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ABSTRACT 

Chapter 1 explores the potential of supercapacitors (SCs) as an advanced energy storage 

(ES) solution, highlighting their superior performance compared to traditional storage 

systems. SC devices are characterized by high power density (PD), and extended cycle life, 

rendering them particularly suitable for applications, portable electronics, and electric 

vehicles. The chapter reviews the fundamental components of SCs, including their 

classification and the associated development challenges. Study about different electrode 

materials including, carbon-based materials, conducting polymers (CPs), and transition 

metal oxides (TMOs). Among of these, TMOs are frequently utilized in SCs due to their 

high theoretical capacitance and acceptable conductivity. In TMOs nickel oxide (NiO) is 

identified as a standout candidate for SC electrodes due to its ecofriendly nature, and cost-

effectiveness. The discussion covers the contributions of these materials to enhancing SC 

performance, while also addressing ongoing challenges and outlining future perspectives 

for the optimization of SC technologies. 

Chapter 2 examines the role of NiO in SCs, emphasizing its high theoretical capacity, 

environmental sustainability, and cost-effectiveness. It reviews recent advancements in 

NiO-based materials, focusing on their morphology, composite structures, and performance 

enhancements relevant to SC applications. The chapter discusses the controlled fabrication 

of NiO in various morphologies—zero-, one-, two-, and three-dimensional—and their 

unique electrochemical properties that benefit SCs. It also explores the development of 

NiO-based composites, including those doped with transition metals, NiO/metal oxide 

(MO) composites, NiO/carbon nanomaterials, NiO/CPs, and NiO/metal sulfides, 

highlighting their influence on charge storage capacity and cycle stability. Furthermore, the 

chapter identifies current research gaps, such as the challenges of achieving consistent 

material properties and scaling advanced composites. Future research objectives are 

outlined, focusing on optimizing NiO's morphology and composite structures to enhance 

energy density (ED) and cycling performance. This comprehensive analysis provides 

essential insights into material design strategies aimed at improving the performance of 

NiO-based SCs. 

Chapter 3 provides an in-depth examination of the materials, synthesis methods, and 

characterization techniques essential for advancing SC technology. A comprehensive list 

of chemicals used in the study is included, ensuring reproducibility. The synthesis of 

materials is carried out using three main techniques: hydrothermal, sol-gel, and microwave 
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methods. Each technique is discussed in detail, highlighting its role in the preparation of 

advanced materials for ES applications and offering a versatile framework for optimizing 

material properties tailored to specific SC applications. The characterization techniques 

employed to analyze electrode materials. Various methodologies are explored, including 

XRD for phase identification and crystallinity assessment, Raman spectroscopy for 

molecular vibrational analysis, and FESEM for morphological studies. EDS is utilized for 

elemental composition analysis, while XPS provides insights into the electronic state of 

elements on the electrode surface. The application of Brunauer-Emmett-Teller (BET) 

theory for SA measurements, along with High-Resolution Transmission Electron 

Microscopy (HRTEM) for structural evaluation, are also discussed. Electrochemical 

techniques, including cyclic voltammetry (CV), galvanostatic charge–discharge (GCD), 

and electrochemical impedance spectroscopy (EIS), are highlighted to assess the 

performance characteristics of the materials. The integration of these methods offers a 

holistic understanding of the properties and behaviors of electrode materials, facilitating 

advancements in SC technology. 

Chapter 4 investigates the change in electrochemical performance and morphology of NiO 

by changing the reaction temperature and urea concentration. At 110°C temperatures 

through hydrothermal method with a 1:2 ratio of nickel nitrate hexahydrate to urea in the 

growth solution achieved nanosheets. Additional, same repeat and grown on nickel foam 

achieved highly porous microspheres NiO morphology. At 1 A/g, the porous microspheres 

NiO electrode was exhibited specific capacity of 418 C/g (1045 F/g).  After one thousand 

cycles, this electrode demonstrated remarkable retention rate of 87.5% at 14 A/g. 

Furthermore, ED of 22.5 Wh/kg was achieving by assembled asymmetric supercapcitor 

(ASC) at PD OF 0.9 kW/kg. 

Chapter 5 presents the synthesis of MoS2@NiO heterostructures via a simple hydrothermal 

method, aimed at enhancing electrochemical performance as electrode materials. The effect 

of varying MoS2 concentrations within the composite is systematically explored to optimize 

performance. The most optimized MoS2@NiO heterostructure-based electrode 

demonstrates an impressive specific capacity of 419.5 C/g (1048.75 F/g) at 1 A/g, 

outperforming MoS2 and NiO-based electrodes by 60% and 45%, respectively. The 

investigation reveals that Faradic or diffusion processes predominantly govern the charge 

storage mechanisms. Leveraging the synergistic interactions between MoS2 and NiO, the 

ASC configuration, MoS2@NiO//graphite-activated carbon (GAC), achieves a notable ED 

of 47.43 Wh/kg at a PD of 0.825 kW/kg. Furthermore, developed device maintains 
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approximately 80% of its Cs and around 85% Coulombic efficiency after 5000 cycles at 2 

A/g, demonstrating robust cyclic stability. 

Chapter 6 presents the synthesis of CoS2@NiO heterostructures via a simple hydrothermal 

method, aimed at enhancing electrochemical performance as electrode materials.  By 

exploiting the synergistic effects of CoS2’s superior electrical conductivity and NiO’s 

exceptional electrochemical stability. The optimized CoS2@NiO electrode exhibits specific 

capacity of 475 C/g (1187.5 F/g), significantly surpassing conventional NiO and CoS₂ 

electrodes by approximately 46% and 42%, respectively. At PD of 0.825 kW/kg, the 

assembly of ASC device (CoS2@NiO//GMC) was demonstrating ED of 50.18 Wh/kg. After 

5000 cycles, the device further demonstrates excellent durability, retention rate of 82%. 

This study emphasizes the effectiveness of compositional tuning and heterostructure 

formation in enhancing electrochemical performance, paving the way for advancements in 

high-performance SC applications. 

Chapter 7 presents the synthesis of CuS@NiO heterostructures via a simple hydrothermal 

method, aimed at enhancing electrochemical performance as electrode materials. CuS NPs 

and NiO nanosheets are synthesized using hydrothermal and annealing methods, 

respectively, and subsequently combined to form the composite. Characterization 

techniques, including XRD, XPS, FESEM, BET analysis, CV, GCD and EIS confirm the 

successful formation of the CuS@NiO composite and highlight its enhanced structural and 

electrochemical properties. At 1 A/g, the composite electrodes exhibit a specific capacity 

of 392 C/g (980 F/g), and excellent retention rate of  80.08% after five thousand cycles.  

CV and GCD tests demonstrate that the CuS@NiO composite offers a higher charge storage 

capacity and ED compared to individual CuS and NiO electrodes. EIS results indicate a 

lower intrinsic resistance of 0.4 ohms and higher ionic conductivity of 0.56 × 10⁻⁴ S/cm for 

the composite. At PD of 0.825 kW/kg ,assembled ASC device (CuS@NiO//EGA) was 

demonstrate  ED of 44 Wh/kg and maintains a Coulombic efficiency of 77.62% after five 

thousand cycles. This study highlights how compositional tuning and heterostructure 

formation can significantly improve electrochemical performance, marking a step forward 

in advancing high-performance SC applications.
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Chapter 1 

Introduction 

 

1.1 Needs of a Supercapacitor for Energy Storage 

Fossil fuels have been the main source of energy source throughout the past century, but their 

extensive use has led to the depletion of natural resources and has contributed to numerous 

environmental issues that adversely affect human health [1-3]. However, it is possible to 

generate energy from renewable sources such as bioenergy, hydroelectric, and solar power 

[4,5]. Although renewable energy sources can generate substantial amounts of energy, they 

require localized storage solutions capable of managing large bursts of energy [6]. Without 

appropriate ES systems, harnessing power from these sources may not fully address the energy 

challenges. Currently, the storage of electrical energy is limited to devices such as, fuel cell, 

capacitors, and batteries, each of which has its own Pros and cons in terms of capacity, 

efficiency, and scalability [7]. Capacitor’s store energy through electrostatic means, allowing 

for rapid charge and discharge cycles. While capacitors offer high power density (PD) and excel 

in applications demanding quick bursts of power, their Energy density (ED) is comparatively 

low, limiting their capacity for long-term ES. In contrast, Fuel cells convert chemical energy 

into electrical energy, making them well-suited for applications requiring sustained energy 

output and high Ed. However, fuel cells generally exhibit lower PD compared to other 

technologies [8]. Battery technology is frequently regarded as the most advanced and 

economically viable option for storing electrical energy [9]. However, the limited charging 

speed, bulky size, and relatively short lifespan of batteries pose significant barriers to their 

widespread adoption. Additionally, the presence of hazardous and highly toxic chemicals in 

many battery types presents serious environmental risks, necessitating stringent handling and 

recycling procedures [10]. In recent years, lithium-ion (Li-ion) technology has gained 

popularity due to its high ED and reduced toxicity. Despite its widespread use in ES 

applications, the relatively low PD of Li-ion technology remains a significant limitation, 

hindering its broader deployment [11]. Therefore, advancing ES technologies is essential for 

fully harnessing the potential of renewable energy and maintaining a stable, reliable power 

supply. 

A new category of devices known as SCs has emerged, offering high PD without relying on 

vigorous chemical reactions [8]. Unlike batteries, these devices are lightweight, non-toxic, and 

do not require bulky electrodes, thereby eliminating complex disposal challenges. This makes 
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SCs a promising alternative for applications that demand both high power output and 

environmental sustainability [12]. SCs exhibit a capacitance that is over 106 times greater than 

that of conventional capacitors. They also surpass lithium-ion batteries and fuel cells in PD 

while offering higher ED compared to traditional capacitors. Consequently, it is crucial to invest 

substantial effort into the development and integration of SC technology within ES systems. 

SCs provide substantial advantages over traditional physical capacitors and batteries, including 

cost-effectiveness, extended cyclic lifespan, rapid charge-discharge capabilities, and high- PD  

[13,14].  

 SC devices offer several advantages compared to other ES systems, making them favorable 

for ES applications. These advantages are discussed below. 

• High Power density: Electrochemical SCs exhibit substantially greater PD compared to 

lithium-ion batteries. This enhancement arises from the SCs' method of charge storage, 

which occurs at both the surface and within the bulk of the electrodes.  SCs can achieve 

significantly faster charge and discharge rates, translating into higher PD in ES systems 

[15,16]. 

• Extended Life Expectancy: The long-life cycle of SCs is largely due to their electrostatic 

ES mechanism, which minimizes wear compared to chemical batteries. Their use of 

durable materials, low internal resistance, and high charge/discharge efficiency also 

contributes to their longevity [17-20]. 

• Long Shelf Life:  SCs offer a significant advantage in terms of shelf life. Unlike 

rechargeable batteries, which lose functionality over time due to self-discharge during 

extended periods of inactivity, SCs can retain their capacitance and be recharged to 

their original state. Although prolonged self-discharge may result in some voltage 

reduction, SCs can remain unused for several years while retaining their initial 

performance characteristics [21]. 

• High Efficiency:  SCs exhibit high efficiency due to their reversible charge and 

discharge properties, which are consistent across the entire voltage range of operation. 

They experience minimal energy loss as heat during these processes, simplifying heat 

management and resulting in a cycle efficiency of approximately 95% [22]. 

• Environmental Friendliness:  SCs are devoid of harmful or toxic substances, and their 

waste materials can be disposed of with ease. This environmental advantage highlights 

their sustainability compared to other ES systems. 
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• Broad Temperature Range:  SCs can operate efficiently across a broad temperature 

range of -40 to 70 °C. This extensive operational temperature range provides a distinct 

advantage over batteries, especially in applications requiring reliable performance in 

diverse temperature conditions, such as military operations [23,24]. 

• Safety: Under standard operating conditions, SCs are considerably safer than batteries, 

due to the absence of harmful chemicals in their construction [25,26]. 

SC devices have gained significant traction across various fields due to their numerous 

advantages. They have emerged as the favored option for various application, 

mobile phones, including electric vehicles, hybrid electric vehicles, digital 

cameras, digital communication devices, electrical tools, pulse laser 

technologies, uninterruptible power supplies, and ES systems for solar cells. In 

digital cameras, SCs provide quick bursts of energy for high-power functions 

such as flash photography. In electrical tools, SCs are used to improve power 

delivery, efficiency, and durability. They provide quick bursts of energy for 

tasks that require high power, such as drilling and cutting. In Pulse laser SCs 

help stabilize the power supply, ensuring consistent pulse generation without 

fluctuations. They also enable faster recharge cycles between laser pulses, 

improving operational efficiency and reducing downtime in applications like 

precision cutting, medical procedures, and scientific research. In solar cell 

systems, SCs are used to store and release energy efficiently. They efficiently 

capture surplus energy produced by solar panels during peak sunlight and 

release it during times of reduced sunlight or increased demand. In electric 

vehicles, which require high PD to meet peak load demands during acceleration 

or climbing, SCs offer a solution with their extended lifespan and superior PD 

[20,27,28]. By integrating SCs with batteries, hybrid electric vehicles can 

achieve improved performance, such as enhanced acceleration, energy recovery 

during braking, better cold weather starting, and a prolonged battery lifespan. 

Looking ahead, SC manufacturers are likely to concentrate on sectors such as 

transportation, with particular emphasis on hybrid electric vehicles and metro 

trains [29,30]. 

1.2 Constituents of Supercapacitors 

SCs share several similarities in their Constituents and design with batteries. The main 

constituents of a SC device include electrolyte (EL), current collector, binder, separators, and 
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electrode material as illustrated in Fig. 1.1. The SC includes two electrodes, two current 

collectors, a separator, a binder, and an EL. Of these components, the electrode materials and 

the EL are regarded as the device's active elements, as the maximum ED and overall 

performance of SCs largely depend on these two elements. The remaining three Constituents 

the current collector, binder, and separator are classified as passive parts. While these passive 

components play essential roles in the functionality of the device, their impact is relatively 

minor compared to the active components [31]. 

Electrolyte: Selecting an appropriate EL material is essential for the advancement of SCs. The 

ED, internal resistance, and cyclic stability of SCs are contingent upon both the type and molar 

concentration of the EL. The EL's type also affects the operational temperature range and self-

discharge behavior of the SC [32]. The ionic size and capacitance of the EL are closely related. 

A reduction in the size of EL ions can significantly enhance the SC’s overall efficiency. The 

EL's conductivity directly influences the SC’s ED; increased ionic conductivity facilitates 

the movement of ions towards the electrode surface, thereby reducing resistance. Ionic 

conductivity is indicative of the quantity of charge carriers, their mobility, and their valency. 

Aqueous ELs generally exhibit higher conductivity than non-aqueous alternatives. 

Consequently, achieving high electrochemical performance often necessitates the use of 

aqueous, organic, or ionic liquid ELs [33-35]. Aqueous ELs possess a higher ion concentration 

compared to organic ELs, leading to lower resistance and consequently higher ED in SCs. 

Additionally, aqueous ELs are easier to manufacture and use without stringent preparation 

 

Fig. 1.1. Various parts of the SC  
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controls. However, their voltage range is more limited compared to organic ELs, which reduces 

their potential to improve ED and PD. Common examples of aqueous ELs include H₂SO₄, KOH, 

Na₂SO₄, and NH₄Cl [36,37]. Organic ELs offer a broader potential window (approximately 3.5 

V) compared to aqueous ELs (approximately 1.2 V). The primary solvents used in organic ELs 

are acetonitrile and propylene carbonate. However, organic ELs have several disadvantages, 

including higher costs, lower specific capacitance (Cs), reduced conductivity, and safety 

concerns due to their flammability and volatility. Additionally, they require complex 

purification and assembly processes to eliminate contaminants that could otherwise impair 

performance and lead to significant self-discharge issues [38]. 

Ionic liquids, or molten salts, are formed when heat is applied to salt, counterbalancing the 

lattice energy, and causing the salt to become liquid. These ELs exhibit desirable properties 

exceptional thermal and chemical stability, minimal flammability, and conductivity of 

approximately 10 mS/cm. There is drawback of low conductivity at low temperature [39-41]. 

To address low conductivity issues at sub-room temperatures, ionic liquids can be mixed with 

organic solvents. This approach, however, introduces additional concerns such as safety 

hazards, toxicity, flammability, and limited temperature ranges [42-46]. 

Current Collector: For SC, the choice of current collector is primarily determined by the type 

of EL and electrode materials. In systems with strong acid-based ELs, corrosion-resistant metal 

foils, such as gold, are commonly used as current collectors. On the other hand, for SCs using 

alkaline ELs, nickel (Ni)-based current collectors are typically favored [47,48]. Nickel foam 

has gained popularity due to its higher surface area (SA) compared to nickel foil. This increased 

SA enhances of the active electrode material in alkaline EL based SCs [49]. The choice of 

current collector is crucial for optimizing the Cs of a SC. Incompatibility between current 

collectors and electrodes or ELs can result in a rise in resistance, which adversely affects the 

ES capability of the SC device. 

Binders: The performance of SCs can be significantly influenced by the type of binder 

employed. Binders are used in conjunction with active electrode materials to facilitate adhesion 

between these materials and the current collector. Common examples of binders include 

polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE), Nafion, natural cellulose, 

polyvinylpyrrolidone (PVP), polyacrylic acid (PAA), and various conductive polymers such as 

polypyrrole (Ppy) and polyaniline (PANI). While binders are essential for ensuring stable 

adhesion and structural integrity, their use can also reduce the conductivity of the electrode. 

This increase in resistance can negatively impact the SC’s electrochemical performance by 

reducing conductivity and decreasing the effective active SA. Consequently, significant 
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research efforts have been directed towards developing binder-free electrodes to enhance 

electrochemical activity and mitigate these adverse effects [50-54]. 

Separators: Separators in SCs do not contribute to the capacitive performance of the device. 

The separator is put between electrodes, which prevent direct physical contact and to facilitate 

the movement of ions between them. Various materials are employed in the construction of 

separators, including polypropylene, PVDF, PTFE, and cellulose polymer membranes. An 

effective separator is characterized by several key properties, including electrical insulation, 

ion transfer capability, high mechanical strength, and appropriate thickness and porosity. These 

attributes are essential for ensuring the proper operation and longevity of the SC [55, 56]. 

Electrode Materials: The materials selected for the electrodes considerably affect the 

performance of the SC. There are various types of electrode materials, including carbon-based 

materials, CPs, and MOs, among others [57- 60]. Electrode materials are active components of 

the SC device because the device performance directly depends on them [61,62].  

1.3 Classification of Supercapcitor 

 SC can be classification on the based upon electrode materials and design. 

1.3.1 Based upon electrode materials: 

Based on electrode materials, SCs can be categorized into three main types: electrochemical 

double-layer capacitors (EDLCs), pseudocapacitors (PCs), and hybrid capacitors. 

Electric Double-Layer Capacitor (EDLC): EDLC employs carbon-based materials such as 

carbon nanotubes (CNTs), carbon aerogel, activated carbon, carbon fiber cloth, and graphene 

for its electrodes. These carbon nanomaterials are distinguished by their high SSA, excellent 

chemical and mechanical stability, superior electrical conductivity, and cost-effectiveness. In 

EDLCs, charge storage occurs through a non-Faradaic mechanism, meaning that charge is 

accumulated electrostatically on the electrode surfaces [63-65]. The operating voltage range of 

EDLCs is primarily determined by the choice of EL, which is limited by the EL’s stability. 

