ni(OH)2/rGO. The surface water molecules 

have been evaporated due to annealing effect.    
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Figure 3.2. XPS spectra of Ni(OH)2/rGO nanocomposite, a) Ni-2p, b) C-1s, c) O-1s, 

and NiO/rGO nanocomposite, d) Ni-2p, e) C-1s, f) O-1s 

3.1.3. SEM Analysis 

Figure 3.3(a) demonstrated that the pure Ni(OH)2 nanoparticles have nearly 

spherical shape. The shape of NiO nanoparticles is approximately spherical and of 

different sizes. After annealing at higher temperature, the size of the particles increased, 

as the small particles diffused with each other due to thermal effect as seen in Figure 

3.3(b). Moreover, the morphology of the nanocomposites has been seen in Figure 

3.3(c, d).  

 

Figure 3.3. SEM images a) Ni(OH)2  nanoparticles, b) NiO nanoparticles, c) Ni(OH)2/rGO 

nanocomposite, d) NiO/rGO nanocomposite. 



50 
 

3.1.4. Elemental Mapping Analysis 

Furthermore, the elemental mapping of Ni(OH)2/rGO nanocomposite is 

demonstrated in Figure 3.4. The images show homogeneous distribution of nickel, 

oxygen, and carbon. The mapping was recorded at lower magnification so that the 

distribution can be presented in a satisfying way.  

 

Figure 3.4. Elemental mapping images of Ni(OH)2/rGO nanocomposite. 

3.1.5. TEM Analysis  

Figure 3.5 depicts the representative TEM images of as prepared nanomaterials. 

Ni(OH)2 shows a very smooth and spherical particle morphology, which form a 

network through attachment and align themselves at certain planes. The particle sizes 

are indeed in the nanoscale as in Figure 3.5(a). NiO nanoparticles obtained are 

presented in Figure 3.5(b). Annealing at higher temperature, a growth of nanoparticles 

was observed in the micrographs and mean particle diameter has been increased. NiO 

nanoparticles possess mainly spherical shape. Further, Ni(OH)2 nanoparticles  grown 

on rGO can be clearly detected as displayed in Figure 3.5(c). The presence of rGO 

sheets can be easily distinguished around the nanoparticles. By incorporating graphene 

sheets, NiO nanoparticles are well decorated homogeneously on the rGO sheets shown 

in Figure 3.5(d).  
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Figure 3.5. TEM images a) Ni(OH)2  nanoparticles, b) NiO nanoparticles, c) Ni(OH)2/rGO 

nanocomposite, d) NiO/rGO nanocomposite.  

3.1.1. Electrochemical Investigation of Nanocomposites for Three-Electrode 

Configuration 

3.1.1.1. CV Analysis 

The redox behaviour of as-prepared active materials was investigated via CV 

over a range of scan rate from 10-100 mV s-1 in an operating potential window of -0.2 

to +0.6 V using 2 M KOH as seen in Figure 3.6(a, b, c d). The CV curves reflect the 

battery-type behaviour for all the fabricated electrodes and remain undisturbed even at 

higher scan rates.254 A pair of reversible peaks appeared in the CV profiles which 

contributed to Faradaic reactions for the Ni ions in the basic medium, which normally 

occur at electrode. As scan rate increase caused a change in the position of the redox 

peaks values which suggests that the Faradaic reactions may be controlled by the ion 

diffusion process and results in electrode polarization.255 Furthermore, an increase in 

scan rate results in a gradual increment in the peak current, implying ion and electron 

transfer in the electrode. Under positive current density, the anodic peak appeared for 

Ni(OH)2 at 0.42 V and for  NiO at 0.38 V (vs Ag/AgCl), indicating an oxidation 

process, whereas the cathodic peak appeared for Ni(OH)2 at 0.16 V and NiO at 0.21 V 
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against the reference electrode, anticipating the reduction process. The Faradaic 

reaction can be illustrated by equation (24).  

Ni(OH)2 + OH- ↔ NiOOH + H2O + e-               (24) 

Ni(OH)2/rGO nanocomposite achieved a maximum of 1255.12 F g-1 specific 

capacitance at 10 mV s-1, from CV curves as shown in  Figure 3.6(b). The reason for 

the high performance of the nanocomposite is primarily due to synergistic effect arises 

from both the components of the active material. It is clear from the morphology of the 

nanocomposite that the Ni(OH)2 nanoparticles are uniformly grown on rGO sheets, 

which consequently enhance the electrochemical kinetic.  However, the NiO/rGO 

nanocomposite has shown lower value of 636.84 F g-1 at same scan rate of 10 mV s-1 

as presented in Figure 3.6(d), which was resulted due to the growth of NiO particle 

size after annealing at higher temperature. As the particle size increases the density of 

grain boundaries decreases, which causes inefficient paths for the transport of the 

electrons and ions. In addition, NiO and Ni(OH)2 nanoparticles have also shown a 

significant electrochemical performance in comparison to nanomaterials described 

above.  Table 3.1 demonstrated the values of specific capacitance determined from CV.  

 

Figure 3.6. Cyclic voltammogram for the fabricated electrodes a) Ni(OH)2 

nanoparticles,  b) Ni(OH)2/rGO nanocomposite, c) NiO nanoparticles, d) NiO/rGO 

nanocomposite.  
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Table 3.1             Specific capacitance (F g-1) calculated from CV. 

Scan rate 

(mV s
-1

) 
10 20 40 60 80 100 

Ni(OH)2 959.91 600.88 342.96 240.05 192.17 162.73 

Ni(OH)2/rGO 1255.12 1042.42 834.67 587.78 365.90 261.63 

NiO 475.87 323.78 215.33 198.71 176.34 144.28 

NiO/rGO 636.84 474.84 344.81 284.56 247.94 144.28 

 

3.1.1.2. GCD Analysis  

To further elucidate the electrochemical behaviour, we performed the 

galvanostatic charge-discharge analysis from 1 to 10 A g-1 over a potential range 0 to 

0.4 V in 2 M KOH electrolyte as in Figure 3.7(a, b, c, d). The GCD curves anticipate 

the non-linear slope with respect to current density which reveals a battery-type 

capacitive nature of the materials, meaning that Faradaic reactions predominate than 

linear reactions and in coherence with CV curves. However, the curves reveal the great 

reversibility and symmetric nature at 10 A g-1. GCD curves of Ni(OH)2/rGO 

nanocomposite indicate greater discharge time as compared to pristine Ni(OH)2 which 

resulted in a highest specific capacitance of 1092.5 F g-1 at 1 A g-1 as shown in Figure 

3.7(b). Subsequently, the higher specific capacitance of Ni(OH)2/rGO nanocomposite 

is due to its larger charge capacity than other tested materials. While NiO/rGO shows a 

decrease in the specific capacitance to Ni(OH)2/rGO determined from GCD, which is 

1070 F g-1 at 1 A g-1 as in Figure 3.7(d). The decrease in capacitance can be due to 

agglomeration of NiO nanoparticles on the surface of rGO and increase in particle size 

which consequently cause the inadequate redox reactions. Furthermore, another reason 

contributes to the reduction in the capacitance resulting from the leaching of 

electroactive material from electrodes during electrochemical reactions. Table 2 

summarizes the specific capacitance values determined from GCD analysis at various 

current densities. 
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Figure 3.7. GCD profiles of a) Ni(OH)2 nanoparticles, b) Ni(OH)2/rGO nanocomposite, 

c) NiO nanoparticles, d) NiO/rGO nanocomposite. 

 

Table 3.2                         Specific capacitance (F g-1) calculated from GCD. 

Current 

density 

(A g-1) 

1 2 3 5 7 10 

Ni(OH)2 707.5 645 510 455 332.5 300 

Ni(OH)2/rGO 1092.5 975 810 737.5 612.5 450 

NiO 987.5 905 595 482.25 385 312.5 

NiO/rGO 1070 965 742.5 700 560 475 

 

3.1.1.3. Quantitative Calculation of Surface and Diffusion Capacitance by 

Dunn’s Method 

Furthermore, the detailed capacitive behaviour of the Ni(OH)2/rGO and 

NiO/rGO nanocomposites was investigated by Dunn method to analyse the surface and 

diffusion capacitance in the aqueous electrolyte. Equation below is employed to 

calculate the surface and diffusion contribution. 

𝑖(𝑉) = 𝑘1𝜐 + 𝑘2𝜐
1

2                                  
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Where, k1v and k2v
1/2 are the contribution from the surface and diffusion capacitance. 

The value of the K1 and k2 can be evaluated from the slope and intercept of the line, 

when a plot is drawn between i(V)/υ½ vs υ½ at various scan rates as shown in Figure 

3.8(a, c). At lower scan of 10 mV s-1 Ni(OH)2/rGO showed 91% stored energy from 

diffusion-controlled and 9% from the surface process. On the other hand, NiO/rGO 

possesses 81% diffusion and 19% surface phenomena as seen in Figure 3.8(b, d). 

Therefore, at low scan rate the more contribution from the diffusion process indicates 

that the ions have enough time to permeate into the inner surface of the materials 

comparative to higher scan rates.  

 

Figure 3.8. Percentage analysis of surface and diffusion capacitance for Ni(OH)2/rGO 

and NiO/rGO nanocomposites using Dunn’s method (a, c) Plots of (i/v1/2) vs (v1/2, (b, 

d) Contribution from both the capacitance at various scan rates.  