When an electric potential is applied, charge accumulates on the electrode surfaces as cations 

and anions from the EL diffuse through the separator to the electrodes with opposite charges. 

The ED of EDLCs increases with larger SA and decreases as the distance between the electrodes 

increases. This lack of chemical change leads to minimal alterations in the volume or 

morphology of the electrode material, contributing to the EDLCs long cycle life [66,67]. 

Pseudocapacitor: Electrode materials commonly used in PCs include CPs and MOs. PCs 

primarily store charge through a Faradaic process, where charge transfer occurs between EL 

and electrode, involving in redox reactions. This mechanism allows PCs to achieve higher 

energy densities compared to EDLCs [68,69]. CPs are favored for their high capacitance, 
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excellent electrical conductivity, low equivalent series resistance, and relatively low cost 

compared to the materials used in EDLCs.  MOs, on the other hand, are noted for their high Cs 

and low series resistance, making them well-suited for commercial applications [70-73]. The 

enhanced ES capabilities of PCs result from these Faradaic processes, which provide a 

significant advantage over EDLCs in applications requiring higher ED. 

Hybrid Capacitor: A typical hybrid capacitor consists of one electrode similar to that in 

EDLCs, storing charge via a non-Faradaic process, and another electrode similar to that in PCs, 

storing charge via a Faradaic process. [74-76]. Hybrid capacitors were developed to leverage 

the advantages of both EDLCs and PCs, combining their strengths for improved performance. 

[77-79]. This combination results in a device that integrates the characteristics of both EDLCs 

and PCs, achieving higher ED and PD than either type alone. The hybrid capacitor's unique 

structure, which merges the high ED of PCs with the high- PD of EDLCs, mitigates the 

limitations inherent in each component. This integration leads to increased Cs and enhances 

electrochemical performance. [80]. 

1.3.2 Based upon designs 

A SC can be designed in various ways depending on the materials used for its electrodes.  

Symmetric SC device: In a symmetric SC, both the anode and cathode are constructed from the 

same material. This design approach ensures that both electrodes have identical properties, 

contributing to the overall performance of the SC [81]. Symmetric SCs typically have a lower 

operating voltage range compared to their asymmetric counterparts but offer advantages such 

as a longer cycle life and simpler construction [82]. 

Asymmetric Supercapacitors (ASC)device: An ASC device uses different materials for its 

anode and cathode electrodes. Unlike symmetric SCs, where both electrodes are made from the 

same material, an ASC combines materials with distinct properties for each electrode. One 

electrode might be constructed from high-capacitance materials like carbon, while the other 

could use materials with high ED, such as MOs or conductive polymers. This varied approach 

optimizes both ES and power delivery, improving the device's overall performance and 

efficiency [83]. 

1.4 Issues concerning Supercapacitors: While SCs offer several advantages as discus above, 

they face specific challenges that hinder their ability to meet the demands of modern 

applications. 

• High Cost: The commercialization of SC devices remains challenging due to the high 

costs associated with raw materials and manufacturing. A significant portion of this 

expense stems from the electrode materials, with carbon and ruthenium oxide being the 
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most used in commercial SCs. Both materials are expensive, and the overall cost is 

further escalated by the separator and EL. Particularly, the use of organic ELs in 

electrochemical capacitors can substantially increase costs [84]. 

• Low Energy density:  SCs generally exhibit lower ED compared to batteries. Applications 

requiring substantial energy capacity necessitate the use of larger SCs, which further 

raises costs. Enhancing the ED of SCs is therefore essential, necessitating extensive 

research and development efforts [18]. 

• High Self-Discharge Rate:  SCs are characterized by a high self-discharge rate, with 

energy losses ranging from 10% to 40% per day. This significant rate of self-discharge 

presents a considerable barrier to their widespread adoption in certain real-world 

applications [27]. 

To meet the demands of modern applications, it is essential to overcome the challenges 

associated with SC devices. This requires focused research in the field of SCs, particularly 

on their components. As mentioned earlier, the electrode material is a critical active part of 

the device, and much of the device's performance depends on it. Therefore, selecting 

suitable electrode materials and working on their improvement is crucial for increasing the 

electrochemical performance of SC devices. 

1.5 Electrode Materials for Supercapacitor 

Electrode materials are the primary component of SC systems, and their electrochemical 

performance is central to the functionality of the device [85]. The electrode material is an 

important component of SC devices, profoundly affecting their electrochemical performance. 

To ensure optimal performance, the electrode material must have high SSA, which enhances 

Cs [86-88]. It has high electrical conductivity, which is essentials for efficient charge and 

discharge processes. For the high cyclic stability and longevity, materials have high thermal 

and chemical stability [89,90]. The different types of electrodes materials used in SC device 

such as carbon-Based electrode materials, CP, and metals oxides.  

Carbon-based materials are extensively used as electrode materials for EDLCs, due to their 

properties, including chemical stability, substantial SA, and low processing and manufacturing 

costs. [57,58]. These materials store charge through a non-Faradaic process, making their 

capacitance performance highly dependent on their SA. Due to heteroatoms and functional 

groups, carbon materials contribute to a high SA, which enhances their electrochemical 

performance [91-95]. But the performance of carbon-based electrodes can be compromised by 

high series resistance, which arises from significant contact resistance between carbon atoms. 
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In contrast, pseudocapacitive materials exhibit Cs that is 10 to 100 times greater than that of 

EDLC materials due to their Faradaic charge storage processes [96]. This has led to substantial 

research interest in developing pseudocapacitive electrode materials for enhanced the ES 

capability of SC device. CPs are favorable choices for SC applications due to their low cost, high 

conductivity, variable redox activity, wide operational potential, and environmental 

friendliness [97-99]. Examples of CPs include polyaniline PANI, PPy, and polythiophene 

derivatives. [100-103]. Charge storage in CP-based electrodes involves both surface and bulk 

processes [104]. However, these materials often suffer from degradation, leading to a 

diminished Cs after approximately 1000 cycles [105-107,118]. 

The MOs as electrode materials in SCs has been shown to improve ES efficiency compared to 

traditional carbon materials. In PC applications, CPs often suffer from poor cycle stability. 

Consequently, TMOs are frequently utilized in PCs due to their high theoretical capacitance 

and acceptable conductivity [108]. Notable TMOs include Co₃O₄, MoO₃, MnO₂, V₂O₅, NiO, 

and NiCo₂O₄. [60] The performance of MO-based electrodes is influenced by factors such as 

SSA, crystallinity, and particle size. [109-113]. TMOs generally meet most of the criteria for 

highly efficient electrode materials. This discussion will focus primarily on the use of TMOs 

as electrode materials in SCs. Ruthenium oxide (RuO₂) is highly regarded for its high 

theoretical Cs, high electrical conductivity, and broad potential window. Despite these 

advantages, RuO₂ faces limitations due to high crystalline density and power constraints, which 

prevent it from achieving its theoretical capacitance value [114,115]. However, the 

commercialization of RuO₂-based SC devices is limited by high costs and environmental 

concerns associated with the material [116]. Cobalt oxides exhibit intercalative 

pseudocapacitance characteristics, making them promising candidates for SC electrodes. They 

are noted for their high theoretical capacitance, exceeding 2000 F/g, and have been extensively 

researched due to their high capacity, durability, and corrosion resistance [117-119]. However, 

Co₃O₄ has limitations in practical applications primarily due to its narrow potential window, 

which restricts its effectiveness in SC devices [120]. Iron, forms various oxides, including 

Fe₂O₃, Fe₃O₄, and FeO. Iron oxides are utilized in diverse applications beyond ES, such as 

photocatalysis and photoelectrochemical water splitting. Despite their relatively high 

conductivity compared to other TMOs, iron oxides do not exhibit high Cs, which limits their 

commercial use in SCs [121]. Manganese oxide (MnO₂) has emerged as an alternative to RuO₂, 

because MnO2 have some advantage like cost-effectiveness, and environmental friendliness. 

MnO₂ possesses a high theoretical Cs and is more affordable and sustainable compared to RuO₂ 

[122-124]. Nonetheless, the conductivity of MnO₂ electrodes significantly impacts their 
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capacitive performance and power characteristics [125]. Improving the capacitive 

characteristics of MnO₂ is challenging due to its low electrical conductivity, which ranges from 

10⁻⁵ to 10⁻⁶ S/cm [126-128]. Vanadium oxides have distinctive electrical, optical, and 

electrochemical properties. Vanadium forms several oxygen compounds, including VO, V₂O₃, 

VO₂, V₂O₅, V₃O₇, and V₄O₉ [129]. These compounds exhibit varied properties based on their 

oxidation states and structural configurations [130]. However, V₂O₅ faces limitations related to 

its poor electrical conductivity, low PD, and limited cyclic stability, which constrain its 

effectiveness in SC applications.  

NiO offers several advantages as an electrode material for SCs, including high theoretical 

capacitance, cost-effectiveness, good thermal and chemical stability, and pseudocapacitive 

behavior. In addition to these benefits, NiO's low toxicity, availability, and eco-friendly nature. 

Additionally, its relatively low cost and abundance make it an attractive option for large-scale 

ES applications [131]. NiO NPs are particularly suitable due to their diverse range of beneficial 

characteristics, such as the ability to exist in multiple oxidation states within a certain potential 

range. NiO exhibits a significant SA, high theoretical capacitance, and better cyclic stability, 

fulfilling most of the criteria required for effective SC electrodes [132]. NiO typically exhibits 

a theoretical Cs of around 2573 F/g, which is significantly higher than many other transitions 

MOs, making it particularly appealing for high-performance ES devices. Its electrochemical 

performance can be further enhanced by tailoring its morphology, such as creating 

nanostructured forms like nanoflakes, nanowires, or nanospheres, which provide a higher SA 

and shorter ion diffusion paths [133]. 

1.6 Conclusion: In conclusion, the increasing demand for efficient ES solutions underscores 

the essential role of SCs in modern applications. Their unique properties, including high PD 

and long-life cycles, make them especially appealing for various ES applications. To meet this 

demand, it is crucial to enhance ED. Research should focus on developing advanced electrode 

materials, because ES capability of SC device directly depend on electrode materials. NiO 

stands out as a superior choice compared to traditional materials such as CPs, carbon-based 

materials, and other MOs. NiO possesses a high theoretical capacitance and exhibits 

pseudocapacitive behavior, allowing for rapid charge and discharge cycles. Additionally, its 

cost-effectiveness, low toxicity, abundant availability, and eco-friendly nature make it an 

attractive option for sustainable ES solutions. By optimizing NiO as an electrode material, we 

can significantly enhance the performance and viability of SCs. 
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Chapter 2 

Recent Progress in Nickel Oxide-Based Materials for Supercapacitors: 

Morphology, Composites, and Performance 

 

Nickel Oxide (NiO) has become a highly promising material for diverse applications, such as 

gas sensing, catalysis, lithium-ion batteries, supercapacitors, and magnetic devices. [134,135]. 

Nanostructured NiO can be effectively synthesized by calcining various nickel-based 

precursors e.g., nickel hydroxide [136-138]. The pseudocapacitive properties of NiO are 

predominantly dependent on morphology, crystallinity, and electrical conductivity, making 

these factors critical for optimizing its performance in ES and conversion systems [139].  

2.1 Properties of NiO 

NiO has a cubic crystal structure, like rock salt, with a lattice constant of about 4.17 Å. Its Ni 

and O atoms are arranged in a stable octahedral coordination. The lattice constant of NiO is 

affected by various factors, including synthesis methods and particle size. Nanostructured NiO 

can be synthesized in different morphologies, such as NPs, spherical, hierarchical and 

nanowires, providing a high SA, which is beneficial for catalytic processes and ES applications. 

Although NiO exhibits good thermal stability, it can experience partial reduction to metallic 

nickel at high temperatures. These structural properties enhance its suitability for applications 

in SCs and batteries. NiO is antiferromagnetic below 523 K and often exhibits defects like 

nickel vacancies, affecting its properties [136-138]. NiO exhibits remarkable optical properties, 

primarily due to its wide bandgap, which typically ranges from 3.6 to 4.0 eV. As a transparent 

p-type semiconductor, NiO demonstrates substantial transmittance in the visible spectrum 

while exhibiting strong absorption in the ultraviolet range. The optical characteristics of NiO 

are influenced by various factors, including its nanostructure, thickness, and the presence of 

defects or dopants, all of which can alter its bandgap and light absorption behavior [140,141]. 

NiO exhibits intermediate thermal and mechanical properties. Its thermal conductivity ranges 

from 10 to 20 W/m·K. The specific heat capacity of NiO is approximately 0.72 J/g·K. This 

moderate thermal conductivity supports efficient heat dissipation during the charging and 

discharging processes, whereas its mechanical strength contributes to the structural integrity of 

SC electrodes [136-138]. The conductivity and charge storage mechanisms in NiO are critical 

factors influencing its performance in SCs. As a p-type semiconductor, the conductivity of NiO 

primarily arises from the generation of holes due to oxygen vacancies and structural defects. 
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These holes facilitate charge transport within the material, thereby enhancing its overall 

conductivity. The charge storage mechanism involves faradaic processes, wherein lithium ions 

(or other cations) intercalate into the NiO structure during the charging phase [140,141]. This 

intercalation is a reversible process, enabling efficient ES and subsequent release. Additionally, 

NiO can undergo redox reactions, with nickel oxidation states transitioning between Ni²⁺ and 

Ni³⁺ during charge and discharge cycles. This transformation significantly enhances the overall 

charge storage capacity, contributing to a higher ED in SCs. The electrochemical activity of 

NiO is further amplified by its nanostructured forms, which enhanced the SA and provide 

additional active sites for ion interactions [136-138]. The SA and porosity of NiO are crucial 

determinants in enhancing its charge storage capacity, as a larger SA promotes improved ion 

accessibility during charge-discharge cycles. Additionally, the intrinsic electrical conductivity 

of NiO is influenced by structural defects and the oxidation state of nickel; optimizing these 

characteristics can significantly enhance charge transfer rates. The selection of synthesis 

method such as sol-gel, hydrothermal, or thermal decomposition affects the resultant 

morphology, which can range from NPs to nanostructures, thereby increasing the number of 

active sites and SA. Furthermore, electrochemical stability is an essential consideration, as 

maintaining structural integrity during cycling is critical to mitigate capacity fading due to 

phase transitions or material degradation [142-144]. 

2.2 Fabrication of NiO with Controlled Morphology for Supercapacitor Applications 

NiO can manifest in various dimensional configurations, including zero-dimensional NPs, one-

dimensional (1D), two-dimensional (2D), and three-dimensional (3D). Different dimensional 

morphology has differences properties like different particle size, and specific surface area 

(SSA). All these terms are play a pivotal role in ES capability of SCs [145]. 

2.2.1 Zero-dimensional NiO morphology for Supercapacitor applications  

Zero-dimensional (0D) nickel oxide (NiO) particles are predominantly synthesized through 

sonochemical and sol-gel methods. The sonochemical method for synthesizing nanocrystals 

involves the application of ultrasonic waves to a precursor solution. The sonochemical method 

is favored for its ability to produce high-purity nanomaterials at relatively low temperatures, 

offering precise control over particle characteristics and enhancing the uniformity of the final 

product [146,147]. The sonochemical method has the potential of simplifying the reaction 

pathway, thereby enhancing the reaction rate, and decreasing the activation energy required for 

the process. The manipulation of NiO NP sizes is achievable through the regulation of 

ultrasound frequency and intensity [148,149]. The sol-gel is highly preferred due to the 

simplicity and cost-effectiveness in synthesizing materials. This multistep technique involves 
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hydrolysis, condensation, and drying processes, during which significant chemical and 

physical transformations occur. Initially, particles in solution convert into a gel under carefully 

controlled conditions. The sol-gel process enables the mixing of precursor chemicals in 

solution at relatively low temperatures, allowing precise control over the composition at the 

atomic level [150,151]. Additionally, the sol-gel is valued for its versatility, as variations in 

reaction time, solvents, and temperature can be employed to achieve different material 

morphologies [152]. Duraisamy, et al. (2016) synthesized 0D NiO NPs via the sonochemical 

method, exploring the effects of varying calcination temperatures. The NPs subjected to 

calcination at 250°C exhibited average (avg.) NPs size of 6 nm, Cs of 448.5 F/g was achieved 

at 0.3 A/g. In contrast, at the same current density other the particles calcined at 450°C 

displayed an increased size of 21 nm and a reduced Cs of 298.5 F/g. Additionally, the NPs 

calcined at 650°C reached a size of 41 nm, resulting in a significant decline in Cs to 39 F/g 

[153]. Chatterjee, et al. (2017) synthesized 0D NiO NPs of particle size 21 nm by using sol-

gel method. At 5 mV/s, these NPs exhibited the Cs of 810 F/g [154]. Jahromi, et al. (2015) 

synthesized NPs with 0D morphology of NiO using the sol-gel method at various calcination 

temperatures. At 1 A/g, particles calcined at 300°C have a size of 8 nm, archived the Cs of 379 

F/g. At the same current density, other which particles have calcined at 400°C, size of 12 nm, 

archived Cs of 250 F/g. Similarly, Particles calcined at 500°C have a size of 22 nm and a Cs of 

97 F/g [155]. Kim, et al. (2013) synthesized NiO NPs of 0D morphology using the sol-gel 

method. At 0.5 A/g, these NPs exhibited a Cs of 260 F/g [156]. Pandurangan, et al. (2017) 

synthesized nanoclusters with 0D morphology of NiO using the precipitation method of 

different size. At 1 A/g, particles have a size of 4 nm, demonstrate the Cs of 62 F/g. Cs of 303 

F/g was demonstrated by particles have a size of 1.5 nm under the identical current condition. 

Particles have a size of 0.75 nm, demonstrate the Cs of 449 F/g under the identical current 

condition [157]. From above reported research articles its concluded that the size of NiO NPs, 

synthesized through various methods, varies significantly, impacting their electrochemical 

performance. Smaller NPs exhibit the ability to pack more densely, which reduces ion diffusion 

distances and enhances Cs. These smaller particles generally have a more porous structure and 

a higher number of electrochemically active sites. Moreover, the calcination temperature is 

critical in controlling particle size; as the temperature increases, particle crystallinity and size 

grow due to crystal expansion along specific directions, reducing surface energy. Typically, 

higher annealing temperatures result in larger, rougher particles with reduced Cs. Maintaining 

a uniform smaller particle size enhances the extent of EL ion intercalation within the NiO 

electrode, thereby improving overall electrochemical performance [158,159]. 
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2.2.2 One-dimensional (1D) NiO morphology for Supercapacitor applications 

NiO 1D nanostructures, such as nanorods, nanofibers, and nanotubes, have been widely 

studied for their application in SCs. These 1D nanomaterials offer several advantages for 

enhancing electrochemical performance. Their continuous pore structure allows for improved 

ion diffusion at the EL/electrode interface, promoting better charge transport. Additionally, the 

porous nature of 1D nanostructures provides sufficient space to accommodate volume changes, 

thereby reducing structural degradation during cycling [160,161]. Commonly employed 

methods for fabricating 1D NiO-based SC electrodes include electrospinning and 

hydrothermal/solvothermal techniques. The hydrothermal approach has gained significant 

popularity among scientists and technicians from several disciplines, especially in the past 

fifteen years. Hydrothermal/solvothermal synthesis is a commonly used one-pot synthesis 

process for preparing a diverse array of TMOs [162,163]. The word "hydrothermal" typically 

describes a heterogeneous reaction that occurs in under the condition of high pressure and 

temperature. [164,165]. In hydrothermal method for reaction, a sealed autoclave made of 

stainless steel and lined with Teflon are used. The temperature utilised is often above 100 °C, 

resulting in the automated generation of pressure within a sealed system. By using the 

hydrothermal method/ solvothermal method, different types of morphology and degrees of 

crystallinity are obtained by changing the reaction time and temperature [166]. Electrospinning 

is a method for synthesizing nanofibers by applying a high-voltage electric field to a polymer 

solution or melt, which forms fine fibers collected on a surface. It allows control over fiber size 

and structure, is scalable, and works with a variety of materials. Electrospun fibers are used in 

applications such as ES, filtration, and tissue engineering due to their high SA and customizable 

properties, making them ideal for enhancing performance in fields like SC electrode fabrication 

[167-169]. Su et, al. (2012) utilized the solvothermal method for synthesized NiO nanowire 

structures, which show a Cs of 348 F/g and SSA of 85.18 m²/g [170]. F. Dar et, al. (2013) 

synthesized 1D nanoporous NiO using an electrodeposition method. The morphology of NiO 

evolved into nanotubes following annealing at 450°C for 25 minutes. When annealed for 300 

minutes, NiO developed a nanorod-like structure. At 5 mV/sec, the Cs of the NiO nanorods 

and nanotubes was measured at 797 F/g and 2,093 F/g, respectively. These findings indicate 

that the morphology of NiO can be significantly altered by varying the annealing duration 

[171]. Liu, et al. (2016) synthesized NiO nanotubes with pore radius ranging from 2.5 to 10 

nm using the solvothermal method. At 1 A/g, these nanotubes show Cs of 919 F/g [172]. 

Similarly, Xiong, et al. (2011) synthesized NiO nanotubes with a pore radius of 7.1 nm using 

the solvothermal method. At 1A/g, the NiO was demonstrating a Cs of 405 F/g [173]. Ren, et 
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al. (2013) employed the electrospinning method to synthesize NiO nanofibers with an avg. 

radius of 50–60 nm. At 1 A/g, nanofibers like NiO were exhibited Cs of 336 F/g [174]. Kundu 

et, al. (2015) synthesized NiO nanofibers having avg. radius of 140–200 nm by 

electrospinning. At 1 A/g, the NiO nanofibers was showing Cs of 773 F/g [175]. Paravannoor, 

et al. (2013) synthesized NiO nanowires which has avg. radius of 32.5 nm by using the 

solvothermal process. At 1 A/g, the highly porous NiO exhibited Cs of 750 F/g [176]. 

Vidhyadharan, et al. (2014) synthesized NiO nanofibers with diameters ranging from 50 to 

70 nm using electrospinning. At 1 A/g, these was exhibited Cs of 670 F/g [177]. Zang, et al. 

(2014) synthesized the NiO nanofibers with a pore radius of 1.85 nm by using solvothermal 

method. At 1 A/g, nanofibers like NiO were yielding Cs of 884 F/g [178]. Wang, et al. (2012) 

developed NiO nanobelts with a pore radius of 5 nm via the solvothermal method. At 1 A/g, 

these nanobelts of NiO exhibited a Cs of 1126 F/g [179]. Yao, et al. (2015) synthesized NiO 

nanotubes of pore radius of 2.35 nm using the solvothermal method. At 1 A/g, these nanotubes 

of NiO were demonstrating a Cs of 1260 F/g [180]. Zhang, et al. (2015) synthesized of NiO 

nanofibers of avg. pore radius of 40 nm using the electrospinning method. At 1 A/g, these 

nanofibers exhibited a Cs of 700 F/g [181]. Lastly, et al. (2011) synthesized NiO macrotubes 

of pore diameters of 2–3 μm via electrospinning. At 1 A/g, these macrotubes achieving a Cs of 

701.2 F/g [182]. 

It can be concluded from the above survey of research articles that 1D NiO nanomaterials 

feature mesoporous or macroporous structures, which provide significant advantages for SC 

applications. 1 D  porous architecture reduces the diffusion distance for EL ions, while the 

larger pore diameters of mesopores and macropores enhance ion diffusion, improve electron 

transport efficiency, and boost ES capacity.  

2.2.3 Two-dimensional NiO morphology for Supercapacitor applications 

2D NiO structures include nanosheets, nanoplates, nanoflakes, and other similar configurations 

[183–187]. These 2D NiO nanomaterials typically exhibit a high SA, a large surface-to-volume 

ratio, and optimized pore sizes, all of which facilitate enhanced EL penetration and shorten the 

ion diffusion pathways. The properties of these materials, including in-plane charge transport, 

wettability, and bandgap characteristics, are significantly influenced by the nanosheet 

thickness. This reduction in thickness of nanosheets enhances the performance, making them 

more effective for electrochemical applications [188,189]. Chemical precipitation is a 

straightforward and effective method for synthesizing materials such as TMOs and hydroxides 

in large quantities, typically in micro- or nano-sized forms. This process entails the 

coprecipitation of soluble metal cation salts (e.g., nitrates), followed by drying the precipitate 
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(e.g., hydroxides) and after annealing obtained the MOs. [190,191]. Another method for 

synthesizing 2D NiO nanomaterials is microwave-assisted synthesis. This is a modern and 

efficient technique for producing micro- and nano-sized crystalline materials. This method is 

distinguished by its accelerated reaction rates and reduced reaction times, often achieving 

complete reactions within minutes [192]. Microwave irradiation is widely used in both 

industrial and academic settings due to its simplicity, speed, cost-effectiveness, uniform 

heating, and energy efficiency. It is commonly applied to synthesize a variety of materials, 

including porous substances [193], inorganic complexes [194], and nanocrystalline particles 

[195]. Despite its advantages, such as reduced reaction time, precise control over the 

morphology of MOs remains challenging in microwave-assisted synthesis. Khairy, et al. 

(2013) synthesized NiO nanoplatelets having SSA of 161 m²/g and a pore radius of 1.7 nm 

using a microwave-assisted method. At 1 A/g, these nanoplatelets of NiO demonstrated Cs of 

1,200 F/g in a 2 M NaOH EL. In contrast, At the same current density and EL nanoslices of 

NiO, which had a SSA of 145 m²/g and a pore radius of 1.95 nm, were synthesized using the 

same method and demonstrate a Cs of 600 F/g [196]. Xiao, et al. (2016) synthesized NiO 

nanoflakes through a solvothermal method, achieving a SSA and pore diameter of 89.56 m²/g 

and 2.31 nm respectively. At 1 mA/cm², these nanoflakes exhibited the Cs of 870 mF/cm² 

[197]. Behm, et al. (2013) synthesized NiO nanoplates via a solvothermal method, achieving 

the SSA and a pore diameter of 95 m²/g and 2.5 nm respectively. At 1 A/g, these nanoplates 

exhibited a Cs of 85 F/g [198]. Zhang, et al. (2010) employed a hydrothermal synthesis method 

to synthesis NiO with diverse morphologies by adjusting the pH of the solution using NaOH. 

Nickel oxide (NiO) nanocolumns were synthesized, exhibiting a SSA of 102.4 m²/g and a pore 

radius ranging from 1 to 2.5 nm. At 1 A/g, these nanocolumns demonstrated a Cs of 390 F/g. 

Additionally, NiO nanoslices, characterized by a SSA of 11.4 m²/g and a pore radius of 5 to 15 

nm, at 1 A/g exhibited Cs of 176 F/g. Furthermore, NiO nanoplates having a SSA of 20.2 m²/g 

and a pore radius ranging from 5 to 12.5 nm were synthesized. At 1 A/g, these nanoplates 

showing a Cs of 285 F/g [199]. Zhu, et al. (2012) synthesized nanoplates like NiO via a 

solvothermal method, achieving a SSA of 95 m²/g and a pore radius of 1.205 nm. At 1 A/g, 

these nanoplates demonstrated a Cs of 286.7 F/g [200]. Alammar, et al. (2012) synthesized 

NiO nanosheets having SSA of 92.84 m²/g and a pore radius of 7.5 nm using an ultrasound-

assisted method. At 1 A/g, these nanosheets exhibited a Cs of 199.4 F/g [201]. Yuan, et al. 

(2013) synthesized NiO nanosheets having SSA of 156 m²/g and a pore radius of 2.85 nm 

through a chemical precipitation method. At 1 A/g, these nanosheets demonstrated a Cs of 168 

F/g [202]. Sun, et al. (2011) synthesized NiO nanosheets featuring a SSA of 318.29 m²/g and 
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a pore radius of 3.425 nm using a chemical precipitation method. At 1 A/g, these nanosheets 

exhibited a Cs of 1025 F/g [203]. Sun, et al. (2013) synthesized NiO nanoflakes with a SSA 

of 42 m²/g through a chemical precipitation method. At 1 A/g, these nanoflakes demonstrated 

a Cs of 410 F/g [204]. Liu et al. (2014) synthesized nanoflakelet structure like NiO by using a 

solvothermal method. The pure NiO show a Cs of 480 F/g. Subsequently, the NiO was 

converted to NiO/Ni by calcining in hydrogen (H₂). At 20 A/g, the NiO/Ni composite 

demonstrated a Cs of 760 F/g [205]. Purushothaman et al. (2013) reported the Cs of 989 was 

achieved by synthesised NiO of nanosheet-assembled microstructures by using a solvothermal 

method at 3 mV/s [206]. Yuan et al. (2012) employed the chemical precipitation method for 

synthesized the mesoporous NiO nanoplatelets. At 2 A/g, these nanosheets electrodes exhibited 

a Cs of 1,124 F/g. The mesoporous NiO nanoplatelets demonstrated a SSA of 137 m²/g and 

notable porosity [207]. Xiao et al. (2016) employed the solvothermal method to fabricate NiO 

nanosheet structures, which demonstrated a SSA of 116.9 m²/g. At 0.5 A/g, these nanosheets 

was showing a Cs of 81.67 F/g. Additionally, these NiO electrodes showed a retention of 78.5% 

after three thousand galvanostatic charge-discharge (GCD) cycles [208]. Jagadale et al. (2013) 

synthesized NiO with a nanoflake-like structure using an electrochemical deposition. The NiO 

demonstrated a Cs of 222 F/g [209]. Zheng et al. (2012) synthesized flake-like NiO 

morphologies via a solvothermal method, at 0.2 A/g, these flake like NiO was achieving Cs of 

137.7 F/g and demonstrating retentions rate of 91.6% after 1000 GCD cycles. The NiO 

nanoflakes exhibited a width ranging from 50 to 80 nm and a thickness of 20 nm [210]. 

Vijayakumar et al. (2013) synthesized nanoflake-like NiO using a microwave-assisted and as 

surfactant using the cetyltrimethylammonium bromide (CTAB). The research indicated that 

CTAB is inhibiting the agglomeration of nanocrystals. The NP-based flake structure facilitates 

enhanced electron conduction while reducing ion diffusion pathways. The research also 

investigated the impact of annealing temperature on Cs. At 0.5 mA/cm², NiO annealed at 

300°C, 400°C, and 500°C exhibited Cs of 401 F/g, 240 F/g, and 206 F/g, respectively. The 

voltage drop observed in the discharge curves was directly proportional to the increase in 

current density and inversely proportional to the decrease in Cs. At lower current densities, the 

hydroxide ions (OH⁻) have a longer time to diffuse between the EL and the NiO surface, 

resulting in an increased Cs [211]. 

In conclusion, SSA is crucial for the ES capability of 2D NiO-based SC electrode materials. A 

larger SA provides more active sites for electrochemical reactions, and an overall improvement 

in ES capability of materials used for SCs. However, it is noteworthy that higher annealing 

temperatures tend to reduce the SA of NiO materials, which can adversely affect their 
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electrochemical performance. Therefore, optimizing the annealing process is essential to 

balance SA and performance in NiO-based SC applications. 

2.2.4 Three-dimensional (3D) NiO morphology for supercapacitor applications 

3D NiO morphology, including microspheres, flower-like formations, and other 

hierarchical architectures, have been widely investigated for SC applications due to their 

high SA. Hydrothermal/solvothermal techniques, have been mainly utilized to fabricate these 

3D NiO electrode materials, offering enhanced electrochemical properties and improved 

charge storage capabilities. These structures provide an optimal framework for ion diffusion 

and electron transport, making them promising candidates for advanced ES systems [212–214]. 

Abbas, et al. (2016) successfully synthesized NiO microspheres using solvothermal method, 

achieving SSA of 295 m²/g, pore radius 4.6 nm, and pore volume 0.64 cm3/g. At 10 A/g, these 

microspheres show Cs of 1140 F/g [215]. Du, et al. (2014) successfully synthesized NiO 

microspheres using solvothermal method, achieving SSA of 149.6 m²/g, pore radius 5.25 nm, 

and pore volume 0.36 cm3/g. At 1 A/g, this microsphere was showing Cs of 762 F/g. At 15 

A/g, showing the retention rate of 96 % % after 1000 cycles [216]. Yao, et al. (2015) 

synthesized NiO flowers using a solvothermal method, achieving SSA of 135 m²/g, and pore 

radius 1.7– 4.9 nm.  At 1 A/g, these NiO flower was exhibited Cs of 1860 F/g. At 20 A/g, these 

was showing a cyclic stability of 92 % % after five thousand cycles [217]. Wang, et al. (2016) 

synthesized NiO ball-flower by using an solvothermal method, achieving a high SSA of 163.1 

m²/g, pore radius 5.4 nm, and pore volume 0.376 cm3/g. At 1 A/g, these NiO ball flower was 

exhibited an impressive Cs of 734 F/g and also, showing retention rate of 82 % % after 2000 

cycles [218]. Kim, et al (2013) successfully synthesized NiO nanoflowers using sol−gel. The 

nanoflowers like NiO show a high SSA of 159 m²/g, an avg. pore radius of 8.35 nm, and a pore 

volume of 0.66 cm³/g. At 1 A/g, these nanoflower was showing a Cs of 480 F/g [219]. Wang, 

et al. (2014) synthesized NiO nanospheres using an nano casting method, achieving SSA of 

200 m²/g. At 0.5 A/g, these nanospheres was demonstrate impressive Cs of 1201 F/g. Also 

show retention rate of 70% after 5000 cycles, when current increased by sex times [220]. Cao, 

et al (2012) synthesized NiO nanotube arrays using electro-deposition methods, achieving SSA 

of 165 m²/g. At 2 A/g, these NiO nanotube was achieved an impressive Cs of 675 F/g. Also, 

demonstrate the retention rate of 93.2% % after ten thousand cycles, under the identical current 

density [221]. Cao, et al. (2011) synthesized NiO hollow spheres by using an Microwave-

assisted method, achieving SSA of176 m²/g, and pore radius 2 nm. At 2 A/g, these NiO hollow 

sphere achieved an impressive Cs of 770 F/g. At 5 A/g, these also show retention rate of 95 % 

% after 1000 cycles [222]. Fan et al. (2014) synthesized flower-like NiO structure by 
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solvothermal method. This innovative morphology shows a SSA of 95.63 m²/g. At 1 A/g, these 

NiO structure was demonstrate Cs of 619 F/g [223]. Patil et al. (2008) synthesized a 

honeycomb-like Ni(OH)₂ structure with the chemical bath deposition. Upon annealing, the 

honeycomb Ni(OH)₂ transformed into a spherical grain-like NiO structure. The Cs of 119 F/g 

and 157 F/g were achieved by the resulting NiO in 0.5 M and 2 M KOH ELs, respectively. 

This suggests that the Cs of NiO increases with the molar concentration of KOH used as the 

EL, underscoring the effect of EL concentration on the electrochemical performance of NiO 

[224]. Feng et al. (2015) synthesized a chestnut-like porous nanosphere  structure of NiO 

having SSA of 174.1 m²/g, by using a solvothermal method. At 1 A/g , these porous NiO  a 

show the Cs of 982 F/g [225]. 

The SC performance of 3D NiO electrode materials are largely governed by key factors such 

as SA, pore diameter, and pore volume. In comparison to 0D, 1D, and 2D NiO nanomaterials, 

the 3D NiO nanostructures demonstrate significantly higher Cs. This superior performance is 

primarily attributed to the distinctive nanostructure of 3D NiO, which, through its enhanced 

SSA and porosity, thereby enhancing the material's overall electrochemical performance. 

2.3 NiO-Based Composites for supercapacitor application 

Several studies have shown that the archived Cs of NiO observed in the researcher’s 

investigations is significantly lower than its theoretical value. The investigated reason behind 

the lower Cs is low conductivity of NiO. So, need to increase the conductivity of NiO to 

archived higher Cs. Incorporating other MOs, carbon-based materials, CPs, and doping with 

transition metals are widely used strategies for increased the conductivity and ES capability of 

electrode materials [226-228]. 

2.3.1 Transition Metal Element Doping in NiO 

The introduction of doping elements into NiO induces the formation of lattice defects, which 

substantially enhanced the ES capability of NiO by increasing the number of electrochemically 

active sites [229]. Various transition metals, including rare earth elements like Co, Mn, Cu, and 

La, have been used to dope NiO. Research indicates that specific dopant ions, such as Co²⁺ and 

La³⁺, can significantly alter the morphology of NiO materials. Doping not only mitigates 

particle agglomeration but also facilitates the development of a porous structure, thereby 

increasing the SSA and conductivity. This enhanced structural design directly contributes to 

improved electrochemical performance in ES applications [230-232]. By using sol-gel method, 

study the Ce-doping vartion in NiO from 0.5 to 2%. There has been seen, the transformation 

of nanosheets to flowers after doping. Among of all variation Ce 1% sample achived higher 

SSA and pore volume of 226 m²/g and 1.41 cm³/g. At 1 A/g and 5mV/sec, Ce 1% dopped 
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materials electrode was exhibited the Cs of 1725 F/g, and 2444 F/g respectively [233]. By using 

various chemical Co/Mn co-doped NiO composite materials can be synthesized [234]. 

Research indicates that Ni₀.₉₅Co₀.₀₂₅Mn₀.₀₂₅O₁-δ composite materials demonstrate a remarkable 

Cs of up to 673.73 F g⁻¹. because of the synergistic effects of Co/Mn co-doping and the 

introduction of crystal defects, which collectively increased the ES capability of electrode 

materials. Cu²⁺ ions can effectively substitute for cation sites within the NiO lattice, leading to 

the formation of numerous positive defects. This substitution not only enhances the probability 

of proton transport but also facilitates electron transmission within the material [235,236]. 

In conclusion, the incorporation of doping elements into NiO significantly enhances its 

electrochemical performance by creating lattice defects that increase the numbers of active sites 

of electrode materials. The use of various transition metals, including Co, Mn, Cu, and rare 

earth elements like La, has proven effective in modifying the morphology of NiO, leading to 

improved charge storage capabilities. These findings highlight the importance of strategic 

doping in optimizing the ES capability of NiO, which also opening avenues for the creation of 

advanced electrode materials. 

2.3.2. NiO/Metal Oxide Composites 

Firstly, the incorporation of NiO with diverse MOs optimizes the electrical conductivity and 

electrochemical activity of the composite. The presence of multiple MOs facilitates the 

formation of a more conductive network, thereby enhancing charge transfer capabilities and 

overall conductivity. This enhanced conductivity is vital for efficient charge storage and rapid 

response times during charge-discharge cycles. Additionally, the synergistic interactions 

between NiO and other MOs can enhance the electrochemical reactions taking place at the 

electrode surface. The unique redox properties of various MOs introduce additional faradaic 

reactions, thereby increasing the overall charge storage capacity. This multifacet ED approach 

enables the achievement of higher Ed compared to single-component systems. Furthermore, 

the structural stability of these composite materials is crucial for improving cycling stability. 