3.1.1.4. EIS Analysis 

EIS is one of the important tools to determine the electrochemical kinetic and 

performance of supercapacitor electrodes. EIS was performed in 0.1 Hz to 100 kHz at 

open circuit potential (OCP). Nyquist plots showing the EIS spectra of as-prepared 

nanomaterials, which revealed a much-suppressed semi-circle towards longer 
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frequency while a steep line in lower frequency and can be assigned to charge transfer 

processes occurring at the electrode256 as displayed in Figure 3.9. The bulk resistance 

is indicated by the intercept of the real axis, and a shift to lower values indicates a 

decrease in bulk resistance of the electrode. The bulk resistivity of Ni(OH)2 and NiO is 

much more than that of their nanocomposites with rGO.  In the low frequency range, a 

steeper slope and a narrow curve to the imaginary line anticipate a higher ion transfer 

rate. Ni(OH)2/rGO nanocomposite has larger slope value of all the tested electrodes, 

indicating a faster rate of ion transfer through the interface and demonstrating lower ion 

diffusion resistance while small arc at high frequency region and substantially very low 

charge transfer resistance. Randles equivalent circuit has also been included inset of 

Figure 3.9. 

 

Figure 3.9. Nyquist plots. 

 

3.1.2. Electrochemical Investigation of Nanocomposites for Symmetric Devices 

 3.1.2.1. CV Analysis 

Additionally, the symmetric device performance for Ni(OH)2/rGO and 

NiO/rGO were also investigated. During the analysis, Whatman filter paper is utilized 

as a separator between the electrodes. The CV measurements revealed that the 

appropriate operating potential window is up to 0 to 1.4 V for both the materials257, and 

a sudden rise in the current observed at high voltage because the battery-type materials 
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involve the Faradaic reaction in which many kinetic effects lead to the electrode 

polarization in battery materials as shown in Figure 3.10(a, c). However, the CV 

analysis for devices was studied from 10 to 80 mV s-1 as seen in Figure 3.10(b, d). The 

curves retained their distinctive shapes within the potential range, satisfying their 

characteristic capacitive nature of the symmetric devices. Notably, the CV profiles 

displayed a nearly identical quasi-rectangular shape at higher scan rates which indicates 

kinetic reversibility of the device.  

 

Figure 3.10. (a, c) Optimisation of voltage window for Ni(OH)2/rGO and NiO/rGO, (b, 

d) CV profiles of Ni(OH)2/rGO and NiO/rGO at various scan rates.    

3.1.2.2. GCD Analysis, Cyclic Stability, EIS, Ragone Plots, and Device 

Architecture  

GCD analysis was carried out for Ni(OH)2/rGO and NiO/rGO from 1 A g-1 to 5 

A g-1 current densities in a constant operating window of 0 to 1.4 V as in Figure 3.11(a, 

b). Herein, the discharge curves show the nonlinear behaviour which is again consistent 

with battery-type materials. When compared to NiO/rGO electrode, shapes of all the 

charge-discharge curves reflect that Ni(OH)2/rGO electrode has better rate capability 

and reversibility. The calculated gravimetric specific capacitance values of as fabricated 

Ni(OH)2/rGO symmetric device are 115.71, 76.57, 46.71, 32.12, and 24.28 F g-1 at 1, 
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1.5, 2, 3, and 5 A g-1. For NiO/rGO, values are 80.28, 52.86, 38.4, 32.01, and 24.78 F 

g-1 at the same current densities. The gradual increase in the specific capacitance for 

both the devices indicates that the electrolyte ions are rapidly moving to the bulk 

materials with enhancement in current densities. Moreover, with increment in current 

densities the capacitance values mimicked well with the behaviour seen in the three-

electrode.  

Cyclic stability of devices is also essential for practical applications. The lifetime for 

both the devices were also examined for 1000 cycles at 3 A g-1 in the same operating 

potential window. It was found that the fabricated symmetric devices have retained the 

81% and 93% capacity retention which means high cyclic stability of the devices as 

shown in Figure 3.11(e). Ni(OH)2/rGO has poorer stability than NiO/rGO because 

Ni(OH)2 can undergo chemical transformations, such as conversion to NiOOH or 

Ni(OH)3, which can lead to structural instability over time.  The EIS measurements of 

both the devices are illustrated in Figure 3.11(d). Nyquist plots exhibit the same 

behaviour as observed for three-electrode systems. Ni(OH)2/rGO demonstrated low 

Warburg and charge transfer resistance which result the higher conductivity and quick 

electron transfer for the  composite. The corresponding Randles equivalent circuit has 

also been included inset of the Figure 3.11(d). Ragone plots were also drawn for both 

the devices which anticipated the improved performance as shown in Figure 3.11(e). 

Among both the investigated devices, Ni(OH)2/rGO delivered the highest energy 

density of 31.5 Wh kg-1 at a power density of 1.4 kW kg-1, which corresponded to a 

current density of 1 A g-1. The stable high energy and power density of Ni(OH)2/rGO 

showed high-rate capability. The results of devices suggest that Ni(OH)2/rGO and 

NiO/rGO have massive potential to function in a broad potential window. The 

schematic illustration of the fabricated device was presented in Figure 3.11(f). Table 

3 compares the electrochemical performance of our fabricated symmetric devices with 

several previously reported devices.  
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Figure 3.11. GCD profiles of a) Ni(OH)2/rGO nanocomposite, b) NiO/rGO 

nanocomposite, c) Cyclic stability, d) Nyquist plots, e) Ragone plots, f) Schematic 

representation of symmetric device. 

Table 3.3 Comparison of Ni(OH)2/rGO and NiO/rGO performance with literature 

reports. 

Number Materials Configuration Electrolyte 

Energy 

density 

(Wh kg-1) 

Power 

density 

(kW kg-1) 

Ref. 

1 3D Porous Carbon   Symmetric 
1 M 

Na2SO4. 
12 0.4  258 

2 
3D Flower-like Porous 

Carbon 
Symmetric. 

1 M 

Na2SO4. 
15.9 0.317  259 

3 
MOF-Derived Porous 

Carbon 
Symmetric. 1 M H2SO4. 10.86 0.225  260 

4 Co(OH)2/Co3O4 Asymmetric. 2 M KOH. 22.4 0.291  261 

5 NiCo2O4/rGO Composite Asymmetric. 2 M KOH. 23.32 0.325  262 

6 Leaf-like CuCo2O4 Symmetric. PVA-KOH. 26.52 0.763  263 

7 Ni(OH)2/UGA//a-MEGO Asymmetric. 6 M KOH. 6.9 0.044  264 

8 Ni(OH)2/CCF Symmetric. 6 M KOH. 35.78 0.350  252 

9 Ni(OH)2/AC Symmetric. 6 M KOH. 32.9 0.8  265 

10 NiO/rGO Symmetric. 1 M NaOH. 5.4 0.43  266 

11 NiO/rGO Symmetric. 2 M KOH. 21.86 1.4 This work 

12 Ni(OH)2/rGO Symmetric. 2 M KOH. 31.50 1.4 This Work 
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Part-02 

3.2. Investigating the Impact of Ag Nanoparticles on N and S Co-

Doped TiO2 for Battery-Type Supercapacitor Application  

3.2.1. PXRD Studies 

The PXRD spectra in Figure 3.12(a) displays the characteristic patterns of 

synthesized nanomaterials. The major peaks in PXRD profiles match well with anatase 

phase of the TiO2, which are consistent with JCPDS number 83-2243. The peak position 

at 25.4°, 38.4°, 48.2°, 74.5°, 54.0°, 63.2°, and 64.9° corresponds to (101), (004), (200), 

(215), (220), (002), and (310) planes, respectively. Notably, no extra peak has been 

observed for Ag, which possibly overlaps of the Ag signals with TiO2. It was also 

noticed that the N, S co-doping and Ag deposition did not create any phase change in 

TiO2. 

3.2.2. Raman Studies 

The structural analysis of the prepared nanomaterials was conducted, as 

depicted in Figure 3.12(b). In each sample, four characteristic bands were observed, 

confirmed the anatase phase of TiO2. Specifically, the band observed at 636.89 cm-1  

can be of Eg mode, while the 392.22 cm-1 assigned to B1g mode.267-268 The band at 

512.50 cm-1 arises from the A1g mode, indicating anatase phase was prominent in all 

synthesized materials. Furthermore, the band observed at 129.49 cm-1 can be assigned 

to asymmetric stretching modes. The intensities of these bands vary among the samples, 

which can be of size, concentration, oxygen vacancies, and defects present in the 

materials.269 The co-doping of TiO2 nanomaterials did not cause a shift in the positions 

of the Raman bands, suggesting the absence of phase transformation. However, the 

decoration of Ag nanoparticles on TiO2 did not show any signals in the Raman spectra 

due to the low concentration and the extremely weak Raman stretching ability of Ag.270-

271 In contrast, an increase in the intensity of bands observed after the co-doping and 

deposition indicates the interaction between Ag and TiO2.
272-273 

3.2.3. UV-Visible Studies 

The absorption spectra of the synthesized nanomaterials have been shown in 

Figure 1.12(c). The pristine TiO2 nanoparticles showed the maximum absorption at 

286 nm while doping of N, S caused a shift towards the longer wavelength of 300 nm, 

respectively. However, deposition of Ag on co-doped material showed further shift in 



61 
 

maxima to 318 nm. Consequently, the area under the visible band increased which can 

of surface plasmon resonance (PSR) effect. The observed PSR effect arises from the 

overall vibration of Ag nanoparticle electrons which accelerated by photo excitation.274  

3.2.4. Band Gap Studies 

Tauc’s plot method was applied to calculate the band gap (Eg) of synthesized 

nanomaterials as in Figure 3.12(d). The band gap calculated for pristine TiO2 is 3.5 

eV, and for co-doped TiO2 3.2 eV. The reduction in the band gap after co-doping was 

observed, which can be attributed to the substitution of N and S into the lattice TiO2. 