The mechanical properties of one oxide can reinforce the structural integrity of the other, 

thereby minimizing the risk of degradation and capacity fading during repeated cycling. This 

increased stability is particularly critical for practical applications, where longevity and 

reliability are of utmost importance [237,238]. Wei et al. (2017) reported that the Cs of 992.85 

F/g were exhibited NiCo₂O₄/NiO electrode by at 1 A/g. and materials exhibit a SSA of 127.09 

m²/g, and particle size of 8.82 nm. At 10 A/g, these electrodes retention rate of 79.82% after 

five thousand cycles. Also, an ASC was successfully fabricated using NiCo₂O₄/NiO and 

activated carbon (AC). This NiCo₂O₄/NiO//AC device achieved a high ED of 47.43 kW/kg at 
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0.389 Wh/kg [239]. Wang et al. (2017) reported that the Cs of 493.0 F/g were exhibited by 

NiO at 0.2 A/g. Under the same conditions, NiO@Co₃O₄ and NiO@Co₃O₄@MnO₂ 

demonstrate significantly improved Cs of 868.5 F/g and 1055.3 F/g, respectively.[240] Wang 

et al. (2021) reported that the specific capacities of 1394 C/g and 560 C/g were achieved by 

the NiO/ZnO electrode at 1 A/g and 20 A/g, respectively. Also, maintaining a capacitance of 

538 C/g after 2000 cycles at 5 A/g. BET analysis revealed a SSA, pore diameter, and pore 

volume of NiO/ZnO were 47.951 m²/g, 2.55, nm and 0.477 cm³/g. [241] Xiaoli et al. (2020) 

successful synthesis of hierarchical structures of MnO₂@NiO by utilizing a combination of 

MnO₂ nanosheets and NiO nanowires. At 0.25 A/g, the binder-free electrodes of MnO₂@NiO 

exhibit a Cs of 374.6 F/g and demonstrating exceptional retention rate of 92.7% after five 

thousand cycles. At 9360 W/kg, ASC achieved an ED of 15.4 W/kg. [242] Yi et al. (2019) 

synthesized NiO and NiO@CeO₂ samples containing 2.5, 5.0, and 7.5 wt% using a 

solvothermal method. At 1 A/g, the NiO@CeO₂ (5.0 wt%) electrode exhibited the highest Cs, 

achieving values of 2155.6 F/g. Additionally, Cs of 960.4 F/g was archived by this electrode 

at 20 A/g, and retention rate of approximately 95.84% after 10,000 GCD cycles. Furthermore, 

the NiO and NiO@CeO₂ (5 wt%) electrodes exhibited excellent ED of approximately 25.0 

Wh/kg and 54.8 Wh/kg, respectively, at PD (of around 2 kW/kg.[243] Zuo et al. (2016) 

reported that the SSA of 176.5 m²/g for Co₃O₄/NiO. At 2 A/g, the Co₃O₄/NiO electrode 

archived Cs of 710 F/g after 500 cycles. [244] Xu et al. (2019) reported that the Cs of 1982.3 

F/g were archived by NiMoO₄/NiO nanoflowers at 1 A/g. Under the identical current density, 

exhibited retention rate of 98.6% after 3000 cycles. The NiMoO₄/NiO structure also exhibited 

a high SSA, pore size, and pore volume of 79.47 m²/g, 5.61 nm, and 0.34 cm³/g, respectively. 

At 96.2 W/kg, the NiMoO₄/NiO//AC ASC demonstrated an impressive ED of 38.0 Wh/kg [245]. 

The performance of SCs based on NiO and MO composites with varying compositions and 

morphologies has been extensively investigated. These composites typically demonstrate lower 

electrical resistance and higher Cs values compared to NiO. It can be concluded that the 

incorporation of NiO with TMOs significantly enhances SC properties through several key 

factors, including hierarchical morphology, improved electrical conductivity, increased SA, 

and the formation of heterostructures. Collectively, these attributes contribute to superior 

electrochemical performance, positioning NiO-based composites as promising candidates for 

advanced SC applications. 

2.3.3 NiO/Carbon Nanomaterial Composites 

Mesoporous carbon, carbon nanofibers, carbon spheres, CNTs, and graphene are frequently 

employed in the fabrication of NiO/carbon composites [246-249]. The higher SSA of these 
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carbon materials increases the availability of active sites in composite nanomaterials. 

Additionally, mechanical strength along with the excellent conductivity of carbon materials 

enhance capacitance values and cycling stability in NiO/carbon composites. In composites 

formed with carbon spheres and NiO NPs, an encapsulated structure is created. The outer 

carbon layer acts as an electron transfer pathway while preventing the aggregation of the inner 

NPs [250-253]. Many carbon shells have the mesoporous characteristics, which help to 

increase the interaction between the EL and composite materials. Moreover, active functional 

groups, such as N or O, after treatment, promoting the oriented growth along with specific 

morphologies of NiO, which present in the porous carbon nanospheres [254]. Graphene has 

emerged as one of the most extensively studied carbon materials due to its numerous 

advantages, including exceptional mechanical stability, high SSA, and excellent chemical and 

electrical conductivity [255,256]. Multiwalled carbon nanotubes (MWCNTs) are recognized 

for their desirable properties, including a mesoporous network, mechanical strength, and 

chemical stability. In hybrid materials composed of NiO/MWCNTs, the CNTs facilitate the 

dispersion of NiO NPs, resulting in a uniform surface morphology, enhanced SSA and 

providing electronic transmission channels [257-259]. Wen et al. (2016) reported that Cs of 

972 F/g was demonstrated by pure NiO at 1 A/g. In comparison, the NiO@CNTs composite 

showed a significantly higher SSA of 186.4 m²/g, leading to an enhanced Cs of 1844 F/g under 

identical current conditions in a 6 M KOH EL. At 1 A/g, the NiO@CNTs composite 

demonstrated superior cyclic stability, retaining 88.9% of cyclic stability after 1000 charge-

discharge cycles [260]. Zhao et al. (2014) reported that the Cs of 166 F/g was exhibited by 

pure NiO at 1 A/g. In contrast, NiO/graphene spheres, with a SSA of 185 m²/g, showed 

significantly enhanced ES capability, achieving a Cs of 555 F/g under identical current 

conditions. Additionally, the NiO/graphene spheres demonstrated excellent cyclic stability, 

retaining 98.8% after 2000 GCD cycles under identical current conditions [261]. Xiang et al. 

(2017) reported that Cs of 929 F/g was demonstrated by the NiO/carbon nanofibers at 1 A/g. 

Furthermore, the material demonstrated excellent long-term stability, retaining 88% after 5000 

cycles under identical current conditions [262]. Lv et al. (2018) reported that Cs of 1062 F/g 

was demonstrated by the NiO/graphene nanoflakes at 1 A/g. The material demonstrated robust 

cyclic stability, retaining 90.6% after 5000 GCD cycles, when the current density become two 

times [263]. Xu et al. (2013) reported that carbon coated mesoporous NiO NPs show a SSA of 

107.6 m²/g. At 2 A/g, these NPs was demonstrated a Cs of 931 F/g. Moreover, they demonstrate 

the notable, maintaining Cs of 93% after 6000 cycles under identical current conditions [264]. 

Liu et al. (2018) reported that NiO/ rGO flower-like structures exhibited a SSA of 255 m²/g. 
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At 0.5 A/g, these structures demonstrated a Cs of 900 F/g. Furthermore, the electrodes 

exhibited ED of 31.6 Wh/kg at 397 W/kg in aqueous 6 M KOH, 49 Wh/kg at 868.5 W/kg in an 

organic LiPF6 solution, and 146 Wh/kg at 1 kW/kg in an ion gel polymer EL [265]. Jinlong 

et al. (2017) reported that NiO/graphene nanoflakes having a SSA of 231.6 m²/g. At 1 A/g, 

these nanoflakes demonstrated an impressive Cs of 1782 F/g. Furthermore, the material 

exhibited significant cyclic stability, retaining 90.2% after 5000 GCD cycles under identical 

current conditions [266]. Li et al. (2016) reported that Cs of 782 F/g was exhibited 

NiO/reduced graphene oxide (rGO) nanosheets at 0.5 A/g. After 3000 GCD cycles, the 

electrode shows the retention rate of 94.1% at 2 A/g. At PD of 375 W/kg, an ASC configuration 

utilizing NiO/RGO in conjunction with AC show ED of 32.5 Wh/kg [267]. Feng et al. (2016) 

reported that NiO/carbon (C) nanofibers having SSA of 156.208 m²/g. At 1 A/g, these 

nanofibers structure like NiO/C electrode was demonstrated a remarkable Cs of 2048 F/g. 

Nanofiber like electrode also show the excellent cyclic stability, retaining 97% after 8000 

cycles, when current density increased by twenty times [268]. 

Carbon materials typically facilitate the uniform growth of NiO nanocrystals and prevent their 

aggregation. Consequently, the composites formed from NiO and carbon nanomaterials exhibit 

substantially higher SAs and Cs compared to pure NiO. The presence of π–π bonding and 

intermolecular forces within the NiO/carbon nanomaterial composites further contributes to 

the improved properties, enhancing SA, conductivity, porosity, and hydrophilicity. 

Collectively, these factors lead to enhanced charge storage capabilities, making these 

composites more effective for ES applications.  

2.3.4 NiO/conducting polymer (CP) composites 

Recent investigations have focused on NiO composites with CPs, specifically PANI and PPy, 

for SC applications [269]. PANI exhibits several advantageous characteristics, including its 

doping, high electrical conductivity, environmental stability, and straightforward synthesis 

[270]. The ion doping, and de-doping processes induce significant volumetric changes within 

the PANI structure during charge and discharge cycles. To improve the cycling stability of 

PANI, hybrid materials that incorporate PANI with MOs have been developed. NiO, 

recognized for its high SSA and cost-effectiveness, serves as a critical component in PANI- 

MO hybrids. In this capacity, When NiO added with PANI increased the conductivity, thus 

providing a synergistic enhancement of the properties of composite [271]. Sun et al. (2016) 

reported the Cs of 2565 F/g was achieved by the flower-like PANI-NiO structures at 1 A/g. At 

10 A/g, this Cs was reduced and remained 1795 F/g [272]. The PANI-graphene nanosheet 

(GNS)/NiO composites developed by Wu's research group by composition of PANI and NiO 
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exhibit markedly improved Cs and increased electrochemical reversibility compared to pure 

PANI and NiO electrodes. This performance enhancement of the composites can be primarily 

attributed to the capacity of PANI to improve the electrochemical properties of NiO [273]. For 

NiO, PPy facilitates the creation of electrically conductive pathways, while concurrently 

mitigating mechanical stress arising from volumetric changes during operation. This property 

positions PPy as a highly suitable choice for incorporation into SC electrode materials [274]. 

Vijeth et al. (2020) reported that the Cs of 581.77 F/g was achieved by the NiO/PNT (Ppy 

nanotubes decorated with NiO) composite at 1 A/g. The Cs of PNT, measured at 337.44 F/g 

under identical conditions [275]. Han et al. (2019) successfully fabricated Tremella-like NiO 

and fish-scale-like PPy microspheres using solvothermal and in situ polymerization techniques. 

When utilized as electrode materials for SCs, the combination of NiO and PPy exhibits a 

beneficial synergistic effect. At 3 A/g, the NiO/PPy composite with a NiO to PPy molar ratio 

of 6, designated as NiO/PPy-6, demonstrated an exceptional Cs of 3648.6 F/g. At 2399.99 

W/kg, the ASCs device was achieved an ED of 333.3 W h/kg [276]. Fu's research group 

developed NiO@PPy nanocomposites and examined their Cs. The addition of a PPy coating 

layer resulted in composite materials that demonstrate enhanced flexibility and substantially 

improved electrochemical performance relative to pure NiO, achieving a 75% increase in 

capacitance [277]. 

In conclusion, recent studies highlight the promising integration of NiO-based composites with 

\CPs for SC applications. The unique properties of PANI, including its high electrical 

conductivity and stability, are enhanced through hybridization with NiO, leading to improved 

cycling stability and capacitance retention. Similarly, the incorporation of PPy facilitates the 

formation of conductive pathways and alleviates mechanical stress during charge-discharge 

cycles, further enhancing the electrochemical performance of NiO composites. Notable 

advancements include the synthesis of flower-like PANI-NiO structures and NiO/PPy 

composites, which have demonstrated exceptional Cs and ED values. These findings underscore 

the potential of NiO-conductive polymer hybrids in advancing ES technologies, offering 

avenues for the development of more efficient and durable SC systems. 

2.3.5 NiO/Metal Sulfide Composites 

Metal sulfides are often preferred due to their layered structures and intrinsic electrical 

conductivity, which make them ideal candidates for a variety of applications. Transition metal 

sulfides, including MoS₂, SnS, WS₂, CuS, and ZnS, have been widely employed in diverse 

fields such as ES, energy conversion, and photocatalysis. These materials' unique properties 

enhance their performance across these technological domains, contributing to their extensive 
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use in advanced applications [278,279]. In the study conducted by Moradlou et al. (2020) 

reported that the NiO/NiCo₂S₄-based electrode was demostrated a remarkable Cs of 1984 

mF/cm2 at 1 mA cm⁻². Subsequently, an ASC device was fabricated, achieved an ED of 0.254 

Wh/m2 at a PD of 7.82 W m⁻² [280]. Wang et al. (2018) reported that Cs of 1063 F/g was 

demonstrated by the (NiO)₀.₁(NiS)₀.₉ composite electrode at 2 A/g. Remarkably, even current 

increased by fifty times, the electrode retained a Cs of 486 F/g after 10,000 charge-discharge 

cycles. Furthermore, Cs of 58.5 F/g was exhibited by the (NiO)₀.₁(NiS)₀.₉‖activated carbon ASC 

device at 2 A/g [281]. In the study by Yang et al. (2018) reported that the Cs of 1620 F/g was 

exhibited CoS/NiO electrode at 1.0 A/g, significantly outperforming the pristine CoS and NiO 

electrodes. At 3 A/g, the CoS/NiO//NC ASC maintained, retaining 93.5% of its capacitance 

after 3,000 cycles [282]. Yi et al. (2020) reported that ZnS@Co₃S₄@NiO nanosheets exhibited 

an initial Cs of 1418.7 F/g, which increased to 1550.9 F/g after 5,000 cycles, calculated 

retention rate of 109.3% at 5 A/g. In comparison, ZnS@Co₃S₄ nanorods demonstrated a lower 

initial Cs of 708.7 F/g and maintained 716.4 F/g, calculated retention rate of 101.1% after same 

number of cycles [283].  Kim et al. (2018) reported that, Cs of 386.7 F/g was exhibited by the 

NiO/NiS at 1 A/g. At 5 A/g, demonstrating impressive retention rate. Notably, the electrode 

retained 97.6% after undergoing 3,000 cycles [284]. 

In conclusion, metal sulfides, particularly transition metal sulfides, demonstrate significant 

promise in various applications due to their favorable layered structures and inherent electrical 

conductivity. Studies highlight the impressive performance metrics of various composite 

electrodes, showcasing their potential in ES and conversion systems. Noteworthy findings 

include exceptional capacitance values and outstanding cycling stability across multiple 

research efforts, illustrating the advancements in SC technology. These developments not only 

emphasize the effectiveness of these materials in enhancing device performance but also pave 

the way for future innovations in ES solutions. The continued exploration of metal sulfide-

based electrodes could lead to more efficient and sustainable energy systems. 

2.4 Research gap: Despite the established importance of morphology, synthesis techniques, 

and electrochemical properties of NiO electrode materials in enhancing SC performance, 

significant gaps remain in understanding the optimal structural configurations and their 

relationships to capacitance. While the nanoscale structure of NiO is known to facilitate 

electron transfer and ion diffusion, and while larger SSA and pore diameters are associated 

with increased ES capacity. There is need to explore variation of reaction temperature and ratio 

proportion precursors during NiO synthesis. Additionally, the inherent low conductivity of NiO 

necessitates further investigation into the comparative electrochemical performance of binder-
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based versus binder-free electrodes.  

The development of innovative NiO-based hetero nanostructures is a critical strategy for 

advancing SC electrode materials. Although synergistic effects from composites, 

heterostructures, and lattice defects are known to enhance conductivity and electrochemical 

performance, there remains a significant knowledge gap regarding the integration of NiO with 

specific metal sulfides. Investigating the potential of metal sulfides such as MoS2, CuS, and 

CoS2 in conjunction with NiO is essential for optimizing the hetero nanostructure. Currently, 

there is a lack of dedicated research addressing the combinations of NiO with these metal 

sulfides, highlighting the necessity for further studies to explore their synergistic effects and 

implications for SC applications. 

2.5 Research objectives 

The objectives of the research work are: 

1. To synthesis NiO nanostructures and its characterization. 

2. Synthesis of NiO based hetro nanostructures and their optimization. 

3. Development of hetro nanostructures-based electrodes and their relevant 

characterization. 
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Chapter 3 

Materials and Methods 

 

3.1 Materials Used: All the chemicals used in this research are listed in Table 3.1.1, which 

includes their manufacturer details, chemical formula, molecular weight, and general 

information about these chemicals. All chemicals were used as provided by the company, 

without any further modifications. 

3.2 Synthesis Techniques:  In the current study, hydrothermal, sol-gel, and microwave 

methods were employed for the synthesis of materials. A detailed explanation of these methods 

is provided below. 

Hydrothermal: The hydrothermal approach has garnered significant attention among 

researchers and technicians across various scientific disciplines, especially over the last fifteen 

years. Hydrothermal or solvothermal synthesis is a widely adopted one-pot method for 

fabricating a wide range of TMOs [162,163]. The word "hydrothermal" typically describes a 

heterogeneous reaction that occurs in under the condition of high pressure and temperature. 

[165]. Originally rooted in geology, the term was first introduced by the British geologist Sir 

Roderick Murchison to describe processes in which water, subjected to elevated temperatures 

and pressures, induces transformations within the Earth's crust, leading to the formation of 

diverse minerals and rocks. This technique is well-regarded for its ability to synthesize oxide-

based materials with high crystallinity and excellent morphological control [167]. Typically, 

the hydrothermal process involves heating a mixture of reactants in a sealed autoclave, usually 

made of stainless steel with a Teflon lining. Under these conditions, precursors for MOs 

dissolve and recrystallize as the solvent operates at elevated temperatures and pressures. The 

reaction temperatures commonly exceed 100°C, leading to the automatic generation of pressure 

within the system. One of the key advantages of the hydrothermal/solvothermal method is its 

environmentally friendly nature, as it eliminates the need for harmful catalysts, yielding 

products of high purity. Additionally, by varying reaction parameters like time and 

temperature, this method enables precise control over the morphology, crystallinity, and phase 

composition of the resulting MOs [168]. 

Chemical precipitation method: This method is a versatile and widely employed technique 

for synthesizing various materials, particularly nanoparticles, thin films, and crystalline 

structures. This method involves the formation of a solid precipitate from a solution when the 

solubility product of a compound is exceeded, typically achieved by mixing two or more  
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             Table 3.1: A comprehensive list of the chemicals utilized in the current research. 

 

S.No Chemical Name Chemical 

Formula 

Molecular 

weight 

(g/mol) 

Procured 

from 

(Company) 

General 

Information 

1. Hydrochloric 

acid  

 

HCL, (35% 

purity)  

 

36.46 LOBA 

Chemie 

(India) 

Highly odorous, 

hazardous & 

density: 1.18 g/cm3. 

2. Thiourea CH4N2S, (99% 

purity) 

76.12 LOBA 

Chemie  

(India) 

Reducing agent, 

hazardous & 

Melting Point:174-

178 °C 

3. Ethanol  

 

C2H5OH, (99.5% 

purity) 

46.06 LOBA 

Chemie 

(India) 

Highly flammable, 

organic solvent & 

density: 0.778 

4. Urea NH2CONH2 

(99.5% purity) 

60.06 LOBA 

Chemie 

(India) 

Colorless or white, 

odorless, highly 

soluble, & Melting 

point: 132- 133 °C 

 

5. Nickel Nitrate 

Hexahydrate 

Ni(NO3)2.6H2O 

(99% purity) 

290.80 LOBA 

Chemie 

(India) 

Highly soluble, 

green crystalline 

solid & Melting 

Point:56°C 

6. Potassium 

Hydoxide Pellets 

KOH (85% purity) 56.11 LOBA 

Chemie 

(India) 

Water soluble , 

Odorless, & 

Melting Point 

:360–406 °C 

7. Hexamine C6H12N4 140.19 LOBA 

Chemie 

(India) 

Colorless, Soluble, 

& Melting 

point: 280°C 

8. Cobalt Nitrate 

Hexahydrate 

Co(NO3)2.6H2O 

(98% purity) 

291.03 LOBA 

Chemie 

(India) 

Odorless, Soluble, 

& Melting point: 55 

°C 

9. N-Methyl 2-

Pyrrolidone 

(NMP) 

C5H9NO 

(98% purity) 

99.13 LOBA 

Chemie 

(India) 

Highly Chemical 

and thermal 

stability, colorless 

liquid, & Boiling 

point: 202 °C 

10.  Acetone (CH3)2CO 

(99% purity) 

58.08 LOBA 

Chemie 

(India) 

Highly flammable, 

colorless liquid, 

boiling point of 

56.05°C, & density 

of 0.7845 g/cm3 

12. Graphite  C (99.9% 

purity)  

  

 

12 Sigma 

Aldrich Ltd. 

(India) 

Inert, heat resistant 

13. Polyvinlidene 

Fluoride (Pvdf) 

(C2H2F2)n - LOBA 

Chemie 

(India) 

High thermal 

stability & 

mechanical strength 

14. Acetylene Black ClCH=CHCl, 

(98% purity) 

 Sigma 

Aldrich Ltd. 

(India) 

High electrical and 

thermal 

conductivity 
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15. Activated 

Carbon (AC) 

C 12.1 Merck 

(USA) 

 Large surface area 

(SA) 

16. Copper sulfate 

pentahydrate 

CuSO₄·5H₂O 249.685 LOBA 

Chemie 

(India) 

Blue crystalline, 

Soluble in water, 

and Odorless 

17 Thioacetamide  CH₃CSNH₂ 75.14 Sigma 

Aldrich Ltd. 

(India) 

Soluble in water & 

reacts with salts of 

heavy metals. 

 

reactant solutions under controlled conditions. These reactants are dissolved in appropriate 

solvents, and their interaction can be triggered by altering key parameters such as pH, 

temperature, ionic strength, or concentration. Common examples include the addition of a 

precipitating agent, such as ammonium hydroxide or sodium hydroxide, to a metal salt solution 

to produce metal hydroxides or oxides. Several factors influence the characteristics of the 

precipitate, including reaction kinetics, nucleation rate, and growth mechanisms. Precise 

control over these parameters allows tailoring of the material's properties, such as particle size, 

morphology, and crystallinity. For instance, slower nucleation and growth rates often yield 

larger, more uniform particles, while rapid precipitation may lead to smaller, less crystalline 

particles. The chemical precipitation method is advantageous due to its simplicity, scalability, 

cost-effectiveness, and ability to produce high-purity materials. It is extensively used in diverse 

applications, including the preparation of catalysts, semiconductors, pigments, ceramics, and 

environmental remediation agents [152].  

Microwave-assisted synthesis:  This Techniques is a relatively recent and efficient for 

synthesis the micro- and nano-sized crystalline materials. Compared to conventional methods, 

it significantly accelerates the reaction rate and reduces the overall reaction time, often 

completing the process within just a few minutes [192]. This rapid and energy-efficient 

approach leverages microwave irradiation, a widely used heating technology in both industrial 

and academic settings due to its simplicity, speed, cost-effectiveness, uniform heating, and 

energy efficiency. Microwave-assisted synthesis has been successfully employed in the 

production of various materials, such as porous materials [193], inorganic complexes [194], 

and nanocrystalline particles [195]. Despite its many advantages, one of the challenges 

associated with this method is achieving precise control over the morphology. This limitation 

arises from the difficulty in regulating the rapid and localized heating that occurs during 

microwave irradiation [192]. However, the benefits of microwave-assisted synthesis, 

particularly its ability to drastically reduce reaction times and energy consumption, make it an 

attractive method for producing nanomaterials.  

3.3 Electrode fabrication: The working electrodes were fabricated using a weight percent 



30 

 

ratio of 8:1:1 for active materials, acetylene black (as the conducting material), and PVDF (as 

the adhesive), respectively. NMP was supplemented to the mixture and then stirred 

continuously for three hours at a temperature of 70°C, resulting in the creation of a consistent 

slurry. Subsequently, a consistent layer of the slurry was spread evenly on the cleaned Ni foam, 

which had dimensions of 1 cm x 1 cm. The coated foam was then subjected to a drying process 

at 80 °C for a duration of 12 hours in an oven. The cathode was developed with exfoilated 

graphite (20%) and activated charcoal (80%). To prepare the expanded graphite powder, 

graphite powder was first mixed with a 30% solution of sulfuric acid for 12 hours. The filtered 

materials were dried for 12 hours. The remaining steps were the same as those described for 

the anode. 

3.4 Characterization Techniques: Characterization techniques are essential in research because 

they provide a detailed understanding of a material’s physical, chemical, structural, and 

functional properties, ensuring it meets the required specifications for specific applications. This 

detailed insight allows researchers to optimize and enhance materials by adjusting factors like 

composition or SA, leading to improved performance and efficiency. Additionally, 

characterization supports quality control and standardization, ensuring reproducibility and 

consistency, which are vital for both experiments and industrial applications. Moreover, new 

properties and phenomena discovered through these techniques often lead to innovations, driving 

advancements in areas such as SCs, batteries, and semiconductors. Characterization techniques 

used during this research are discus bellow in details. 

3.4.1. X-Ray Diffraction (XRD) 

XRD is commonly used in materials science, chemistry, and physics to study crystalline 

materials like metals, ceramics, and polymers. When X-rays are directed onto a sample, they 

are scattered in specific patterns based on the atomic arrangement in the material. By analyzing 

the diffraction pattern, XRD can reveal information about the material’s crystal structure, phase 

composition, lattice parameters, and crystallite size [285,286]. 

The fundamental principle of XRD relies on the constructive interference of X-rays scattered 

by atoms within a crystalline material. XRD is based on Bragg's Law, which relates the 

wavelength of incident X-rays to the diffraction angle and the spacing between atomic planes 

in the crystal lattice. This relationship is expressed by the equation (3.1): [287] 

                                                               2d sin (θ) = n λ                     (3.1) 

In this equation, d, θ, n, and λ denote the interplanar spacing, Bragg's angle, order of diffraction, 

and X-ray wavelength, respectively. The XRD data collected by the diffractometer is compared 

with reference databases such as the Joint Committee on Powder Diffraction Standard 
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Table 3.4.1 XRD instrumentation specification used in present work. 

 

Instrument used 

 

Available at 

 

X-rays Wavelength 

 

Scanning range 2θ 

(Degrees) 

1.Bruker D8 Advance, 

USA 

CIF, Lovely 

Professional 

University, India. 

Cu Kα1 = 1.54 Å 10 - 90º 

 

Table 3.4.2 XRD peak positions of NiO. 

 

2 θ Planes 

37.2° 111 

43.3° 200 

62.9° 220 

75.4° 311 

79.4° 222 

 

Table 3.4.3 Instrumentation details used for Raman in the present work. 

 

Instrument Used Available at Laser used Spectral Range 

Renishaw-Invia-

Reflex 

USIF, AMU, Aligarh, 

India 

532 nm 100-2000 cm -1 

 

Table 3.4.4 Distinct vibrational bands in NiO. 

 

Vibrational bands Raman Shift position (cm-1 ) 

1P 354 

1P 512 

2P 680 

2P 802 

2P 1059 

 

 (JCPDS) to identify the material composition [288]. The X-ray source, sample, and detector 

are the three primary components of XRD technology. A copper X-ray source emits radiation 

with a specific wavelength. The XRD technique can be used to analyze various types of 

samples, including powders, single crystals, or thin films. In this technique, a diffracted beam 

emitted by a monochromator is scattered from the sample's surface and detected by an 

oscillating detector positioned near the avg. diffraction point. The resulting diffraction pattern 

consists of a series of peaks, corresponding to angles (2θ) where constructive interference 

occurs. The position of these peaks is linked to the interplanar spacing (d-spacing), while their 

intensity provides information about the atomic arrangement and the types of atoms present in 

the crystal. It is commonly used to identify different crystalline phases by comparing the 

diffraction patterns with known standards. XRD can also provide information about the degree 

of crystallinity, as well as calculate lattice parameters, which reveal the dimensions of the unit 
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cell. Additionally, it is useful in analyzing material texture and strain, and can quantify the 

proportion of phases in multi-phase systems. XRD analysis is the use of the Scherrer equation 

to estimate crystallite size from the broadening of diffraction peaks. This equation is expressed  

                                                                  D = Kλ /βcos θ             (3.2) 

as where D represents the grain size, K denotes the shape factor (typically around 0.9), λ 

denotes the X-ray wavelength, β represent the full width at half maximum of the peak, and θ 

represents the Bragg angle. The Scherrer equation is particularly effective for analyzing small 

crystals, typically less than 100 nm, where peak broadening results from the finite size of the 

crystallites [289,290]. 

3.4.2 Raman characterization: Raman spectroscopy is a commonly used non-destructive 

technique that offers detailed insights into the vibrational, structural, and chemical properties 

of materials. It works by measuring the inelastic scattering of monochromatic light, typically 

from a laser, as it interacts with the sample. During this interaction, the scattered light 

experiences an energy shift due to molecular vibrations, phonons, or other excitations in the 

material, a phenomenon known as the Raman effect. This energy shift is associated with 

specific vibrational modes of the molecules, enabling the Raman spectrum to act as a molecular 

fingerprint for the material. In material science, Raman spectroscopy plays a crucial role in 

characterizing MOs, Raman spectroscopy can offer valuable information about the material's 

phase purity, bonding environment, and oxidation states. Additionally, Raman spectroscopy is 

particularly sensitive to nanostructures, enabling researchers to analyze composite materials 

and investigate interactions between different phases, such as in carbon-metal oxide hybrids. 

Raman spectroscopies include its non-destructive nature, minimal sample preparation, and the 

ability to perform both surface and bulk analyses. It can also be used for in situ monitoring of 

phase transitions or chemical changes during the operation of SCs, making it a valuable tool 

for understanding and improving material performance [291-294]. 

3.4.3. Field Emission-Scanning Electron Microscopy (FESEM): FESEM provides high-

resolution imaging for analyzing the surface features and microstructure of materials. It 

functions by directing a focused electron beam onto the sample's surface, where it interacts 

with the atoms of the material to generate signals that are utilized to create detailed images. 

FESEM is distinguished from conventional SEM by its use of a field-emission electron source, 

which provides a highly focused electron beam, resulting in much finer surface details, often 

at the nanoscale. This makes FESEM particularly useful for analyzing the structural and 

morphological properties of materials used ES devices like SCs [295,296]. 
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Table 3.4.5 Instrumentation specifications used for FESEM and EDS analysis in the current study. 

Instrument Used Available at Magnifications 

1. JEOL JSM-7610F Plus 

2. EDS (OXFORD EDS LN2) 

CIF, LPU, Punjab, India 100 μm- 100 nm 

 

FESEM provides critical information about surface features such as porosity, particle size, and 

surface roughness, all of which directly influence the charge storage capability of materials. In 

the case of MOs, such as NiO MnO2, TiO2, or RuO2, FESEM enables the examination of 

nanoscale characteristics such as particle distribution and morphology, which are crucial for 

enhancing ion diffusion and overall capacitance. Furthermore, in hybrid materials, such as 

carbon-metal oxide composites, FESEM provides insights into the distribution of phases, 

interface quality, and potential defects, helping researchers optimize material design for better 

performance [297-299]. FESEM include its ability to provide high-resolution images at the 

nanoscale, allowing detailed surface analysis without extensive sample preparation [300]. 

3.4.4. Energy Dispersive X-Ray Spectroscopy (EDS): EDS  is an effective analytical method 

for identifying the elemental composition of materials. When combined with electron 

microscopy techniques like SEM or FESEM, EDS functions by detecting X-rays emitted from 

a sample that is subjected to a high-energy electron beam. Since these X-rays are unique to 

specific elements in the material, this enables precise elemental analysis.EDS provides both 

qualitative and quantitative data on the presence and concentration of elements, enabling 

researchers to map the elemental distribution across a sample's surface. In the context of SC 

materials, EDS is invaluable for confirming the presence of desired elements in electrode 

materials, such as MOs, or doped compounds. For example, in MO electrodes (e.g., NiO or 

ZnO), EDS helps verify the stoichiometry and detect any impurities that may affect the 

material's performance. When studying composite materials, such as carbon-metal oxide 

hybrids, EDS mapping can provide insights into the spatial distribution of elements within a 

material, offering insights into the uniformity of the composite and the interaction between 

phases. EDS is its ability to provide localized elemental analysis, even at the nanoscale, without 

requiring extensive sample preparation. This makes it an essential tool for complementing 

morphological studies, ensuring that the material's elemental composition aligns with its 

expected performance characteristics [301-303]. 

3.4.5 High-Resolution Transmission Electron Microscopy (HRTEM): HRTEM is an 

advanced form of TEM that allows for imaging materials at atomic resolution. HRTEM uses a 

highly focused beam of electrons transmitted through an ultra-thin sample to produce images 

with atomic-level detail. The technique relies on phase contrast imaging, where variations in 
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the electron wave phase, caused by interactions with the sample's atomic structure, are 

converted into contrast in the final image. 

The principle of HRTEM relies on the interaction between a high-energy electron beam and a 

thin sample, during which the transmitted electrons experience both elastic and inelastic 

scattering. As the electrons traverse the sample, they undergo phase shifts resulting from their 

interactions with the atomic structure. These phase shifts contain detailed information about 

the arrangement of atoms within the material. In HRTEM, electromagnetic lenses are used to 

focus the transmitted electrons and form an image, which is based on phase contrast. The 

contrast in the image arises from differences in the electron wave phase and amplitude, 

reflecting the atomic-level structure of the sample. By using a highly focused electron beam 

and taking advantage of the short wavelength of electrons, HRTEM can achieve atomic 

resolution, allowing for the visualization of individual atoms, lattice planes, and crystal defects. 

HRTEM is helpful for  studying the fine structural details of materials at the atomic scale. 

HRTEM is widely used for atomic-scale imaging, allowing direct visualization of atomic 

arrangements in various materials, such as metals, semiconductors, and nanomaterials. 

HRTEM is also key in characterizing nanostructures like NPs, nanowires, and quantum dots, 

offering detailed insights into their morphology and structure at the atomic level. Additionally, 

it is commonly employed to investigate interfaces in composite materials and thin films, where 

atomic-level interactions significantly impact material behavior. HRTEM's ability to resolve 

lattice fringes also makes it invaluable for phase identification in materials with complex 

atomic structures. In catalysis research, HRTEM is used to study the atomic structure of 

catalysts, aiding in the optimization of their performance in chemical reactions [304,305]. 

3.4.6 Selected Area Electron Diffraction (SAED): SAED is typically performed in 

conjunction with HRTEM to obtain crystallographic information about the sample. In SAED, 

a high-energy electron beam is utilized, and a circular aperture is placed in the back focal plane 

of the objective lens, permitting electrons from a specific sample area to pass through while 

blocking the rest. As the electrons interact with the crystalline regions of the sample, they 

scatter in specific directions, generating a diffraction pattern on a detector. This pattern consists 

of a series of spots (or rings for polycrystalline samples) that reflect the periodic arrangement 

of atoms within the crystal lattice. By analyzing these diffraction patterns, one can determine 

the crystallographic orientation, unit cell dimensions, and possible crystal structures. Together, 

HRTEM and SAED are powerful tools for characterizing the structure of materials, making 

them essential in fields such as materials science, nanotechnology, and solid-state physics. 

SAED, often used alongside HRTEM, is a powerful tool for crystallographic analysis. SAED  
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Table 3.4.6 Instrumentation specifications used for HRTEM in the present study. 

 

Instrument Used Available at 

 

Magnifications 

 

Software Used 

 

JEOL 

Model: JEM 2100 Plus 

CIL, PU, Punjab, India 

 

10nm - 500 nm 

 

ImageJ 

 

 

provides detailed information about a material’s crystal structure and symmetry by generating 

diffraction patterns based on the interaction of electrons with atomic planes. It is frequently 

used for phase identification, distinguishing between different crystalline phases in multi-phase 

materials. SAED also helps determine grain size and orientation in polycrystalline samples, 

which is important for understanding their physical properties. By analyzing diffraction 

patterns, SAED allows for precise measurement of lattice parameters, aiding in the 

identification of unknown materials. In the study of nanomaterials, SAED provides information 

on crystallinity, phase, and defects, while in strained films or heterostructures, it is used to 

assess strain and lattice distortions through shifts in diffraction patterns [305,306]. 

3.4.7 BET theory: BET analysis is a commonly used to assess the SA and porosity of materials 

 through gas adsorption measurements. In this method, a gas typically nitrogen is adsorbed 

onto the material's surface at a constant temperature, with the quantity of adsorbed gas being 

recorded relative to pressure. The BET theory is then used to interpret this data and determine 

the SSA, a key property for materials utilized in ES devices like SCs. For SCs, BET analysis 

is crucial in evaluating the SSA and pore size distribution of materials. This analysis ensures 

that the material provides sufficient active sites for ion adsorption and storage, optimizing its 

performance in ES applications. Additionally, for materials like MOs or nanocomposites, BET 

can reveal information about the material's porosity, which affects ion transport and the overall 

capacitance performance. A well-defined pore structure, especially in mesoporous or 

microporous materials, can significantly enhance charge storage by allowing easy access for 

EL ions. The main advantage of BET characterization is its ability to provide detailed 

information on SA and porosity, which are critical for optimizing the performance of SCs. By 

analyzing the surface properties, researchers can better design materials with the ideal balance 

of SA and pore size, leading to improved ES capabilities [307,308]. 

3.4.8 X-ray photoelectron spectroscopy (XPS): XPS is a highly sensitive method used to 

analyze the surface composition, chemical states, and electronic structure of materials. When 

a material is irradiated with X-rays, it emits photoelectrons from its surface atoms. By 

measuring the energy of these emitted photoelectrons, XPS can determine the elements present 

and their chemical bonding environments Due to its surface sensitivity, typically probing 
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Table 3.4.7 Instrumentation specifications used for BET in the present study. 

Instrument used 

 

Available at 

 

Degassing 

Temperature 

Degassing Time 

 

1. Quantachrome 

Instruments version 

5.21, Austria. 