This decrease in the band gap was observed due to the interaction of N 2p and S 2p 

with O 2p.  Additionally, Ag deposition on co-doped TiO2 further decreases in the band 

gap (3.1 eV). The phenomenon has been explained by the free electron properties 

exhibited by Ag, leading to a shift in the position of the valence and conduction band 

of TiO2. This shift ultimately contributes to a decrease in the Eg value.275  

 

Figure 3.12. (a) XRD patterns, (b) Raman spectra, (c) UV-Vis profiles, and (d) Tauc's 

plots of pristine TiO2 nanoparticles, N,S co-doped TiO2 nanoparticles, and Ag/N,S co-

doped TiO2 nanocomposite.  
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3.2.5. SEM Studies 

Furthermore, morphology of nanomaterials was examined by SEM as illustrated 

in Figure 3.13(a-c). The images reveal the presence of some spherical and irregular 

shape of the materials with slight agglomeration of particles at certain regions of 

images. Overall, no major morphological changes occurred after co-doping with 

nonmetals. However, very small Ag particles can be observed which were decorated on 

co-doped materials. Additionally, elemental mapping revealed a homogeneous 

distribution of all the elements throughout the samples as depicted in Figure 3.13(d) 

with images of each element.   

 

Figure 3.13. Presents SEM images of various materials: a) pristine TiO2 nanoparticles, 

b) N,S co-doped TiO2 nanoparticles, c) Ag/N,S co-doped TiO2 nanocomposite, and d) 

EDS mapping of the Ag/N,S co-doped TiO2 nanocomposite with images of each 

element. 

3.2.6. TEM Studies  

The precise shape and size of selected materials was analysed by TEM images 

as seen in Figure 3.14(a, b, c). The images can clearly indicate that the materials have 

spherical shape, with particle sizes measuring less than 100 nm. It was also worth 

mentioning that very small Ag particles decorated on N, S co-doped TiO2. Furthermore, 

the SEM images were obtained after the stability test for all the fabricated electrodes as 

seen in Figure 3.14(d, e, f). There was no change occurred in the morphology of all 

materials which affirm their exceptional structural stability. Additionally, the SEM 
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images provide evidence that the nanoparticle films remain fully intact on the surface 

of the nickel foam and do not leach out into the alkaline electrolyte solution.  

 

Figure 3.14. TEM images a) pristine TiO2 nanoparticles, b) N,S co-doped TiO2 

nanoparticles, c) Ag/N,S co-doped TiO2 nanocomposite, and (d, e, f) SEM images of 

all materials after stability test.  

3.2.1. Electrochemical Investigation of Nanomaterials for Three Electrode 

Configuration 

3.2.1.1. CV Analysis 

The as-synthesized nanomaterials were optimized in different electrolytes for 

CV to check the performance of the prepared materials and no redox peaks appeared as 

seen in Figure 3.15(a). However, the CV profiles of Ag/N,S co-doped TiO2 was 

obtained in 2 M LiOH, 2 M NaOH, and 2 M KOH at 100 mV s-1 as displayed in Figure 

3.15(b). The redox peaks and area confined by the CV curves is more prominent in 

KOH than others, suggesting that the KOH has been the most appropriate for further 

analysis. It is essential to highlight that in aqueous electrolytes, metal cations such as 

Li+, Na+, and K+ undergo hydration, resulting in the formation of hydrated ions. Smaller 

ions tend to produce larger hydrated ions, while larger ions exhibit distinct hydrated 

ions. Specifically, Na+ and K+ generate hydrated ions with an ionic radius of 3.58 Å 

and 3.31 Å, whereas Li+ forms larger hydrated ions with an ionic radius of 3.82 Å. This 

difference in hydrated ion sizes is crucial as it influences the electrochemical 

performance of the nanocomposite. As a result, the Ag/N,S co-doped TiO2 

nanocomposite exhibits the highest capacitance when used in the KOH electrolyte 

compared to LiOH and NaOH.276 Therefore, KOH is a potential candidate for further 
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electrochemical investigations and CV curves were tested at different concentrations to 

check the consistency of the redox peaks which suggested the excellent stability of the 

materials in KOH as in Figure 3.15(c). The CV profiles were conducted for TiO2, N,S 

co-doped TiO2, and Ag/N,S co-doped TiO2 in 2 M KOH from 0 to 100 mV s-1 as in 

Figure 3.15(d, e, f). The pair of redox peaks observed in each material because of 

Faradaic reactions occurred at electrode. For all prepared materials, a consistency has 

been observed in the CV profiles which demonstrates the superior reversibility and 

rapid transformation of  electrons of active material and electrolyte ions,277 which 

indicates that the synthesized materials have typical battery-type nature.278 The pair of 

redox peaks attributed to convers ion of  Ti4+/Ti3+ in the alkaline media while peaks 

become more prominent with the co-doping of TiO2 and deposition of Ag 

nanoparticles.279 Furthermore, oxidation peak and reduction peaks slightly shift to 

lower and higher voltage, suggesting that great reversibility and improve the stability 

of electrode. The peaks observed in the CV profiles indicative of surface oxidation and 

reduction reactions, which were represented by equation (25).  

TiO2 + 𝑥K+ +  𝑥e−  ↔  KxTiO2              (25) 

 

Figure 3.15. shows the following: a) CV curves at different electrolytes, b) 

Comparative CV profiles of the Ag/N,S co-doped TiO2 nanocomposite in KOH, NaOH, 

and LiOH, b) CV curves in different concentrations of KOH,  d) pristine TiO2 

nanoparticles, e) N,S co-doped TiO2 nanoparticles, f) Ag/N,S co-doped TiO2 

nanocomposite. 
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3.2.1.2. GCD Analysis, Cyclic Stability, EIS, and Bode Phase Angle Plots 

The GCD profiles show a non-linear shape which indicates the typical battery-

type behaviour as shown in Figure 3.16(a-c). Pristine TiO2 nanoparticle displayed a 

Csp values of 274 F g-1 at 1 A g-1. However, upon co-doping of TiO2 with N, S resulted 

in an improved Csp value to 360 F g-1. The maximum enhancement in the Csp was 

observed after the decoration of Ag nanoparticle on co-doped of TiO2 which is 480 F 

g-1 at 1 A g-1. The enhancement in Csp of co-doped TiO2 and Ag deposited co-doped 

TiO2 nanoparticles because of synergistic effect which produced N, S co-doping and 

Ag nanoparticle when combined with TiO2. All the materials showed excellent Csp 

values even at the highest current densities which were presented in Table 4. However, 

different working potential windows have been used in CV and GCD because at higher 

current densities, the materials start performing oxygen evaluation reactions during the 

charging process. The capacity retention as function of cycle number was studied for 

1000 cycles at 3 A g-1 for all fabricated electrodes as depicted in Figure 3.16(d). The 

capacity retention values were 79%, 81%, and 83% for pristine TiO2, co-doped TiO2, 

and Ag/N, S co-doped TiO2. These capacity retention results clearly demonstrate that 

the co-doping and deposition of co-doped TiO2 with Ag nanoparticles excellently 

improve the performance of the pristine TiO2 and enhance its versatility for practical 

applications.  

EIS was done in order to find the charge transfer dynamic of the electrode and interface 

for all the fabricated electrodes. Nyquist plots were drawn for each material which 

demonstrated a slight semicircle in the low frequency while a linear line towards higher 

frequency as shown in Figure 3.16(e). Rct can be evaluated form semicircle of the 

curves. The Ag/N, S co-doped TiO2 has a very small diameter compared to pristine and 

co-doped TiO2, which indicates the rapid transfer of electrons and ions at interface of 

electrode-electrolyte. The Rct values calculated for N,S co-doped and Ag/N, S co-doped 

TiO2 were 0.374 Ω and 0.084 Ω, however, Rs values were 1.028 Ω and 0.898 Ω, 

respectively. On the other hand, Rs is the overall contribution from electrolyte, internal 

and contact resistance that can be evaluated from the intercept of the line on the X-axis 

in high frequency region. The reduction in resistance observed in Ag/N,S co-doped 

TiO2, as compared to N,S co-doped TiO2, can be attributed to the enhanced conductivity 

achieved through the deposition of Ag nanoparticles. The equivalent circuit model was 

derived by fitting Nyquist plot data, as illustrated inset of Figure 3.16(e). Therefore, 

the introduction of a constant phase element (CPE) with diffusion is necessary to fit the 
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impedance data as depicted in the equivalent circuit diagram. The CPE primarily arises 

from various internal factors, including processes such as intercalation and 

deintercalation, active diffusion, non-uniformity, and, most notably, the characteristics 

and porosity of the fabricated electrode.280 Bode plots demonstrated that all synthesized 

materials have an excellent capacitive in nature as displayed in Figure 3.16(f).  