SAIF, Chandigarh, 

India 

200 °C 3 h 

2. NOVA touch 2LX Scientium Analyze 

Solution, Jaipur, 

Rajasthan, India 

200 °C 3 h 

 

Table 3.4.8 Instrumentation details used for XPS in the present work. 

 

Instrument Used Available at Range 

1.ThermoScientific NEXA 

Surface analyzer 

 

CIF, IIT Jammu 0- 1350 eV 

 

Table 3.4.9 Here is a suggested format for presenting the B.E values for nickel (Ni) and oxygen (O) 

in a table format suitable for XPS characterization of NiO: 

 

Element B.E (eV) (Approximate) Description 

1. Ni 855 Ni 2P3/2 and 

872.6 Ni 2P1/2 

861 Ni 2P3/2 (Satellite Peaks) 

879 Ni 2P1/2 (Satellite Peaks) 

2. O 529.8 metal-oxygen bonds 

531 surface-adsorbed oxygen 

 

depths of 1–10 nm, XPS is particularly effective for studying thin films, coatings, and surface 

modifications. In SC research, XPS have important role in characterizing the surface chemistry 

of electrode materials, as surface interactions directly influence electrochemical performance. 

For MOs like NiO, TiO2, or RuO2, XPS helps determine the oxidation states of the metal ions, 

which are critical for understanding the pseudocapacitive behavior of the material. The ability 

of XPS to detect trace elements or contaminants also helps ensure that the material's surface 

composition is optimized for ES applications. XPS is advantageous because it not only 

identifies the elemental composition of the surface but also provides detailed chemical state 

information. This is a useful method for analyzing the impact of surface modifications, such as 

doping or functionalization, on the electrochemical performance of SCs [311,312].   

3.4.9 Electrochemical Techniques: The electrochemical characterization of SCs includes 

techniques such as CV, GCD, and EIS. These methods provide accurate measurements of 

various electrochemical characteristics, including Cs, ED, PD, cyclic stability, and impedance.  

The CV technique measures the current generated in an electrochemical cell as the voltage is 

linearly ramped over time. CV is widely used to assess the electrochemical properties of 
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Table 3.4.10 Instrumentation specifications used for electrochemical technique in the present study. 

Instrument used Available at 

1. Metrohm: Multi-Channel Autolab CIF, LPU, Punjab, India 

 

materials, including capacitance, oxidation/reduction reactions, and the electrochemical 

stability of SCs. GCD technique used to evaluate the performance of SCs device, by applying 

a constant current to charge and discharge the device while measuring the voltage responseover 

time. GCD is commonly used to determine key performance metrics like capacitance, ED, and 

PD. EIS is used to measure the impedance of an electrochemical system over a range of 

frequencies. It provides insights into the electrochemical behavior of materials, such as charge 

transfer resistance, and ion diffusion in SCs. Electrochemical techniques are applicable for 

evaluating the performance of SCs within electrochemical systems, effectively demonstrating 

their capabilities in the context of three- and two-electrode setups. There are three types of 

main electrode used during electrochemical techniques. All three main electrodes used during 

the electrode techniques explain below. 

• Counter electrode (CE): In an electrochemical cell, the current circuit is completed 

using an electrode known as the CE, also referred to as the auxiliary electrode. This 

electrode typically comprises an inert material, such as platinum, gold, graphite, or 

glassy carbon, and serves as the site for the half-redox reaction not under investigation. 

To prevent kinetic limitations in the electrochemical processes being studied, the total 

SA of the CE (acting as both the source and sink of electrons) must exceed that of the 

WE, as the current flows between the two. 

• Reference electrode (RE): RE is characterized by a stable and well-established 

electrode potential, serving as a reference point in an electrochemical cell for 

controlling and measuring potential. This reference electrode potential is typically 

established using a redox system that maintains consistent concentrations of all 

participants in the redox reaction, achieved through buffering or saturating the solution.  

• Working electrode (WE): The WE in which the specific half-redox reaction of interest 

occurs in an electrochemical system. Typical materials for working electrodes include 

unreactive substances such as Au, Ag, Pt, glassy carbon, Hg drops, and film electrodes. 

The dimensions and configuration of the working electrode vary depending on the 

specific application. 

Basic principle of a potentiostat/ galvanostat (PGSTAT): When the PGSTAT is set to 

potentiostatic mode, it precisely controls the potential difference between the WE and the RE 
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to match a user-specified value. Simultaneously, the potential of the CE relative to the working 

electrode is also accurately regulated. In galvanostatic mode, the WE and CE can control the 

current flow. Continuous monitoring is performed to track the current flowing between the CE 

and WE, as well as the potential difference between the RE and WE  [313,314]. 

Formula used: To calculate the Cs (in F/g) of the electrode from the CV curve, the following 

equation (4.3) is used: 

                                                           Cs = 
𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑡ℎ𝑒 𝑐𝑢𝑟𝑣𝑒

2×𝑚×𝑉×𝑣 
                  (4.3) 

 Where , the area under the curve is in square meters (m2), m is the active mass deposited on 

electrode (in grams), V is the Potential window (in Volts), and v is the Scan rate (mV/sec). To 

calculate the Cs (in F/g) of the electrode from the GCD curve, the following equation (4.4) is 

used: 

                                                             Cs =  
𝐼×𝑡

𝑚×𝑉
                                       (4.4) 

For, Cs (in C/g) 

                                                               Cs = 
𝐼×𝑡

𝑚
                                         (4.5) 

Where , I is the current applied (in A), and t is the discharging time (in sec). 

To calculate the ED (in Wh/Kg) of the SC device ,the following equation (4.6) is used: 

                                                              ED = 
𝐶𝑠×𝑉×𝑉

2×3.6
                                   (4.6) 

To calculate the PD (in kW/kg) of the SC device ,the following equation (4.7) is used [315]: 

                                           PD = 
𝐸𝑑×3.6

𝑡
                                    (4.7) 

Electrochemical techniques are important for the evaluating the performance of SCs by 

providing detailed insights into their ES capacity, efficiency, and long-term durability. One 

commonly used technique is CV, which helps study the charge-discharge behavior and 

provides information on capacitance, charge storage mechanisms, and overall stability. GCD, 

another important method, measures Cs, ED, and PD by charging and discharging the SC at a 

constant current. It also helps assess internal resistance through the analysis of charge-

discharge curves. EIS is used to investigate internal resistance, ion diffusion, and charge-

transfer processes by measuring the system’s response to alternating current across different 

frequencies. This technique aids in analyzing the frequency-dependent behavior and 

optimizing device performance [313,314] 
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Chapter 4 

3D highly porous microspherical morphology of NiO nanoparticles for 

Supercapacitor application 

 

4.1 Introduction 

Throughout the past century, fossil fuels have primarily fulfilled the demand for energy. However, 

their extensive use has led to the depletion of natural resources and contributed to numerous 

environmental issues that harm human health. This has driven the need to develop green energy 

sources and more sustainable ES devices. Currently, electrical ES is limited to devices such as 

fuel cells, capacitors, and batteries, each with its own advantages and disadvantages regarding 

of ES device. Supercapacitors (SCs) have surfaced as a viable alternative offering high power 

density without relying on intense chemical reactions [316-318]. Unlike batteries, SCs are 

lightweight, non-toxic, and don’t require bulky electrodes, which minimizes disposal 

challenges. This makes them particularly suitable for applications that require cost-

effectiveness, long cyclic life, rapid charge-discharge capabilities, and high-power 

density.[319-320] SCs can be categorized main types based on their electrode materials: 

EDLCs and PCs [321,322]. PCs primarily store charge through a Faradaic process involving 

redox reactions at the electrode surface, allowing them to achieve higher energy densities 

compared to EDLCs [323]. The choice of electrode material is critical in determining the 

electrochemical performance of any SC. TMOs are commonly used in PCs due to their high 

theoretical capacitance and reasonable conductivity. Notable TMOs include ruthenium oxide 

(RuO₂), cobalt oxide (Co₃O₄), molybdenum trioxide (MoO₃), manganese dioxide (MnO₂), 

vanadium pentoxide (V₂O₅), nickel oxide (NiO), and nickel cobalt oxide (NiCo₂O₄) [324-326]. 

For example, RuO₂ is valued for its high theoretical capacitance, and  high electrical 

conductivity. However, its high cost and environmental concerns limit its commercial use in 

SC devices. Similarly, while Co₃O₄ is promising, its narrow potential window restricts its 

practical effectiveness. MnO₂ is another material commonly used, yet its low electrical 

conductivity poses a challenge for enhancing its capacitive performance and power output. On 

the other hand, NiO presents several advantages, including high theoretical capacitance, cost-

effectiveness, good thermal and chemical stability, and environmentally friendly properties. 

NiO are especially well-suited for SC electrode materials due to their high SA, stability, and 

ability to exist in multiple oxidation states within a particular potential range, achieving a 

theoretical capacitance of around 2573 F/g [327]. NiO can be synthesized through various 
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methods, including hydrothermal, sputtering, electrochemical, and sol gel approaches [328-

332]. Among these, the hydrothermal/solvothermal method is especially environmentally 

friendly, requiring no harmful catalysts and producing high-purity products. This method also 

allows precise control over morphology, crystallinity, and phase composition by adjusting 

reaction parameters like time and temperature [328]. An ideal electrolyte (EL) can improve ED, 

power output, and cycle life while reducing internal resistance and self-discharge rates of SCs. 

For instance, Dhas et al. reported that NiO performs well in alkaline KOH compared to Na₂SO₄ 

due to KOH’s high ionic conductivity. Moreover, the surface morphology of the electrode 

material significantly impacts performance, as innovative nanostructures can greatly enhance 

conductivity and active SA, contributing to more efficient and powerful SCs [333]. The surface 

morphological characteristics of the electrode material have a considerable impact on its 

performance as its conductivity and active SA can be considerably increased by creating 

innovative nanostructures. For example, Ali et al. [334] reported a very high Cs of 1782 F/g 

was demonstrated by 3D NiO grown on Ni foam at 1 A/g. By increasing the Ni concentration 

in the NiO material, Ci et al. [335] were able to produce NiO microflowers with enhanced 

electrochemical performance, i.e. 1828 F/g at 0.5 A/g. Cao et al. reported the preparation and 

characterization of hierarchical porous array of NiO nanotubes for SC applications. The Cs of 

675 F/g was exhibited by NiO microflowers at 2A/g [336]. The Cs of 762F/g was demonstrated 

by synthesized flower-like microspheres of nano-NiO as an electrode material at 1A/g [337]. 

It is well acceptable that the electrode’s performance is affected by a variety of factors, such as 

the material’s SA, porosity and morphology, and so, more studies on these factors are still 

under pursual. By changing the reaction temperature and the concentration of reactants, it is 

possible to control the size, growth, and morphology of the electrode material during synthesis. 

 The concentration of the reactant controls the pH of the growth solution. While synthesizing 

NiO NPs, the pH of the growth medium can also be easily regulated by varying the 

concentration of urea [338]. Here, we report on the impact of urea concentration and reaction 

temperature on the electrochemical performance of NiO NP-based electrodes. This article 

examines how complexing agents affect the morphology of NiO. This article also compares 

the electrochemical performance of binder-enriched paste electrodes with that of binder-free 

electrodes. 

4.2 Material synthesis and electrode preparation 

First, 0.1 M Ni(NO₃)₂·6H₂O and 0.2 M urea were mixed in 60 mL of deionized (DI) water and 

stirred for 20 minutes. The solution was then placed in an autoclave and maintained at 110 °C, 

150 °C, or 200 °C for 6 hours. The resulting Ni(OH)₂ precipitates were filtered, rinsed with DI 
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water, ethanol, and acetone, and subsequently dried in an oven at 70 °C. The complete synthesis 

process is described by the following reactions: 

                                     (H 2N)2CO + H2O → 2NH3 + CO2                  (4.1) 

NH3 + H2O → NH4 + OH                          (4.2) 

2Ni(NO 3) → Ni+2 + 2NO−3                      (4.3) 

Ni+2 + 2OH → Ni(OH)2                             (4.4) 

Finally, the Ni(OH)₂ precursors synthesized at various temperatures were heated at 300 °C for 

2 hours to yield different NiO nanoparticles. The same approach was applied to produce 

another set of NiO nanoparticles by adjusting the nickel nitrate-to-urea ratios to 01:01, 01:02, 

01:05, and 01:08. The resulting samples were labeled as S:1, S:2, S:5, and S:8. 

4.3 Result and discussion 

4.3.1 Structural and morphological analysis: The XRD patterns of NiO (S:2) NPs 

synthesized at different reaction temperatures, i.e. 110 °C, 150 °C and 200 °C, are shown in 

Fig. 4.1a. The peaks at 37.2°, 43.3°, 62.9°, 75.4° and 79.4°, are observed in the diffraction 

curves of all studied reaction temperatures, displaying the presence of (111), (200), (220), (311) 

and (222) planes, respectively.The peak positions of all XRD patterns are well-mapped with 

the PDF (ICSD) 01–089-5881, which confirms the formation of cubic NiO NPs. The 

sharpening of the prominent peaks was noticed with the increase of reaction temperature, 

indicating the growth of crystalline size. The crystallite size of NiO NPs synthesized at 110 °C, 

150 °C and 200 °C was measured as 29 nm, 34 nm and 41 nm, respectively [339, 340], which 

suggests that the NPs synthesized at 110°C would be more suitable as an active electrode 
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Fig. 4.1 The XRD patterns of NiO (S:2) NPs synthesized at different reaction temperatures (a). Raman 

spectrum of NiO NPs synthesized at 110 °C (b) 
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material for SC application as it can provide more SA for electrochemical interactions. The 

formation of NiO NPs was further confirmed through Raman analysis. The Raman spectrum 

of S:2 sample synthesized at 110 °C is shown in Fig. 4.1b. The presence of all five vibrational 

 

 
 

Fig. 4.2 FESEM images at different magnifications a, b S:1, c, d S:2, e, f  S:5 and g, h S:8 
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bands, i.e. single phonon (1P) vibrations at 354 cm−1 and 512 cm−1, and double phonon (2P) 

vibrations at 680 cm−1, 802 cm−1 and 1059 cm−1, clearly reveals the formation of NiO NPs and 

corroborates the findings of XRD analysis [341, 342]. The microstructural and morphological 

details of the NiO NPs synthesized at 110 °C with different urea concentrations, i.e. S:1, S:2, 

S:5 and S:8, are explored with FESEM, and their micrographs at different magnifications are 

displayed in Fig. 4.2a–h. A periodical array of nanosheets is unveiled, when the concentration 

of urea was less, i.e. S:1 and S:2, but as the concentration of the complexing agent was 

 
Fig. 4.3 FESEM images of NiO (S:2) nanostructures deposited on nickel foam (a, b and c) and their 

EDS mapping (d–g) 
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increased, i.e. S:5, the shape of the NPs become nanospheres, whose size was further reduced 

when the concentration of urea during the reaction mechanism was increased eight times the 

nickel nitrate, i.e. S:8. It is observed from Fig. 4.2 that the porosity of NiO nanosheets was 

maximum when the proportion of nickel nitrate and urea in the growth solution was 1:2, i.e. 

S:2. It is further noticed that various nanosheets were collecting together to form highly porous 

microsphere to adjust their surface energy, as can be seen from Fig. 4.2c. It is analysed from 

the FESEM images that the NPs associated with S:2 sample can be a more suitable candidate 

as an electrode material due to their enhanced SA and highly porous morphology. On contrary, 

when synthesize was done with higher concentration of urea, the size of the NiO NPs was 

reduced considerably, and they packed themselves so densely as shown in the Fig. 4.2e–h. This 

morphology is not suitable for the electrochemical processes as it may increase the diffusion 

resistance by trapping the ions. In Fig. 4.3a–c, FESEM images of NiO nanostructures (S:2) 

synthesized at 110 °C and successfully grown on nickel foam are displayed. Their EDS 

mapping shown in Fig. 4.3d–g is manifesting the uniform distribution of Ni and O. Availability 

of large number of highly porous microspheres, as can be seen in the Fig. 4.3a, is disclosing 

the accessibility of large SA for electrochemical interaction. The presence of minute 

nanostructure on the edges of the nanosheets (Fig. 4.3b) is further endorsing the enhanced SA 

and highly porous character of the synthesized material. The SSA of S2 was meticulously 

calculated using the BET technique, which involved analyzing the nitrogen (N₂) sorption 

isotherms at 77 K. The specimens were subjected to a degassing process for 3 hours at 200 °C 

to remove any adsorbed moisture or gases that could interfere with the measurement. 
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Fig. 4.4 Nitrogen adsorption–desorption isotherm (a) and plot between pore volume and pore radius 

(b) of NiO NPs 
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The resulting N₂ adsorption-desorption isotherms exhibited distinct hysteresis loops, indicative 

of the textural properties of the materials, as depicted in Fig. 4.4. Upon examination of the 

plots, the BET surface-area values were measured as 185.6 m2/g. The avg. pore size in the 

synthesized NiO was determined to be 4.8 nm [333, 337]. These results of BET and BJH 

analysis are further supporting the finding of FESEM and XRD analysis and suggesting the 

potential use of the synthesized NiO nanosheets in the SC application.  

4.3.2 Electrochemical analysis: The electrochemical performance of NiO NPs deposited on 

nickel foam with binder (NiO@NFBE) and without binder (NiO@NFBF) has been assessed 

by CV, GCD measurement and EIS was conducted using a three-electrode setup with 6 M 

KOH as the EL. CV curves were recorded within a potential window of -0.01 to 0.5 V. Figure 

4.5a presents the CV curves of NiO (S:2) nanoparticles synthesized at various reaction 

temperatures. A comparison reveals that the CV curve area for NiO@NFBE prepared with 

nanoparticles synthesized at 110 °C is larger than those prepared at 150 °C and 200 °C. The 

variation in specific capacities with reaction temperature is plotted in Figure 4.5b, indicating a 

decrease in specific capacity with increasing reaction temperature. The maximum specific 

capacity achieved was 394 C/g (788 F/g) for NiO@NFBE with nanoparticles synthesized at 

110 °C. This enhancement may be attributed to the smaller crystallite size of the NiO 

nanoparticles formed at lower temperatures, which provides a larger surface area for 

electrochemical reactions [339, 340]. Figure 4.5c illustrates the CV curves of NiO@NFBE 

prepared with nanoparticles synthesized at 110 °C under varying urea concentrations., i.e. S:1, 

S:2, S:5 and S:8, at a scan rate (v) of 10 mV/s. It is observed that the CV curve of NiO@NFBE 

prepared with S:2 sample has encompassed more area as compared to those of S:1, S:5 and 

S:8. The variation of their specific capacities with different urea concentration is plotted in Fig. 

4.5d. It is observed that the value of specific capacity was maximum, i.e. 394 C/g (788 F/g) for 

NiO@NFBE prepared with the NPs of S:2 sample. This may be ascribed to the highly porous 

periodical array of NiO nanosheets as is seen in FESEM analysis, which were able to provide 

large SA for the interaction between the electrode material and the EL. The dependence of 

nitrate/urea ratio played a crucial role in the synthesis of NiO nanostructures, as excess urea 

enhances the basicity of the solution, which in turn affected the morphology of the synthesized 

NPs. As compared to other ratios of nitrate and urea, probably 01/02 ratio was able to provide 

the most optimized concentration for the development of the nanostructures with enhanced SA 

and highly porous morphology. Further, the effect of binder was analysed under the same 

conditions by plotting the CV curves of NiO@NFBE and NiO@NFBF prepared with the 

nanosheets of S:2 (110 °C) sample as shown in Fig. 4.5e. It is noticed that the binder-free 
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electrode displayed considerably higher specific capacity, i.e. 408 C/g (815 F/g) as compared 

to the binder-enriched electrode. The superior CV performance of the binder-free electrode can 

be attributed to the direct growth of highly porous microspheres, composed of a periodic array 

of NiO nanosheets on the nickel substrate, along with the elimination of resistive binder effects. 