 

Figure 3.16. GCD profiles of a) pristine TiO2 nanoparticles, b) N,S co-doped TiO2 

nanoparticles, c) Ag/N,S co-doped TiO2 nanocomposite, d) cyclic stability, e) Nyquist 

plots, f) Bode phase angle plots. 

Table 3.4                         Specific capacitance (F g-1) calculated from GCD. 

Current density (A 

g-1) 
1 2 3 6 9 12 15 

TiO2 274 112 72 54 48 40 30 

N,S co-doped TiO2 360 192 132 96 90 80 48 

Ag/N,S co-doped 

TiO2 
480 320 246 134 90 72 60 

 

3.2.1.3. Quantitative Calculation of Surface and Diffusion Capacitance by 

Dunn’s Method 

The surface and diffusion capacitances of the co-doped and Ag decorated co-

doped TiO2 nanomaterials were determined by employing Dunn’s method using 

equation (11). The plots between i(V)/υ½ vs υ½ from the currents obtained from CV at 
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fixed potentials as depicted in Figure 3.17(a, c). Figure 3.17(b, d) illustrates the total 

contributions of surface and diffusion capacitance for N, S co-doped and Ag deposited 

TiO2 electrodes, represented as percentage bars. Notably, at lower scan rates, the 

diffusion contribution surpasses the surface contribution for both materials. This 

finding suggests that at lower scan rates, there is sufficient time for ions to intercalate 

into the inner regions of the electrodes. Specifically, the co-doped TiO2 exhibits a 

diffusion capacitance of 84% and a surface contribution of 16%, while Ag deposited 

TiO2 shows 85% attributed to diffusion and 15% to the surface.281 

 

 

Figure 3.17. A quantitative analysis of surface and diffusion capacitance is presented 

for N,S co-doped TiO2 nanoparticles and Ag/N,S co-doped TiO2 nanocomposite. 

Panels (a) and (c) Plots of (i/v1/2) vs (v1/2, (b, d) illustrate the contribution from surface 

and diffusion capacitances at different scan rates.  
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3.2.2. Electrochemical Investigation of Ag/N, S co-doped TiO2 for Symmetric 

Devices 

3.2.2.1. CV, GCD, EIS, and Cyclic Stability Analyses 

Additionally, the Ag/N, S co-doped TiO2 nanocomposite showed promising 

results in three-electrode studies. As a result, this nanocomposite was chosen for use in 

symmetric devices. The CV profiles of fabricated device were studied at 10 to 100 mV 

s-1 in -1 to 1 V in 2 M KOH as shown in Figure 3.18(a). The CV profiles of device 

reflects the quasi-rectangular shape while GCD profiles are nearly triangular which 

demonstrated the excellent reversibility of the fabricated device. The Csp of the device 

was calculated by using GCD profiles as displayed in Figure 3.18(b). Csp values of 

Ag/N, S co-doped TiO2 nanocomposite are 183, 165, 133, and 120 F g-1 at 3, 5, 7, and 

10 A g-1. Figure 3.18(c) displays the Nyquist plot of symmetric device and inset shows 

the fitting model circuit. The plots was fitted using a constant phase element (CPE) with 

diffusion model and the values calculated for Rs as well as Rct were 1.401 Ω and 0.521 

Ω, respectively. Furthermore, cyclic stability of the device was assessed for 3000 

discharge cycles which reveals a capacity retention of 80% as shown in Figure 3.18(d). 

This highest capacity retention suggested a good structural stability of the device. The 

obtained data of device indicated that Ag/N, S co-doped TiO2 nanocomposite holds 

great prospect for energy storage. The investigated device of Ag/N,S co-doped TiO2 

delivered 105 Wh kg-1 at a power density of 6 kW kg-1 at 3 A g-1. The stable energy and 

power density of Ag/N,S co-doped TiO2  demonstrated a remarkable high-rate 

capability.     
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Figure 3.18. (a, b) CV and GCD profiles of fabricated symmetric device of Ag/N,S co-

doped TiO2 nanocomposite, c) EIS profile, d) cyclic stability. 

Part-03 

3.3. Versatile Synthesis of Metal Oxide Nanoparticles to Fabricate 

High-Performance Electrode Materials for Advanced Supercapacitors 

3.3.1. PXRD Analysis 

The X-ray diffraction technique was employed to determine the phase purity of 

the as-prepared samples as depicted in Figure 3.19. The diffraction peaks match well 

with the monoclinic phase of the α-Ni(OH)2 with consistent to JCPDS No. 41-1424. No 

extra peak has been observed which confirmed the single phase of the material Figure 

3.9(a). For NiO, which is obtained from heating the Ni(OH)2 nanoparticles match well 

with the cubic phase of the material as in Figure 3.19(b). All peaks observed are those 

expected for cubic crystalline structure and again reveal the phase purity of the 

nanoparticulate NiO. The crystal structure of the MnO2 nanoparticles is presented in 

profile Figure 3.19(c). The PXRD pattern matches that of the tetragonal crystalline 

phase of MnO2 in accordance with the standard card (JCPDS No. 44-0141) and indexed 
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with their respective planes. The XRD profile contains no additional peaks again 

indicating the formation of a single-phased material. Moreover, profile Figure 3.19(d) 

presents the X-ray diffractogram of α-Ni(OH)2–MnO2 hybrid shows peaks associated 

with α-Ni(OH)2  (JCPDS No. 41-1424, indicated using an asterisk,*) and MnO2 (JCPDS 

No. 44-0141, indicated using a hash, #) are clearly observed in the diffractogram of the 

hybrid material, confirming that the product does indeed consist of a composite of 

nanostructures. The peak that appears at 2θ = 60 degrees, and represented by (#*), is 

present in both materials.  

 

Figure 3.19. PXRD of (a) of α-Ni(OH)2 nanoparticles, (b) NiO nanoparticles, (c) MnO2 

nanoparticles, (d) α-Ni(OH)2–MnO2 hybrid nanomaterial. 

3.3.2. Raman Analysis 

Further, Raman technique was used elucidate the structural properties of the 

prepared materials as in Figure 3.20. α-Ni(OH)2 shows strong phonon vibrations at 478 

cm-1 and 611 cm-1 which are due to Eg(T) and A1g(T) of Ni-OH vibrations as displayed 

in Figure 3.20(a). However, the band observed at 998 cm-1 can of α-Ni(OH)2 two order 

phonon vibration. Profile Figure 3.20(b) shows the profile of nanosized NiO in which 

three bands at 503 cm-1, 995 cm-1 and 1531 cm-1, are present. The first two bands are 

vibrational in origin and assigned accordingly as a one longitudinal optical (LO) 

phonon (503 cm-1) and a two LO phonon (994 cm-1) mode. While at 1531 cm-1 is 

because of two-magnon (2M). The MnO2 has only one band at 650 cm-1 can be of Mn-
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O lattice stretching shown in Figure 3.20(c). This MnO2 band appeared due to 

collective vibrations of MnO6 octahedron in the tetragonal hollandite-type framework. 

α-Ni(OH)2–MnO2 hybrid has two modes at 515 cm-1 and 630 cm-1 which can attributed 

to the Ni-O and Mn-O stretching vibrations as seen in Figure 3.20(d).  

 

Figure 3.20. Raman spectra of (a) of α-Ni(OH)2 nanoparticles, (b) NiO nanoparticles, 

(c) MnO2 nanoparticles, (d) α-Ni(OH)2–MnO2 hybrid nanomaterial. 

3.3.3. XPS Analysis 

The XPS analysis was used to find out the oxidation sate of each element present 

in the sample. The Ni 2p core-level shows two spin-orbit peaks at 872.2 eV (Ni 2p1/2) 

and 854.3 eV (Ni 2p3/2) with the existence of two satellite peaks which confirmed that 

the Ni+2 state as in Figure 3.21(a).282-283  The satellite peaks appeared at 861.4 eV and 

879 eV, respectively. The separation between the peaks is 17.9 eV, and exactly match 

reported values. For Mn, two peaks centred at 653.1 eV (Mn 2p1/2) and 642.3 eV (Mn 

2p3/2) shows the presence of Mn+4 state as presented in Figure 3.21(b).284 The O 1s 

contained three deconvoluted sub peaks at 530.7, 531.6, and 532.8 eV which arises to 

the Mn-O-Mn, Ni-O-H, and H2O, respectively, see Figure 3.21(c).285 The XPS analysis 

carried out after the electrochemical investigations were undertaken shows a negligible 

shift in the binding energies and area under the curves for nickel, manganese and 

oxygen as shown in Figure 3.21(d, e, f). The before and after XPS spectrum confirms 

that no oxidation state changes occurred for each element present in the α-Ni(OH)2 and 

MnO2 in the hybrid material.       
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Figure 3.21. XPS profiles of α-Ni(OH)2–MnO2 hybrid before, a) Ni-2p, (b) Mn-1p, (c) 

O-1s, and after stability tests, d) Ni-2p, e) Mn-1p, f) O-1s.  