Figure 4.5f shows the CV curves of NiO@NF (S:2) across various scan rates (v), from 10 to 

200 mV/s. The presence of a redox peak pair across the full v range reflects the Faradic 

capacitive nature of the binder-free electrode. The anodic peak between 0.25 and 0.4 V is 

associated with the reduction of NiO to NiOOH, while the cathodic peak between 0.1 and 0.25 

V corresponds to the oxidation of NiOOH back to NiO. The CV curve shape remains 

consistent, and the area under the curve increases with higher scan rates, indicating good 
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Fig. 4.5 a The CV curve NiO (01:02) NPs synthesized at different reaction temperatures at 10 mV/s. 

b Graph representing the variation between specific capacity and reaction temperature. c The CV curves 

of NiO NPs synthesized by varying the concentration of urea at 10 mV/s. d Graph representing the 

variation between specific capacity and urea concentration at 10 mV/s. e The CV curves of NiO (01:02) 

NP-based binder-enriched and binder-free electrode at 10 mV/s. f The CV curves of NiO (01:02) NP-

based binder-free electrode at various v. 
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electrochemical reversibility. The anodic and cathodic peak shifts to higher and lower 

potentials, respectively, with increasing v, are due to rapid charge transfer at the electrode-

electrolyte interface. The influence of reaction temperature and urea concentration on the 

measurements conducted between 0 and 0.4 V.The GCD curves at a current density of 1 A/g, 
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Fig. 4.6 a The GCD curve NiO (01:02) NP synthesized at different reaction temperatures at constant 

current density of 1A/g. b Graph representing the variation between specific capacity and reaction 

temperature. c The GCD curves of NiO NPs synthesized by varying the concentration of urea at constant 

current density of 1A/g. d Graph representing the variation between specific capacity and urea 

concentration at 10 mV/s. e The GCD curves of NiO (01:02) NP-based binder-enriched and binder-free 

electrode at 10 mV/s. f The GCD curves of NiO (01:02) NP-based binder-free electrode at various 

current densities. The insets are representing the complete charging and discharging behaviours of the 

studied electrodes. 
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for NiO@NFBE synthesized at different reaction temperatures and with various urea 

concentrations, are shown in Figures 4.6a and 4.6c, respectively. It is marked that the variation 

of specific capacities with reaction temperature and urea concentration as shown in Fig. 4.6b 

and d, respectively, is exactly replicating the same trend, as was noticed in the CV. This 

replication confirmed that NiO@NFBE prepared with S:2 nanoparticles synthesized at 110 °C 

outperforms the other studied electrodes. The maximum specific capacity of the binder-

enriched electrode, calculated from GCD measurements, was 319 C/g (797.5 F/g). This 

improvement is likely due to the highly porous periodic array of NiO nanosheets, as observed 

in CV and FESEM analyses. Additionally, Figure 4.6(e) shows that the binder-free electrode 

NiO@NFBF, prepared with S:2 nanosheets (110 °C), achieved a significantly higher specific 

capacity of 418 C/g (1045 F/g) compared to the binder-enriched electrode. The lack of binder 

resistance and the direct growth of highly porous microspheres on the nickel substrate enable 

faster ion kinetics and maximize the availability of redox reaction sites. Figure 4.6f displays 

the GCD curves for NiO@NFBF (S:2) at current densities from 1 to 10 A/g. The specific 

capacities calculated are 418 C/g (1045 F/g), 381 C/g (952.5 F/g), 355 C/g (888.75 F/g), 347.5 

C/g (868 F/g), and 316 C/g (790 F/g) at 1 A/g, 2 A/g, 3 A/g, 5 A/g, 8 A/g, and 10 A/g, 

respectively. A decrease in discharge duration and specific capacity for NiO@NFBF (S:2) was 

observed at higher current densities, likely due to limited interaction time between Els ions and 
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Fig. 4.7 a The variation in the retention percentage of specific capacity with the number of cycles at 

14A/g. b The EIS curves of the binder-free and their equivalent circuit diagram. 
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Table 4.1. The reported electrochemical performance of NiO nanostructure-based electrodes under 

different experimental conditions 

 

S. 

No 

Material 

Synthesis 

Method Weight 

loading 

per cm2 

Electrolyte 

(EL) 

Specific 

Capacitance 

(F/g) 

Current 

Density/ 

V 

Cyclic 

Stabilit

y 

Ref. 

1 NiO NP Hydrother

mal 

method 

41.8 

mg/cm2 

1M KOH 

And 1M 

Na2SO4 

132 F/g in 

KOH and 79 

F/g in 

Na2SO4 

5 mV/s 75% 

retentio

n after 

500 

cycles 

[333] 

2 NiO NP Microwav

e method 

0.8 

mg/cm2 

2M KOH 401 F/g 0.5 

mA/cm2

. 

91.6% 

retentio

n after 

1000 

cycle 

[346] 

3 NiO 

microsphe

res 

Hydrother

mal 

method 

Not 

Given 

6 M KOH 515 F/g 1 A/g - [347] 

4 Hierarchic

al porous 

NiO-

nanotube 

Electro-

deposition 

1.2 

mg/cm2 

2 M KOH 675 F/g 2 A/g 93.2% 

retentio

n after 

10000 

cycles 

[326] 

5 Flower-

like 

microsphe

res of 

nano-NiO 

Hydrother

mal 

method 

2 

mg/cm2 

6 M KOH 762 F/g 1 A/g 96% 

retentio

n after 

1000 

cycle 

[337] 

6 Porous 

NiO 

nanosheet

s 

Multistep 

preparatio

n 

0.7 

mg/cm2 

2M KOH 600 F/g 10 A/g - [348] 

7 mesoporo

us NiO 

nanoflake 

Hydrother

mal 

method 

2 

mg/cm2 

2M KOH 400 F/g 2 A/g - [328] 

8 NiO NP Sol-gel 

method 

2 

mg/cm2 

1M KOH 549 F/g 1 mV/s 81.8% 

retentio

n after 

10000 

cycles 

[339] 

9 NiO NP One-step 

green 

synthesis 

Not 

Given 

0.1M KOH 644 F/g 0.5 A/g 124% 

after 

10,000 

cycles. 

[349] 

10 NiO NP Hydrother

mal 

method 

0.74 

mg/cm2 

6M KOH 418 C/g 

(1045 F/g) 

1A/g 89.5% 

retentio

n after 

1000 

cycles 

This 

work 
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reaction sites on the electrode at these increased rates [343]. GCD measurements were 

conducted over 1,000 cycles at 14 A/g, as shown in Figure 4.7a, to evaluate the long-term 

stability of both binder-free and binder-enriched NiO@NF (S:2) electrodes.The binder-free 

NiO@NF (S:2) based electrode retained a noteworthy, i.e. 87.5% of its initial specific capacity 

after 1000 cycles. However, the same number of cycles binder-enriched electrode was able to 

retain only 74.2% of its initial specific capacity. The EIS was performed to explore the charge 

transfer rate of EL ions between NiO@NFBF (S:2) electrode and EL. The Nyquist plots 

recorded between 0.1 Hz and 100 kHz, before and after 1000 cycles, and their equivalent circuit 

are displayed in Fig. 4.7b. The portrayed equivalent circuit is composed of an equivalent 

resistance (RS) connected in series with two impedances and a constant phase element (CPES). 

The first impedance element is consisting of a resister RP1 and an inductor (L) connected in 

parallel, and the second impedance element contains a resistor RP2 coupled parallelly with 

another constant phase element (CPEP). The bending of EIS curve in the fourth quadrant at 

higher frequency region is ascribed to the inductive effect resulting from the improper wiring 

so is modelled with first impedance element [344]. However, the second impedance element is  
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Fig.4.8 a The CV curves of ASC at different potential windows, at the constant v of 60 mV/s. b The 

CV curves of the device at different v between the potential window of 0 to 1.8 V. c The GCD curve of 

SC at various current density in the potential window of 0 to 1.8 V. d The variation of energy and power 

densities of SC device 
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associated with the reduction and oxidation reactions happening at anode and cathode, 

respectively, and CPEs is representing the diffusion of the ions deeper into the electrode 

material because it is the slow process and is being observed at the low frequency end of the 

spectrum. The fitted values of RS, RP1 and RP2 are 0.73 Ω, 1.73 Ω and 0.05 Ω, respectively, 

which are favouring the charge transfer process. The measured values of the distributing factor 

for CPEP and CPES are 0.72 and 0.77, suggesting the capacitive nature of both CPEs [345]. 

The analysis suggests that the in-situ growth of NiO nanosheets on nickel foam provided a 

highly porous structure and increased electrochemical surface area with abundant electroactive 

sites, facilitating efficient charge transport. The primary factor influencing the electrochemical 

performance of the NiO@NFBF (S:2) electrode is ion diffusion from the electrolyte to the 

electrode surface. After 1,000 charge-discharge cycles, a slight decrease in the slope of the EIS 

curve indicates some electrode degradation due to reduced diffusion. The binder-enriched 

electrode showed limited performance, as the binder restricted ion movement on the electrode 

surface. Conversely, in the binder-free electrode, the lack of binder reduced diffusion 

resistance, enhancing the reaction rate across the entire electrode surface. The electrode 

performance of previously reported results of NiO has been compared with the best performing 

electrode of the present investigation and is presented in Table 4.1. It is unveiled that the 

electrochemical performance of binder-free NiO nanosheets (S:2) based electrode is at par over 

other reported results on similar material. An ASC was assembled by considering NiO 

nanosheet (S:2)-based electrode as anode, activated carbon-based electrode as the cathode and 

6 M KOH/PVA-based gel as EL. The total mass loading of the active materials on both 

electrodes was 6.9 mg. with current density. The CV curves were recorded at 60 mV/s, as 

shown in Fig. 4.8a, in different potential ranges, i.e. 1.0 to 1.8 V to find the appropriate and 

stable potential window for the assembled ASC device. Figure 4.8b illustrates the CV curves 

at different v in the stable potential window, i.e. between 0 and 1.8 V. The shape of the curves 

was retained at all v, which indicated the good rate performance of the assembled device, and 

it also suggests the Faradic nature of the electrode. The GCD curves were recorded at different 

current densities which are displayed in Fig.4.8c. The calculated specific capacity of the device 

was 90 C/g (200 F/g), 74 C/g (164 F/g), 61 C/g (135 F/g), 54 C/g (120 F/g), 41 C/g (92 F/g) 

and 33 C/g 73(F/g) at 1, 1.25, 1.5, 2, 2.5 and 3 A/g, respectively. The variation of energy and  

power densities of the SC device with current density are illustrated in Fig. 4.8d. The maximum 

ED delivered by the ASC was 22.5 Wh/kg at 0.9 kW/kg. 

4.4 Conclusions 

The NiO nanosheets were successfully synthesized with hydrothermal method by varying the 
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urea concentration and reaction temperature. It is disclosed that the crystallite size of NiO NPs 

was increasing with the increase of reaction temperature. The synthesis at 110°C using a 

hydrothermal method with a 1:2 molar ratio of nickel nitrate hexahydrate to urea successfully 

produced NiO nanosheets. When this synthesis was repeated on nickel foam, a highly porous 

microsphere morphology was achieved. At 1 A/g, the binder-free NiO nanosheet electrode 

demonstrated an specific capacity of 418 C/g (1045 F/g), along with an excellent retention rate 

of 87.5% after 1,000 cycles at 14 A/g. Additionally, ED of 22.5 Wh/kg was achieved by the 

ASC at PD of 0.9 kW/kg, showcasing the potential of this electrode material in high-

performance energy storage applications 
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Chapter 5 

Augmented Electrochemical Capacities of Microporous MoS2@NiO 

Heterostructures 

 

5.1 Introduction 

With the burgeoning and pressing demand for efficient renewable clean energies, research on 

high-performance portable electronic devices has gained momentum in recent years. SCs, a 

sustainable electrochemical ES technology, outperform rechargeable batteries in terms of PD 

but lag in ED [350,351]. Consequently, the quest for superior electrode materials remains a 

fundamental challenge in modern SC research. Materials possessing a substantial SA and high 

electrical conductivity are deemed suitable for SCs [352]. In recent times, the use of transition 

metal-based oxides and dichalcogenides has emerged as a significant factor in advancing SC 

technology. There are numerous transition MO materials like Co3O4, MoO3, MnO2, V2O5, NiO, 

NiCo3O4, etc. Among these options, NiO stands out and is preferred due to its excellent elec-

trochemical stability, provide relatively more specific capacitance as it supports charge storage 

process at the surface by reversible and fast redox reactions, low cost, high chemical/thermal 

stability, wide availability, and minimal environmental impact [353,354]. However, the 

inherent low conductivity characteristic of NiO hinders the transport of ions and electrons at 

elevated electrical rates, thus restricts their utility in high-efficiency charge storage devices 

[354]. Many researchers work on the composites of NiO with graphene and  CNT for energy-

storage utilizations. Graphene and CNTs have captivated significant focus for ES due to their 

unique properties. However, exploring other materials for storing energy is crucial to overcome 

limitations and enhance the performance of NiO. For this reason, sulfidized transition metal 

are often preferred ascribed to their layered structure and intrinsic conductivity. In fact, this 

characteristic makes them ideal for various applications. MoS2, SnS, WS2, CuS, and ZnS are 

examples of transition metal dichalcogenides that have found widespread application in various 

fields, including the storage and conversion of energy, as well as photocatalytic processes. 

Among several materials, molybdenum sulfide (MoS2) stands out as a particularly noteworthy 

substance due to its layered crystal structure, high intrinsic ionic conductivity, capable to 

display rich intercalation chemistry and have high charge storage capacity. Furthermore, MoS2 

have abundant active edge sites, large SA and exhibits multiple oxidation states. But 

concurrently it suffers from restacking, poor rate-capability and cycling stability [278, 279].  

Many researchers have conducted investigations on the compositing of MOs with 
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dichalcogenides. The synthesis of the Manganese-doped SnO2@MoS2 composite was carried 

out applying a hydrothermal method, resulting in 242 F/g at 0.5 A/g. After 5,000 cycles of 

consistent charge and discharge, a retention rate of 83.95% of the initial capacitance was 

observed [279]. The WO3-ZnS nanocomposites were synthesized using the microwave-

supported technique. These nanocomposites demonstrated 215 F/g [355]. The MoS2/CeO2 

heterostructure developed by the hydrothermal method to investigate the electrochemical 

characteristics using various ELs, including the neutral Na2SO4, the acidic H2SO4, and the basic 

NaOH. The heterostructure of MoS2/CeO2 demonstrated 166.6 F/g when subjected to 5 mV/s 

in 1 M NaOH, which is classified as a basic solution [356]. At current density of 1 A/g, the 

MoS2-RuO2 composite displayed Cs of 972 F/g. This measurement was obtained by subjecting 

the composite to an EL solution consisting of 1 M KOH [357].  At 1 A/g, the nanocomposite 

of PANI/MoS2-MnO2 electrode was demonstrated Cs 469 F/g. Additionally, the 

nanocomposite attenuated 6% after four thousand cycles. Furthermore, Ed of 35.97 Wh/kg was 

exhibited by the ASC exhibited at 500 W/kg. Moreover, it retained 94.1% of its overall 

performance even after undergoing 4000 cycles. [358]. NiO/MoS2 nanocomposite developed 

by the hydrothermal synthesis route resulted in 289 F/g at 1A/g [359]. The nanocomposite 

consisting of Cu2O/MoS2/rGO synthesized by microwave methods. The nanocomposite 

material had remarkable pseudocapacitive characteristics, with a significantly improved 388 

F/g when subjected to current density of 1 A/g. Moreover, the cyclic endurance of the 

nanocomposite remained at around 96% after undergoing 3000 cycles [360]. The CuO/MoS2 

(p-n) composite was synthesized by the hydrothermal route, resulted in 268 F/g. Furthermore, 

the composite attenuated by ~10% after undergoing 5000 cycles [361]. It was found that the 

use of a hybrid p-n junction effect leads to improved electrochemical performance through the 

enhancement of redox reactivity sites [362]. Another mesoporous composite of NiO/ZnO, was 

synthesized by using facile hydrothermal procedure. Notably, broad potential range of 0.6 V 

and  a greater specific-capacity of 1394 C/g, and 560 C/g was  demonstrated by the NiO/ZnO 

at 1 A/g, and 20 A/g [354]. 

Our research addresses a notable gap in the existing literature by delving into the synergistic 

effects of combining MoS2 with NiO, an aspect yet to be extensively explored. Building upon 

a comprehensive review of prior studies, we embark on a systematic investigation aimed at 

optimizing the concentration of MoS2 within the MoS2@NiO composite. Through this 

approach, we seek to unravel the combined impact of MoS2 and NiO on electrochemical 

performance, shedding light on their synergistic interactions and elucidating the underlying 

mechanisms. By elucidating these previously unexplored synergies, our research plays a role 
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in advancing the understanding of composite materials for ES applications.  

Notably, our study reveals compelling results, with the most optimized MoS2@NiO hetero-

structure-based electrode demonstrating a remarkable specific-capacity of 419.5 C/g (1048.75 

F/g) at 1 A/g. This performance surpasses that of both MoS2 and NiO-based electrodes by 

substantial margins, underscoring the efficacy of our composite approach. Furthermore, our 

ASC MoS2@NiO//GAC exhibits an impressive ED of 47.43 Wh/kg at 0.825 kW/kg, 

underscoring its prospect for high-performance energy-storage utilizations.  

5.2 Synthesis and electrode preparation  

Synthesis of NiO: The experiment commenced with the mixing of 0.2 M Ni(NO3)2·6H2O with 

60 mL of distilled water. Thereafter, the solution was heated and agitated using a magnetic 

stirrer. Following this, 3 mL of ammonia was gradually introduced into the mixture. The pH 

of solution after adding ammonia was 9. The resulting Ni(OH)2 precipitates were effectively 

separated through a filtration process. The reaction mechanism of formation of Ni(OH)2 is 

given below [353]: 

NH3 + H2O → NH4 + OH    (i) 

2Ni(NO3) → Ni+2 + 2NO−3  (ii) 

Ni+2 + 2OH → Ni(OH)2       (iii)   

  

 The obtained precipitates were then rinsed with distilled water, ethanol, and acetone and then 

dry in oven. The Ni(OH)2 precipitates were then calcinated at 300 °C for 2 hours, resulting in 

the formation of NiO NPs. 

Synthesis of MoS2: In the initial step, a solution was prepared by dissolving 1000 mg of 

(NH4)6Mo7O24.4H2O and 700 mg of NH2CSNH2 in 70 mL of DI water with magnetic stirring 

for 15 minutes. The resulting uniform solution was placed in an autoclave operating at 180 °C 

for 6 hours. The reaction mechanism of MoS2 formation is shared below [363,364]: 

CSN2H4 + 2H2O →2NH3 + CO2 + H2S              (iv) 

(NH4)6Mo7O24 → 6NH3 + 7MoO3 + 3H2O         (v) 

MoO3 + 3H2S + H2O → MoO2 + SO4
2- + 2H+       (vi) 

                    MoO2 + 2H2S → MoS2 + 2H2O                    (vii) 

The yield of MoS2 NPs obtained was around 80 mg. 