3.3.4. SEM Analysis 

Further, SEM images was obtained for all the materials to investigate the surface 

morphology as shown in Figure 3.22. α-Ni(OH)2 shows a spherical shape particles with 

sizes ranges from 40 to 60 nm and very fine textured observed. NiO also demonstrate 

approximately spherical but the size increases up 50 nm to 60 nm due to the thermal 

annealing of the α-Ni(OH)2  to NiO as depicted in Figure 3.22(a, b). Also, the 

morphology of the particles observed in the image suggests that most of the particles 

are agglomerates of smaller individual moieties. Moreover, the MnO2 nanoparticles 

were also identified as spherical in shape Figure 3.22(c), with diameters of about 50 

nm. The existence of these spherical aggregates suggests a homogeneous nucleation 

process of MnO2 under the conditions employed.286 In addition, hybrid materials can 

be seen in Figure 3.22(d). α-Ni(OH)2 nanoparticles are decorated on the surface of the 

MnO2 nanoparticles in the hybrid material. Hence, a degree of control over the 

morphology of the as-synthesised nanostructures could be exercised and subsequently 

optimised by applying this additional step in the solvothermal treatment. In Figure 

3.22(e) the elemental mapping of hybrid nanostructures is presented, indicating the 

homogeneous distribution of manganese, nickel and oxygen. The mapping is presented 

at a lower magnification so as to provide an overview of the as-synthesised material 

and testifies to the uniformity of the distribution of each element in the sample.  
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Figure 3.22. (a, b, c, d) on the top row are SEM of α-Ni(OH)2,  NiO, MnO2, and α-

Ni(OH)2–MnO2 hybrid, while on the bottom row are elemental mapping images of (e) 

α-Ni(OH)2–MnO2 nanostructures followed by images of the Mn, Ni and O 

distributions.   

3.3.5. TEM and FE-SEM Analyses 

High magnification TEM images of the as-prepared nanostructures Figure 3.23 

reveal that α-Ni(OH)2 nanoparticles are spherical having diameters in 10 to 15 nm 

Figure 3.23(a) with a consistent size uniformity of the nanoparticles evidenced from 

the image. The image of NiO nanoparticles acquired by annealing of α-Ni(OH)2 at 500 

°C are presented in Figure 3.23(b). A difference in the diameter of the nanoparticles 

compared to that of α-Ni(OH)2 precursor examined and the structures are more 

agglomerated after calcination. Additionally, the morphology present in the Ni(OH)2 

material was not perfectly retained after thermal decomposition to NiO and it should be 

highlighted that many voids can be clearly seen, confirming the porosity of the extended 

structures formed by the NiO nanoparticles. Furthermore, the MnO2 material 

demonstrates spherical morphology Figure 3.23(c). From the image of the α-Ni(OH)2–

MnO2 hybrid nanostructures Figure 3.23(d) that both the α-Ni(OH)2 and MnO2  

materials are enlarged with respect to their starting material sizes. The hybrid 

hierarchical aggregates consist of ultrafine MnO2 nanoparticles interconnected with 

particles of α-Ni(OH)2, resulting in what has been predicted to be an attractive 

heterostructure for electrochemical applications. 

FE-SEM images were collected for all of the fabricated electrodes after 5000 stability 

cycles and are in Figure 3.23(e, f, g, h). The images reveal that no major changes have 

occurred in the morphology of the all the fabricated electrodes after undergoing stability 
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tests which indicates excellent structural stability. Furthermore, the images demonstrate 

that the nanoparticle films are completely intact at the surface of the nickel foam and 

do not leach out into the alkaline electrolyte solution. This supports what is observed 

visually i.e., that there are no major structural abnormalities indicative of damage 

observed in all fabricated electrodes after cyclic stability.  

 

Figure 3.23. (a, b, c, d) TEM of α-Ni(OH)2,  NiO, MnO2, and α-Ni(OH)2–MnO2 hybrid 

nanomaterials, (e, f, g, h) FE-SEM of α-Ni(OH)2,  NiO, MnO2, and α-Ni(OH)2–MnO2 

hybrid films after cyclic stability tests.   

3.3.6. TGA Studies 

The thermal changes that occur during the heat treatment of the as-prepared 

nanostructures between 20 and 800 °C were probed using TGA analysis, Figure 3.24. 

α-Ni(OH)2 nanoparticles exhibit three principal mass loss steps. From 20 to 250 °C a 

mass loss of approx. 13% occurs because of water of crystallisation. The second region, 

which occurs from 260 to 550 °C and accounts for approximately 24% of the mass loss, 

represents the elimination of water for the conversion α-Ni(OH)2 to NiO nanoparticles. 

The third mass loss of approx. 6% occurs in the region from 630 to 700 °C and is due 

to the oxidation of carbon to CO2. The TGA profile of the NiO nanoparticles shows a 

continuous mass loss of approx. 27.6% in the 630 to 750 °C which can be assigned to 

the oxidation of carbon, present as organic material, to CO2. Above 750 °C the TGA 

curve remains constant, which indicates that all carbon present has been converted to 

CO2. Two mass loss events were detected for MnO2 nanoparticles with the first, 

occurring under 100 °C and accounting for approx. 4% loss, is due to traces of moisture 

bound at the particle surface. The second mass loss occurs from 500 to 600 °C and is 
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most likely associated with the phase transformation of two MnO2 units to form Mn2O3. 

From the mass loss curve of nanocomposite, the mass loss of approx. 8% that occurs 

under 100 °C corresponds to the evaporation of surface adsorbed water. Moreover, 

approx. 16% loss that occurs between 110 and 440 °C can be ascribed to the conversion 

of α-Ni(OH)2 to NiO and the mass loss of approx. 26% that occurs from 480 to 530 °C 

in the nanocomposite material is related to transformation from MnO2 to Mn2O3.  

 

Figure 3.24. TGA spectra of the nanomaterials. 

3.3.7. DSC Analysis 

DSC was also undertaken, the profiles of which are presented in Figure 3.25. 

α-Ni(OH)2 nanoparticles display a broad peak in the region below 200°C which is 

related to the energy required to bring about the evaporation of strongly adsorbed water 

from the surface. In addition, α-Ni(OH)2 exhibits endothermic peak at 300°C with two, 

peaks at 340 °C and 415 °C. The temperature range of these endothermic peaks matches 

well with that of the mass loss corresponding to the α-Ni(OH)2 to form NiO. NiO 

nanoparticles do not show any observable thermal behaviour in their DSC profiles, 

which is to be expected as NiO is obtained by the the higher temperature decomposition 

of α-Ni(OH)2 at 500°C. For MnO2 and nanocomposite two endothermic peaks can be 

observed in each of the DSC profiles from 50 °C to 450 °C. The lower temperature 

endothermic peak below 100 °C is related to the loss of absorbed water molecules 

incorporated during the synthesis. The broad band observed in the region from 300 °C 

to 340 °C is due to mass losses associated with the structurally associated water 

molecules. 



76 
 

 

Figure 3.25. DSC spectra of the nanomaterials. 

3.3.1. Electrochemical Investigation of Nanomaterials for Three Electrode 

Configuration 

3.3.1.1. CV Investigation  

The fabricated electrodes were optimized in KOH, NaOH and LiOH. The CV 

measurements of each material along with the bare nickel foam were acquired at 20 mV 

s-1 in 3 M KOH, NaOH, and LiOH are depicted in Figure 3.26(a, b, c). It is found that 

the area encompassed by the bare nickel foam curve (a) is negligible, demonstrating a 

significantly smaller charge storage capacity than the active materials. In contrast, the 

area enclosed within the CV curves increases in the different electrolytes in the order 

LiOH < NaOH < KOH, indicating good performance. Of the three electrolytes 

employed here, the active materials displayed a pair of redox peaks in KOH indicating 

its suitability for further electrochemical studies. The trends in the observed 

electrochemical performance can be explained by the hydrated ionic radii of the 

electrolyte cations. The K+ (0.3 nm) has the smallest of the three hydrated ionic radii 

compared to Na+ (0.4 nm) and Li+ (0.6 nm).287 The solution resistance depends on the 

hydrated ionic radii, if radii is smaller than the resistance will be lower. Based on this 

observation it was resolved to undertake further electrochemical studies of the materials 

using KOH as the background electrolyte. The CV curves of α-Ni(OH)2 and NiO exhibit 

a typical battery-type behaviour with two broad redox peaks, se seen in Figure 3.26(d, 

e). The increase in the scan rate leads to a gradual increase in the peak current, implying 

the presence of both ion and electron transfer in the electrode.288 The behaviour of the 
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curves remains undisturbed with increasing scan rate indicating the excellent 

electrochemical stability of the active material. In case of NiO, both the peaks remain 

symmetrical even at higher scan rates which confirm the high reversibility of the redox 

reaction. The specific capacity and scan rate has reverse relation which demonstrate 

that electrolyte have enough time to enter into the inner of the electrode, results in the 

complete usage of the material. The reactions occurred at the surface of the electrode 

are represented by equations 26 and 27, respectively.  

Ni(OH)2 + OH- ⇔ NiOOH + H2O + e- (26) 

NiO + OH- ⇔ NiOOH + e-   (27) 

Additionally, the NiO nanomaterial exhibits more promising electrochemical properties 

as a supercapacitor electrode material compared with α-Ni(OH)2 due to its fast 

electron/ion diffusion rate during the Faradaic reactions which is facilitated by the 

extremely porous morphology,254, 289 that results from this synthetic protocol and which 

enhances the feasibility for the material to be used in electrochemical applications. 

Evidence for this porosity was presented earlier in the TEM image of the NiO 

nanomaterial obtained by the thermal decomposition of the α-Ni(OH)2 Figure 3.26(b), 

where a closed interconnected network type structure could be observed. As a result of 

the porous nature of the nanostructure, ion diffusion is more likely and consequently 

provides a more effective matrix for energy storage.290 The presence of the larger pores 

allows for faster electrolyte ion transportation, while nanoscale sized undulations in the 

surface efficiently increases the available surface area for the redox reactions.291 This 

results in a structure possessing  excellent electrochemical performance and also 

accounts for its high rate of storage capacity. 

The MnO2 and α-Ni(OH)2–MnO2  nanocomposite were also elucidated for CV at same 

conditions as seen in Figure 3.26(f, g). For MnO2 nanoparticles, anodic peak arises at 

+0.41 V and that for α-Ni(OH)2–MnO2 at +0.39 V, indicating an oxidation process, 

whereas the cathodic peak for MnO2 occurred at 0.30 V and that for α-Ni(OH)2–MnO2 

at +0.16 V. The area under the CV curve of composite is comparatively higher than the 

MnO2 which anticipated that composite is capable providing the higher capacity as in 

Figure 3.26(g). The equation 28 and 29 can therefore be used to represent the 

pseudocapacitive processes of MnO2 in aqueous solutions: 

MnO2 + M+ + e- ⇔ MnOOM  (28) 
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MnO2 + K+ + e- ⇔ MnOOK              (29) 

The high-performance of hybrid material in this study is likely because of the synergy 

exist MnO2 and α-Ni(OH)2 nanoparticles. From the TEM images as in Figure 3.26(d), 

α-Ni(OH)2 nanoparticles are uniformly spread over the MnO2, resulting the porous 

structure with high active sites where electrolyte adsorbed successfully. Such a situation 

can improve the electrochemical kinetics and ultimately lead to an enhancement of the 

specific capacity. As a result, the as- synthesised MnO2 and α-Ni(OH)2–MnO2 hybrid 

materials demonstrate improved supercapacitive performance.       

 

 

Figure 3.26.  CV profiles of α-Ni(OH)2, NiO, MnO2, and α-Ni(OH)2–MnO2 hybrid in 

(a) KOH, (b) NaOH, and (c) LiOH. CV profiles recorded at different scan rates in 2 M 

KOH of (d) α-Ni(OH)2, (e) NiO, (f) MnO2, and (g) α-Ni(OH)2–MnO2 hybrid. 

3.3.1.2. GCD, EIS, and Bode Phase Angle Studies 

The GCD profiles of α-Ni(OH)2 and NiO nanoparticles are presented in Figure 

3.27(a, b). The non-linear discharge profiles indicate the battery-type behaviour of the 

materials.[66] In comparison to α-Ni(OH)2 nanoparticles the porous NiO showed the 

highest capacitance of 1450 F g-1 at 1 A g-1. The specific capacitance values remain still 

high even at higher current densities such as 1085 F g-1 at 10 A g-1. While the charge-

storage behaviour is primarily a result of the battery-type nature of the materials, 

through the redox reactions that take place at interface, the increased specific capacity 

of the NiO nanomaterials is certain to be due to an enhancement by their distinctive 

morphology and high porosity. The electrolyte is expected to be readily absorbed by 
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this type of structure, which also creates a region that can store OH– ions for the redox 

reaction. As a result, the interaction between the electrode and electrolyte is increased 

and consequently the diffusion lengths are reduced, resulting in an acceleration in ion 

diffusion in the charge-discharge process.292-293  

MnO2 and α-Ni(OH)2–MnO2 hybrid materials were also employed for GCD analysis 

and the profiles are present in Figure 3.27(c, d). The slope of the curves demonstrates 

the redox nature of the materials and in accordance with the CV profiles. However, at 

high current densities (e.g., 10 A g-1), the curves show that the redox reactions are 

reversible and symmetric in nature, demonstrating the high-performance rate of both 

these electrodes. In comparison to pure MnO2 nanoparticles, which have a specific 

capacitance of 470 F g-1, the α-Ni(OH)2–MnO2 hybrid achieved an even higher value 

of 1604.75 F g-1 revealing that the hybrid material has an increased performance over 

the pure MnO2 nanoparticles. Moreover, it has been reported that MnO2 nanoparticles 

can enable facile redox reactions and provide short diffusion lengths for electrons and 

ions.294 The combination of both materials produces a synergistic effect and this 

distinctive feature provides potential competitive benefits to α-Ni(OH)2–MnO2 hybrid 

based supercapacitors. It has been reported that, at higher current densities, oxygen 

evolution reactions can take place in aqueous electrolyte during the charging process 

which impacts the GCD results,295 and therefore different potential windows for the CV 

and GCD investigations were chosen.  

EIS curves and the equivalent circuit model shown as insets in Figure 3.27(e) Nyquist 

plots were drawn with straight line in the low frequency region indicate the capacitive 

behaviour and a semi-circle appeared in the high frequency region which can of charge 

transfer resistance of redox reaction.296 The bulk resistance is represented by the 

intercept with the real axis, and a shift to lower values indicates a decrease in the bulk 

resistance of the electrode. Here, NiO and α-Ni(OH)2-MnO2 electrodes exhibit 

minimum charge-transfer and series resistance in the high-frequency region, implying 

that both  materials have very facile charge-transfer and hence conductivity. 

Additionally, it can be seen from the enhancement in the conductivity that the 

performance of the hybrid materials has improved because of the integration of MnO2 

with α-Ni(OH)2. Bode plots were shown for each material in the Figure 3.27(f). The 

phase angles lie in the range of -70° to -77° which is quite close to -90°, demonstrating 

the ideal capacitive nature of the materials. The specific capacity values, as estimated 

from GCD curves, are summarised in table 5. 
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Figure 3.27. GCD profiles of (a) α-Ni(OH)2 nanoparticles,  (b) NiO nanoparticles, (c) 

MnO2 nanoparticles and (d) α-Ni(OH)2–MnO2 hybrid. Nyquist plots (e) and Bode plots 

(f) for all four materials. 

Table 3.5 Specific capacitance values of nanomaterials calculated from GCD in F g-1.  

 

Current density  

(A g-1) 
1 2 3 5 7 10 

α-Ni(OH)2 612.5 460 367.5 262.5 192.5 125 

NiO 1450 1355 1286.25 1262.5 1184.75 1085 

MnO2 470 370 285 250 192.5 150 

α-Ni(OH)2-

MnO2 
1604.75 1570 1445.25 1271.25 1225 1100 

 

3.3.1.3. Quantitative Calculation of Surface and Diffusion Capacitance by 

Dunn’s Method 

The total capacity of the electrodes arising from the quantitative contribution 

from the surface and diffusion capacitances can be estimated using equation (11). The 

plots were drawn between i(V)/υ½ vs υ½ at fixed potentials and various scan rates from 

CV curves for NiO and α-Ni(OH)2-MnO2 as presented in Figure 3.28(a, c). Figure 

3.28(b, d) shows the overall percentage capacitance contribution from both the storage 

mechanisms. For NiO, the percentage diffusion contribution of the capacitance (90%) 

is higher than that of the surface capacity (10%) at lower scan rate (10 mV s-1).  
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However, the diffusion capacitance contribution from the hybrid electrode is 85% and 

15% surface capacitance at lower scan rate of 10 mV s-1. At lower scan rate the diffusion 

capacitance accounted that the electrolyte ions have enough time to permeate into the 

inner surface of the electrode materials. On the other hand, diffusion capacitance 

decreases at higher scan rate where the capacitance arises from both the contribution 

from the surface and diffusion capacitances.    

 

Figure 3.28. Quantitative capacitive analysis of NiO nanoparticles and α-Ni(OH)2-

MnO2, (a, c) Plots of (i/v1/2) vs (v1/2), (b, d) Contribution of surface and diffusion 

capacitances.  

3.3.2. Electrochemical Investigation of Nanomaterials for Symmetric Devices 

3.3.2.1. CV Investigation 

The nanomaterials were also tested within symmetric devices, using Whatman 

filter paper as a separator between both electrodes. CV analysis was conducted for the 

devices at different scan rates and the curves show that the operating potential window 

for the materials is in the range from 0 to 1 V, see Figure 3.29(a, b, c, d). The behaviour 

of curves remains undisturbed at higher scan rates, indicating the characteristic 

capacitive behaviour of the symmetric devices.  
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Figure 3.29. CV profiles of symmetric devices of a) α-Ni(OH)2 nanoparticles,  b) NiO 

nanoparticles, c) MnO2 nanoparticles and d) α-Ni(OH)2–MnO2 hybrid. 

3.3.2.2.  GCD, Cyclic Stability, and Self-Discharge Studies 

The GCD analysis was studied for each nanomaterial in a potential window of 

0 to 1 V at 1 to 10 A g-1, and displayed in Figure 3.30(a, b, c, d). From the GCD curves, 

it is clear that the time required for charging and discharging of symmetric devices is 

higher for lower currents and lower for higher currents. This phenomenon occurs as at 

higher current densities the ions of the electrolyte are not being utilized over the total 

area of the electroactive sites of the electrode while at lower current densities ions are 

completely utilised to the bulk of the materials. A sudden voltage drop (IR drop) was 

observed in the GCD profiles because of combined ohmic resistances of electrolyte, 

and electrical contact of the devices. Also, the results indicate that the discharge curves 

exhibit the non-linear behaviour consistent with that of battery-type supercapacitors. 

The GCD curves of NiO and α-Ni(OH)2–MnO2 show a better rate capability and 

reversibility compared to other materials. The specific capacitance values calculated 

for NiO, and α-Ni(OH)2-MnO2 are 340 F g-1 and 502 F g-1 at 1 A g-1, respectively. With 

the increase in the current densities the capacity values were found to follow the 

behaviour observed in three-electrode configuration again demonstrating that NiO 
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and α-Ni(OH)2–MnO2 electrodes exhibit good symmetric device performance. The 

capacity retention as a function of number of cycles is presented in Figure 3.30(e). The 

fabricated devices were tested over 5000 cycles after all electrochemical studies had 

been completed. The symmetric devices for each nanomaterials showed a capacity 

retention of 53, 65, 95 and 72% respectively, indicating their excellent stability. The 

coulombic efficiency was determined for every cycle of GCD analysis as shown in 

Figure 3.30(e). When tested for 5000 cycles, all materials showed extremely high 

coulombic efficiency, indicating that the electrodes are exceedingly reversible. The 

long charging and discharging times exhibited by the materials are a result of their 

outstanding structural stability. 

Self-discharging, in which the electrodes were first charged to a fixed potential, the 

power turned off and the open circuit potential measured with respect to time was 

assessed. Figure 3.30 (f) demonstrates the comparative self-discharge potential profiles 

of each electrode initially charged at 1.0 V.  From the self-discharge profiles that the 

hybrid material has the slowest discharge rate while the NiO has the quickest. The NiO 

curve reaches a constant value of 0.36 V after a very long discharge time.  

 

Figure 3.30. GCD analysis of symmetric devices a) α-Ni(OH)2 nanoparticles,  b) NiO 

nanoparticles, c) MnO2 nanoparticles, d) α-Ni(OH)2–MnO2 hybrid, (e) Cyclic stability 

and coulombic efficiency and (f) self-discharge curves.  

Nyquist plots, recorded in three-electrode configuration, showed a similar behaviour as 

can be seen from Figure 3.31(a). The NiO and α-Ni(OH)2–MnO2 have a very low 

Warburg impedance and charge transfer resistance leading to an increase in 

conductivity and faster electron transfer. However, NiO and α-Ni(OH)2–MnO2 have the 
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highest energy densities of 47.21 Wh kg-1 and 69.72 Wh kg-1 at power densities of 1 

kW kg-1 respectively at 1 A g-1 as in Figure 3.31(b).  These values illustrate the high-

rate capability of both devices. The performance of NiO and α-Ni(OH)2–MnO2 based 

symmetric devices clearly demonstrate a sizable potential to work across a wide 

potential window even at higher energy densities making the these materials very 

promising candidates for supercapacitor applications.  

 

Figure 3.31. (a) Nyquist plots after cyclic stability test, (b) Ragone plots of fabricated 

symmetric devices.   

 

Part-04 

3.4. Colloidally Synthesized V2O5 Based Nanocomposites Electrode 

Materials for High-Performance Electrochemical Supercapacitors 

3.4.1. PXRD Studies 

The X-ray diffraction analysis of both the as-prepared V2O5 nanoparticles and 

their composite was conducted as depicted in Figure 3.32(a). The distinct peaks 

observed in the pure V2O5 samples closely correspond to the orthorhombic phase 

(JCPDS Card No. 41-1426). Notably, there were no indications of impurity peaks in 

the X-ray diffraction pattern. The sharp intensity of the diffraction peaks suggests being 

high crystallinity of the materials. Interestingly, the conventional peaks of GO and rGO 

in the composites were not appeared at their respective positions which possibly due to 

the uniform formation of V2O5 nanoparticles on sheets displayed.  
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3.4.2. Raman Analysis 

Raman spectra were recorded to study the further structural properties of as-

prepared V2O5, and nanocomposites as displayed in Figure 3.32(b). V2O5 nanoparticles 

exhibited the bands at 143, 193, 285, 404, 478, 483,525, 703, and 992 cm-1 which are 

the characteristic modes of V2O5. The peaks appearing at 143, 193 cm-1 are 

corresponding to the relative motion of the V2O5 layers with respect to each other which 

confirms the layered structure and good crystallinity of the V2O5. The peaks assigned 

at 285, 404 cm-1 corresponding to V=O bending mode while two less intense peaks at 

478, 483 cm-1 ascribed to the bending vibration of V-O-V mode. The observed bands 

at 525 cm-1 are a result of the stretching and bending modes involving V-O bonds. 

Additionally, the distinctive peak at 992 cm-1 attributed to the stretching mode of V=O 

bonds. Furthermore, in both the nanocomposite samples, two broad bands were evident 

at 1319 cm-1 and 1585 cm-1, corresponding to the D and G bands of G and rGO 

(graphene and reduced graphene oxide), respectively. The G band signifies the in-plane 

bond-stretching motion of the two carbon sp2 atoms (the E2g phonons), while the D 

band arises from the presence of sp3 carbon atoms or k-point phonons of A1g symmetry.  

   

Figure 3.32. (a) PXRD patterns of V2O5 nanoparticles (black), V2O5/GO 

nanocomposite (red), V2O5/rGO nanocomposite (blue), (b) Raman spectra of 

nanostructures V2O5 nanoparticles (black), V2O5/GO nanocomposite (red), V2O5/rGO 

nanocomposite (blue). 

 



86 
 

3.4.3. SEM Studies 

Furthermore, pure V2O5 and composites morphology was confirmed by SEM 

as presented in Figure 3.33. The SEM micrographs depicted that the V2O5 

nanoparticles are mixed irregular to spherical morphology as in Figure 3.33(a). While 

the average diameter of the particles ranges from 15 to 20 nm. The morphology of 

V2O5/GO nanocomposite was presented in Figure 3.33(b). The image reveals that the 

V2O5 nanoparticles were successfully attached to GO sheets. For the V2O5/rGO 

nanocomposite, images are displayed in Figure 3.33(c, d). The images showed that the 

particles are grown on rGO sheets. The nanoparticles are approximately spherical in 

shape after the sonication and drying processes but most of them get agglomerated due 

to stacking with each other.  

 

Figure 3.33. SEM micrographs of nanostructures (a) V2O5 nanoparticles, (b) V2O5/GO 

composite, (c, d) V2O5/rGO composite. 

3.4.4. Elemental Mapping Analysis 

Figure 3.34(a, e) illustrates the elemental mapping of the V2O5/GO 

nanocomposite which demonstrates that the vanadium, oxygen, and carbon are 

homogeneously distributed. The mapping was recorded at low magnification to 

represent the homogeneous spreading of each element on GO sheets. The elemental 

composition and purity of the nanocomposite was estimated by EDX investigations as 

shown in Figure 3.34(f). The EDX demonstrates the predominant peaks of V, O and 
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C, respectively. Moreover, the existence of some minute impurity peaks of Cu which 

is not in real number and may be raised due to the instrumental error.  

 

Figure 3.34. Elemental mapping images and EDX spectrum of V2O5/GO composite. 

3.4.5. TEM Studies 

To have a better understanding of the morphology, the as-

prepared V2O5 nanoparticles were analysed by TEM analysis as shown in Figure 

3.35. The high and low magnification images are presented in Figure 3.35(a, b). The 

well-defined spherical particles were observed with average diameter in the ranges 5 to 

7 nm. As the nanoparticles were prepared at an elevated temperature due to which it 

starts to get agglomerate as shown in the low magnification image. On the other hand, 

in both the composite, it clearly observed the V2O5 particles are homogeneously 

distributed and grown on GO and rGO sheets as in Figure 3.35(c, d). The particle size 

is about 5 to 7 nm, which is approximately similar to that of a pure V2O5 sample.   
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Figure 3.35. TEM images of nanostructures (a, b) V2O5 nanoparticles, (c) V2O5/GO 

composite, (d) V2O5/rGO composite. 

3.4.1. Electrochemical Investigation of Nanocomposites for Three Electrode 

Configuration 

 3.4.1.1. CV and GCD Investigations 

The comparative electrochemical behaviour of colloidally synthesized V2O5, 

V2O5/GO, and V2O5/rGO nanomaterials were studied by CV in a three-electrode setup 

with potential window of -0.2 to +0.6 V in 2 M KOH aqueous electrolyte. The area 

under the CV curve of pristine and V2O5/GO is less than the V2O5/rGO which indicate 

the more storage capacity of this composite, indicating its superior energy storage 

capacity297 as seen in Figure 3.36(a). This enhancement in performance can be 

primarily attributed to the inclusion of rGO, which substantially enhances the overall 

conductivity of the composite due to its low-resistance properties.298 The CV curves 

demonstrated pair of redox peaks for V2O5/rGO nanocomposite, reflects the capacitive 

nature of the material and indicates the Faradaic reactions. With enhancement in the 

scan rate, the behaviour of the redox peaks remains symmetric, confirmed the 
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exceptional reversibility of the electrode material.298 In EDLCs, the redox reactions 

result in relatively low current peaks, while Faradaic reactions showed high current 

peaks in battery-type materials.299 Consequently, the V2O5/rGO suggests a battery-type 

capacitive behaviour, primarily driven by Faradaic reactions occurring at the electrode-

electrolyte interface. There are no distortions observed in the CV profiles that indicates 

the efficiency of V2O5/rGO in facilitating electron transport with minimal equivalent 

series resistance. However, it is worth mentioning that a slight shift in the redox peaks 

is observed as the scan rates increase, which could be attributed to internal resistance 

within the system.298-299 However, the CV profiles of V2O5, V2O5/GO and V2O5/rGO 

materials were conduct at various scan rate which demonstrate the similar battery-type 

behaviour as observed for V2O5/rGO nanocomposite shown in Figure 3.36(b, c, d), 

respectively.         

Galvanostatic charge-discharge analysis was performed for V2O5, V2O5/GO, and 

V2O5/rGO nanomaterials to test the electrochemical behaviour as shown in Figure 

3.36(e, f, g). The behaviour of the discharge profiles shows the battery-type nature of 

the materials which supports the CV results. The highest specific capacitance value 

calculated for V2O5/rGO is 1190 F g-1 while for pristine V2O5 and V2O5/GO are 696.63 

and 1083.34 F g-1 at current density of 1 A g-1, respectively. These values suggest the 

high-rate capability of the V2O5/rGO nanocomposite. Moreover, the V2O5/rGO 

electrode material demonstrated an enhanced specific capacitance because of the 

synergy between the rGO sheets and V2O5 nanoparticles.300 Firstly, rGO sheets help in 

improving the conductivity of the electrode as well as double-layer capacitance. 

Secondly, V2O5 nanoparticles are uniformly distributed over rGO sheets which utilize 

effectively their pseudocapacitance.298 Thirdly, rGO sheets also prevented the V2O5 

from disintegration but also buffer the strain appeared due the volume expansion during 

the charge-discharge analysis.301 Finally, the quick electron transfer was assisted by the 

strong attraction between the materials, which improved the electrochemical 

performance.302 The specific capacitance values decrease with the increase in current 

density and attributed to the diffusion effect which ultimately limits the movements of 

the electrolyte ions. Consequently, cause the incomplete usage of the electrode 

material.303 When the V2O5/rGO tested at over a range of current densities from 1 to 10 

A g-1, it outperformed than that of pristine V2O5 and V2O5/rGO materials. For instance, 

at 1 A g-1 the obtained capacitance value is 1190 F g−1 while at 10 A g-1 is 483.62 F g-



90 
 

1, respectively. Table 3.6 summarised the specific capacitance values calculated at 

various current densities.  

 

Figure 3.36. a) CV profiles a) V2O5 nanoparticles, b) V2O5/GO n nanocomposite, c) 

V2O5/rGO nanocomposite, and GCD profiles of d) V2O5 nanoparticles, e) V2O5/GO 

nanocomposite, f) V2O5/rGO nanocomposite.  

Table 3.6 Specific capacitance values of nanomaterials calculated from GCD in F g-1. 

Current density 

(A g-1) 
1 2 3 5 7 10 

V2O5 696.63 603.32 570 466.71 400 316.53 

V2O5/GO 
1083.3

4 
973 705 583.53 490 464.24 

V2O5/rGO 1190 963.41 780 525 501 483.62 
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Conclusions 
In summary, a direct hydrothermal protocol was adopted for the synthesis of 

nickel-based hydroxide/oxide nanocomposites grown on reduced graphene oxide 

(rGO). The materials were employed as a high-performance active layer for advanced 

supercapacitors. Ni(OH)2/rGO and NiO/rGO nanocomposites demonstrated a high 

specific capacitance of 1255.12 and 636.84 F g-1 at 10 mV s-1 obtained from CV curves 

while 1092.5 and 1070 F g-1 estimated from GCD at 1 A g-1, respectively. Subsequently, 

symmetric devices with a broad potential window of 1.4 V for both materials were also 

fabricated. Symmetric devices delivered the maximum specific capacitance of 115.71 

and 80.28 F g-1 at 1 A g-1 with an energy density of 31. 5 Wh Kg-1 and 22 Wh kg-1 at 

power density of 1.4 kW kg-1 which indicates the high-rate capability of the devices. 

The devices have maximum capacity retention of 81% and 93%, when tested for 1000 

discharge cycles at 3 A g-1 showing high cycle stability. The superlative performance 

of nanocomposites can be attributed to the synergistic effects they exhibit, 

demonstrating that they are appealing electrode materials for supercapacitor 

applications.  

 In the second part, we present a successful synthesis of heteroatom (N, S) co-doped TiO2 

decorated with Ag nanoparticles using a direct combustion approach. These materials 

serve as a high-performance active layer for advanced battery-type supercapacitors. 

Among all the investigated materials, the N,S co-doped TiO2 nanoparticles and Ag/N,S 

co-doped TiO2 nanocomposite exhibited impressive specific capacitances of 360 and 

480 F g-1 at a current density of 1 A g-1. Moreover, we employed Ag/N,S co-doped TiO2 

nanocomposite as symmetric supercapacitor in a wide potential window of -1 to 1 V. 

The symmetric device demonstrated a specific capacitance of 183 F g-1 at 3 A g-1 with 

an energy density of 105 Wh kg-1 at a power density of 6 kW kg-1. One of the most 

promising aspects of this study is the high cyclic stability of the device, with the highest 

capacity retention of 80% when tested for 3000 discharge cycles at 3 A g-1. The 

improved electrochemical performance of Ag nanoparticle decorated N,S co-doped 

TiO2 structure confirms the synergistic behavior of each component  in the composite. 

These results indicate the remarkable durability of the device. Additionally, the 

materials used in this work are environmentally friendly, making them attractive 

candidates for battery-type supercapacitors. 
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In the third part, surfactant-free and scalable methodology for the synthesis of spherical 

nanoparticles of Ni(OH)2, NiO, and Ni(OH)2-MnO2 hybrid material employing the 

polar, aprotic solvent, Dimethylformamide (DMF) has been developed. An extension 

of the methodology to include a surfactant-coated metal oxide nanomaterial (MnO2) 

has also been presented for comparison. Of the investigated electrode materials in a 

three-electrode configuration, NiO and α-Ni(OH)2–MnO2 exhibit the highest specific 

capacitance of 1450 F g-1 and 1604.75 F g-1 at a current density of 1 A g-1, respectively. 

To evaluate the electrochemical performance of the materials synthesized using this 

methodology for electrochemical capacitor applications, symmetric devices with a wide 

operating potential window of 1 V, were fabricated. The NiO and α-Ni(OH)2–MnO2 

based symmetric devices delivered maximum specific capacitances of 340 F g-1 and 

502 F g-1 at a current density of 1 A g-1 and 47.21 Wh kg-1 and 69.72 Wh kg-1 at a power 

density of 1 kW kg-1, clearly demonstrating the high-rate capability of the symmetric 

devices. Devices based on NiO and α-Ni(OH)2–MnO2 also possess a high cycle stability 

with maximum capacity retentions of 65% and 72% respectively after 5000 charge-

discharge cycles at 3 A g-1.  

In the final part, the successful synthesis of V2O5 nanoparticles, V2O5/GO, and 

V2O5/rGO was achieved through a newly developed colloidal method, meticulously 

controlling the reaction parameters with a single molecular precursor. The resulting 

V2O5 and its composites were assessed for their potential in battery-type 

supercapacitors. In three-electrode configurations, all materials demonstrated 

outstanding specific capacitance performance, with V2O5/rGO exhibiting the highest 

value at 1190 F g-1 under a current density of 1 A g-1. These findings suggested the 

high-rate capability of the fabricated electrodes. Notably, the environmentally friendly 

nature of the materials used in this study positions them as attractive candidates for 

battery-type supercapacitors. 
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Future Perspectives     

In recent years, storage technologies have attracted significant interest of 

numerous scientists and engineers from various disciplines such as chemistry, physics, 

electrochemistry, material science, and engineering. These experts have employed a 

wide range of characterization techniques to make substantial advancements in 

understanding the diverse physical and chemical phenomena related to energy storage. 

While considerable progress has been made in the development of electrochemical 

energy storage materials. Additionally, the supercapacitors are still in the early stages 

of their evolution. The diverse variety of materials have highlighted the potential for 

further innovation in this area. Therefore, by carefully investigating the materials, it is 

possible to achieve energy and power densities that surpass the capabilities of both 

lithium-ion batteries and traditional electric double-layer capacitors (EDLCs). The 

ongoing developments in supercapacitor systems required intense research efforts 

focused on understanding the electrochemical processes that contribute to improve the 

electrode properties. Additionally, state-of-the-art architectures will be crucial for the 

creation of high-performance energy storage devices. Notably, few ways have been 

investigated, until now, which make this field more enticing and promising for future. 

The impact of these advancements is expected to extend well into the coming years. 
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