Synthesis of MoS2@NiO composite: A total of 720 mg of NiO was homogenized with 70 mL 

of distilled water by ultrasonication of 1 hour. Subsequently, an equal amount of 

(NH4)6Mo7O24.4H2O and NH2CSNH2 was added, and the aforementioned process, as outlined 

in the synthesis of MoS2, was repeated. This procedure resulted in the formation of 10% 

MoS2@NiO after filtration. The same procedure was applied to synthesize additional 
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nanocomposites with 20, 30, 40, and 50% MoS2 in the MoS2@NiO composite, with the 

corresponding proportions of NiO being 320, 186, 120, and 80 mg, respectively. The resulting 

specimens with 20, 30, 40, and 50% MoS2 in the MoS2@NiO composite were labelled as M1, 

M2, M3, M4, and M5, respectively. 

5.3 Results and discussion  

5.3.1. Structural and morphological analysis The XRD pattern of MoS2 NPs is depicted in 

Fig. 5.1(a). The diffraction curves exhibit conspicuous peaks at 32.4◦, 33.4◦ and 58.3◦, 

corresponding to the (100), (101) and (110) planes, respectively, closely resembling those 

described in PDF (ICSD): 00–006–0097. These peaks confirm the presence of the 2H phase, 

characterized by a hexagonal crystal structure, of the synthesized MoS2 NPs. In this phase, 

each molybdenum atom is surrounded by six sulfur atoms, forming a trigonal prismatic 

coordination geometry. The layers of MoS2 are stacked together via weak intermolecular 

forces, leading to a lamellar configuration. The 2H phase is one of the most common and stable 

phases of MoS2, exhibiting significant electronic, optical, and mechanical properties. The  
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Fig. 5.1 XRD spectra of (a) MoS2, (b) NiO and (c) MoS2@NiO. 



57 

 

diffraction pattern of NiO NPs depicted in Fig. 5.1(b) is in good alignment with PDF (ICSD): 

01–071–1179. The diffraction curve shows distinct peaks at 37.2◦, 43.3◦, 62.9◦, 75.4◦, and 

79.4◦, manifesting (111), (200), (220), (311), and (222) planes, sequentially, attesting to the 

cubic crystal structure of the NiO NPs. The XRD pattern of the MoS2@NiO composite is 

shown in Fig. 5.1(c). It is observed that the sharpness and intensity of the prominent planes, 

such as (111), (200), and (220) of NiO NPs, are considerably reduced after the addition of 

MoS2 in the composite, ascribed to the amorphous character of the 2H phase of MoS2. 

Furthermore, visible peaks at approximately 33.4◦, 33.4◦ and 58.4◦ in Fig. 1(c) suggests the 

formation and presence of MoS2 in the MoS2@NiO composite. The XPS analysis was 

employed to explore the elemental composition and oxidation states of the MoS2@NiO hetero-

structures, as illustrated in Figs. 5.2(a–e). Using the Gaussian fit method, all simulated peaks 

were compared with the database. In Figs. 2(b), the peaks corresponding to the Ni 2p3/2 and Ni 

2p1/2 orbitals were observed at approximately 855 eV and 872.6 eV, in their sequence, along 

with their satellite peaks at around 861 eV and 879 eV, respectively, suggesting the  
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Fig. 5.2 XPS spectra of MoS2@NiO (M3) composite: (a) Survey scan and core-level spectra of (b) Ni 

2p, (c) O 1s, (d) Mo 3d and (e) S 2p. 
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manifestation of the +2 oxidation state of nickel and the formation of NiO in the composite. 

However, the deconvolution of the Ni 2p3/2 peak into two peaks, approximately at 854.5 eV 

and 586 eV, indicates the existence of the +3 oxidation state of nickel. The O 1 s high-resolution 

spectrum shown in Figs. 5.2(c) exhibits two deconvoluted peaks at 529.8 eV and 531 eV, 

corresponding to metal-oxygen bonds and surface-adsorbed oxygen, sequentially, validating 

the coexistence of the +2 and +3 oxidation states of nickel. The surface-adsorbed oxygen may 

transform into negatively charged species by accepting electrons from the NiO available on the  

 

 
 

Fig. 5.3 FESEM images (a, b and c) of NiO, (e, f and g) of MoS2 and (g, h and i) of MoS2@NiO (M3) 

composite. 
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surface, thereby converting Ni2+ into Ni3+ to maintain the charge neutrality of the composite 

[363]. In Figs. 5.2(d), the Mo 3d5/2 and Mo 3d3/2 peaks linked with MoS2, displayed at 229.6 

eV and 232.7 eV, in the specified order, reveal the +4 oxidation state of molybdenum. 

Similarly, the S 2p deconvoluted doublet, i.e., S 2p3/2 and S 2p1/2 observed in Fig. 5.2(e) at 

161.4 eV and 162.7 eV, respectively, confirm the -2-oxidation state of sulfur The XPS core-

level spectra of molybdenum and sulfur confirm the presence of the 2H-phase in MoS2, as 

previously observed in the XRD analysis. FESEM was utilized to assess the microstructural 

and morphological characteristics of both NiO, MoS2 and MoS2@NiO (M3) heterostructures. 

The FESEM micrographs at various magnifications of the NiO particles are depicted in Fig. 

5.3(a-c), revealing a microflower like arrangement. Validation of the uniform presence of 

nickel and oxygen atoms is provided by the EDS mapping shown in Fig. S1. The stacked 

microsheets of MoS2 are depicted in Fig. 5.3 (d-f). Their EDS mapping (Fig. S2) is clearly 

indicating the uniform distribution of Mo and S in the scanned area. Similarly, FESEM images 

captured at different magnifications of the M3 sample are illustrated in Fig. 5.3(g-i). Notably,  
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Fig. 5.4 The nitrogen adsorption-desorption isotherm of (a) NiO, (b) M1, (c) M2, (d) M3, (e) M4 and 

(f) M5 composites. 

be readily distinguished. Upon closer examination, MoS2 particles appear randomly dispersed 
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MoS2 and NiO particles can among the NiO nanosheets. This heterogeneous distribution likely 

enhances porosity, underscoring the potential suitability of the MoS2@NiO composite as an 

effective electrode-material. The SA per unit wight of NiO and MoS2@NiO heterostructures 

was determined using the BET method. BET technique, which involved analyzing the nitrogen 

(N₂) sorption isotherms at 77 K. The specimens were subjected to a degassing process for 3 

hours at 200 °C to remove any adsorbed moisture or gases that could interfere with the 

measurement. The resulting N₂ adsorption-desorption isotherms exhibited distinct hysteresis 

loops, indicative of the textural properties of the materials, as depicted in Fig.5.4. Upon 

examination of the plots, the BET surface-area values were measured as 12.8, 17.8,18.9, 25.9, 

24.2 and 14.5 m2/g, for of NiO, M1, M2, M3, M4 and M5 composites, respectively. This 

clearly indicates that in M3 composite, a twofold increase in active SA following the addition 

of MoS2 to NiO. Furthermore, the BJH pore size variation curves of the NiO and MoS2@NiO 

composite samples are presented in Fig. S4. The avg. pore size in the synthesized NiO was 

determined to be 3.6 nm, but in MoS2@NiO heterostructures it was around 1.9 nm, indicating 

that the porosity of NiO was switched from mesoporous to microporous character, after the 

addition of MoS2. This finding of increased porosity suggests the appearance of numerous sites 

for adsorption and diffusion for electrochemical reactions. The FESEM micrographs of NiO 

and MoS2@NiO (M3) composite are also supporting the finding of reduced pore size after the 

incorporation of MoS2 in NiO. 

5.3.2 Electrochemical analysis Fig. 5.5(a) shows the CV profiles of NiO, MoS2, and different 

MoS2@NiO heterostructure based electrodes taken at 10 mV/sec, covering a potential window 

of - 0.01 to 0.5 V. All electrochemical characterization were carried out using a 4 M potassium 

hydroxide (KOH) EL solution. It is noteworthy that each voltammogram exhibits the presence 

of two pairs of peaks, suggesting the Faradic nature and structural stability of all studied 

electrodes. All MoS2@NiO based electrodes exhibited notably enhanced current densities and 

increased areal capacity compared to both NiO and MoS2 electrochemical capacitance through 

the process of ion exchange. Among the five composites, the MoS2@NiO (M3) composites 

encompassed the highest integral area attributed to its enhanced SA available for 

electrochemical interactions, suggesting a greater specific capacity. Fig. 5.5(b) displays the CV 

curves of the M3 electrode at multiple v. Furthermore, it is relevant to observe that the curve 

shape remained unaltered, but the redox peaks of the M3 composite-based electrode displayed 

a progressive migration towards a broader potential range with the increase of the v. This may 

be attributed to increased polarization effect and diffusion limitation at higher v. As the 

capacitance properties of the electrodes are predominantly governed by Faradaic reactions, so 
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the probable redox reactions can be defined as [365,366]: 

MoS2 + OH- ⇌ MoS2OH + e-     (viii) 

  NiO + OH- ⇌ NiOOH + e-        (ix) 

 

In MoS2@NiO, initially, MoS2 and NiO react with OH- ions to form MoS2OH and NiOOH, 

respectively, while releasing electrons. And under certain conditions, the products (MoS2OH) 

and NiOOH) release the captured electrons to revert back to the original materials (MoS2 and 
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Fig. 5.5 (a) The CV curves of the NiO, MoS2, and MoS2@NiO composite-based electrodes obtained at 

a v of 10 mV/s.(b) The CV curves of the M3 electrode were obtained at various v. (c) The galvanostatic 

discharging curves of the NiO, MoS2, and MoS2@NiO composite-based electrodes analyzed at a current 

density of 1 A/g. (d) The graph illustrates the relationship between the specific capacity and the 

proportion of MoS2 in the composite. (e) The GCD curves of the M3 electrode analyzed at various 

current densities. (f) EIS plot of the MoS2@NiO (M3) composite-based electrode and its equivalent 

circuit.  
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NiO) and release OH- ions. Fig. 5.5(c) depicts the core-level (GCD) curves of NiO, MoS2, and 

various MoS2@NiO heterostructure-based electrodes within the voltage window of 0 to 0.4 V 

and at 1A/g. These curves exhibit an asymmetric shape, indicative of dominant Faradic 

behavior [367]. Notably, MoS2@NiO-based electrodes exhibit longer discharge times 

compared to MoS2 and NiO electrodes, underscoring their higher specific capacity. 

Specifically, the specific capacity of MoS2-based and NiO-based electrodes is measured at 167 

C/g (417.5 F/g) and 233.5 C/g (583.75 F/g), sequentially. Fig. 5(d) illustrates the variation in 

specific capacity among M1, M2, M3, M4, and M5 electrodes with varying concentrations of 

MoS2 in NiO. The measured capacities range from 272 C/g (680 F/g) to 419.5 C/g (1048.75 

F/g) at 1 A/g, with the MoS2@NiO-based electrode containing 30 % MoS2 demonstrating the 

superlative performance among the studied electrodes. In fact, the M3 electrode outperformed 

MoS2 and NiO-based electrodes by 60 % and 45 %, respectively. The extended discharge time 

and heightened specific capacity of MoS2@NiO-based electrodes can be ascribed to the 

synergistic effect leading from the combination of MoS2 and NiO in the composite electrode. 

While MoS2 have layered structure, and high intrinsic ionic conductivity, NiO offers better 

electrochemical stability. The synergistic interaction between these materials enhances charge 

storage capabilities and overall electrode performance. Moreover, the presence of MoS2 

increases the active SA available for electrochemical reactions due to its layered structure, 

providing numerous sites for ion adsorption and diffusion.  Additionally, the incorporation of 

MoS2 into NiO may lead to the formation of additional active sites and defects, further 

enhancing the electrode’s electrochemical performance. Fig. 5.5(e) presents the GCD curves 

of the M3 electrode at various current densities. A reduction in discharge time is observed as 

the electrode operates at higher current densities. Specifically, the specific capacity of the M3 

electrode measures 419.5, 366, 330, 280, 236, and 210 C/g at 1, 2, 3, 5, 8, and 10 A/g, in the 

specified order. The observed 50 % decrease in rate capability with a tenfold increase in current 

density can be ascribed to limited ion diffusion within the electrode material at higher current 

densities. Furthermore, at higher current densities, ion depletion at the electrode surface may 

result in concentration polarization, reducing the effective driving force for ion migration and 

consequently diminishes the electrode’s capacity. Additionally, the cyclic and Coulombic 

efficiency of the M3 composite based electrode depicted in Fig. S5 is done for 1000 cycle, 

revealed its robust nature. To analyze the reaction kinetics, Nyquist plot was generated for 

MoS2@NiO (M3) electrode across 10-2 to 105 Hz, as depicted in Fig. 5.5 (f). An equivalent 

circuit model based on discrete-component elements was applied to represent the impedance   
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Table 5.1 The fitted values of various components of equivalent circuit. 

 
Sample RS (ohm) RB (ohm) RG (ohm) Ionic conductivity (S/cm) 

NiO 0.67 1.9 2200 2.2×10-5 

MoS2 0.6 1.83 1750 2.8×10-5 

M 1 0.55 1.8 1620 3×10-5 

M 2 0.539 1.78 1500 3.3×10-5 

M 3 0.353 0.617 581 8.6×10-5 

M 4 0.388 1.07 977 5.1×10-5 

M 5 0.597 1.81 1690 3.1×10-5 

 

characteristics, as portrayed in the same figure. This circuit comprises a resistance (RS) in series 

with two other impedance components. RS is influenced by factors such as EL’s ionic 

impedance, contractual limitations between the conducting substrate and coated material, and 

internal limitations of the Ni-foam [368]. The leading impedance-component comprises a 

resistor (RG) and a constant-phase component (CPEG), which are associated with grain 

boundaries. Meanwhile, the other component consists of a resistance (RB), and a phase element 

(CPEB) in alliance with bulk composite material, representing charge-transfer resistance and 

interfacial or Helmholtz boundaries, respectively. The impedance of the constant-phase 

element is expressed as ω-n/A, where ω, n and A represent the angular frequency, dispersing 

factor and a constant, sequentially. In the circuit, when n equals 1, it embodies the behavior of 

an ideal capacitor, while at n equals 0, it reflects the characteristics of an ideal resistor [369]. 

The fitted value of RB (0.37 Ω) indicates favorable charge-transport character of the M3 

composite material, as corroborated by CV and GCD analyses. It is noteworthy that the total 

resistance employed by the linking cables, ionic solution, and nickel foam is very small (0.35 

Ω). Conversely, the substantial grain boundary or interfacial resistance (581 Ω) may result from 

bond elongation due to EL ion penetration into the microporous composite material. Moreover, 

the calculated ‘n’ values for bulk and grain boundaries were 0.79 and 0.95, sequentially, 

indicating the capacitive nature of both phase elements. For comparison, the EIS plots of NiO, 

MoS2 and MoS2@NiO composites-based electrodes are recorded and depicted in Fig. S6. The 

fitted values of different components of equivalent circuit is reported in Table 5.1. After 

comparing the reported values of RS, RB and RG, it is noted that M3-based electrode is the most 

optimized electrode among all studied electrodes. Moreover, the ionic conductivity of all 

electrodes was calculated by considering their bulk and grain-boundary resistances. It is noticed 

that the ionic conductivity of the M3-based electrode was highest i.e. 8.6 × 10-5 S/cm. Further, 

the electrical conductivity was measured by four-probe method. The calculated values are 11.5, 
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9.3 and 14.2 S/cm for NiO, MoS2 and MoS2@NiO (M3) composite, respectively, which is 

further supporting the elevated behavior of M3-based electrode. 

Concurrently, we undertook an in-depth analysis of the charge storage kinetics of the NiO and 

MoS2@NiO electrodes through the examination of CV data concerning the v (v) and current 

(i) relationship: i = αvβ [370]. Here, ’α’ represents a constant contingent upon the character of 

the synthesized material, while ’β’ falls within the range of 0.5 to 1.0, determined from the 

slope of the log(v) and log(i) plot. A ’β’ value near 0.5 implies a battery-like or diffusion-

controlled process, whereas a value approaching 1.0 indicates a capacitive or surface-controlled 

process. As depicted in Fig. 5.6(a) and (d), the calculated ’β’ values for the anodic peaks of 

NiO and MoS2@NiO based electrodes are 0.757 and 0.539, respectively. This suggests that the 

charge storing process of the MoS2@NiO electrode predominantly follows diffusion- 

controlled processes, while NiO based electrode predominantly stores charge through a 
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Fig. 5.6 (a) The graph between log (i) vs log (v) plotted for b parameter estimation for NiO. (b) The 

surface and diffusion contributions in NiO electrode at 10 mV/sec. (c) The percentage contribution of 

surface and diffusion current in NiO at different v. (d) The graph between log (i) vs log (v) plotted for 

b parameter estimation for MoS2@NiO composite-based electrode. (e) The surface and diffusion 

contributions in MoS2@NiO electrode at 10 mV/sec. (f) The percentage contribution of surface and 

diffusion current in MoS2@NiO electrode at different v. 
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capacitive-surface controlled process. Moreover, Dunn’s equation [371] posits that the 

observed electrical current at a specific voltage stem from a composite effect, encompassing 

both surface-controlled (k1v) and diffusion-controlled phenomena (k2v
1/2): i(V) = k1v + k2v

1/2. 

Here, ’k1’, and ’k2′ denote the constants. By plotting i(V)/v1/2 against v1/2 at various potentials, 

one can determine the values of k1 (slope) and k2 (intercept) at a predetermined voltage. Fig. 

5.6(b) and (e) present the quantitative capacitive study of ES behavior, with specific 

consideration on the capacitive (green) and diffusion contributions for NiO and MoS2@NiO 

electrodes at 10 mV/s. The total capacitance contribution via diffusion and capacitive 

mechanism at various v for NiO and MoS2@NiO electrodes is depicted in Fig. 5.6(c) and (f).  
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Fig. 5.7 (a) The CV curves of the ASC, obtained at a constant v of 60 mV/s, while utilizing various 

potential windows. (b) The CV curves of the device obtained by varying the v while maintaining a 

potential window of 0 to 1.7 V. (c) The current density-dependent GCD curve of the SC device. (d) The 

graph illustrates the variation of percentage retention of Cs and coulombic efficiency with number of 

cycles. (e) The EIS curve of the device was measured both before and after subjecting it to 5000 cycles 

of GCD. (f) The variation of ED of the device with current density. 
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Table 5.2 Comparative analysis of the electrochemical performance of MoS2 and transition MO-

based electrodes and devices. 

 

S. 

No. 

 

Material 

synthesis 

 

Method Electrol

yte (EL) 

Specific 

capacitan

ce of 

electrode 

(F/g) by 

three-

electrode 

setup 

 

Current 

Density 

(A/g) 

Energy 

Density (ED) 

of device 

(Wh/kg) by 

two- electrode 

setup 

Ref 

1 Mn-doped 

SnO2@Mo

S2 

Hydrothermal 2M 

KOH 

242 0.5 - [279] 

2 MoS2/CeO2 Hydrothermal 1M 

NaOH 

166 5mV/se

c 

- [356] 

3 MoS2-RuO2 

Composite 

Hydrothermal 1M 

KOH 

719 1 35.92 Wh/kg 

at 0.6 kW/kg 

[357] 

4 PANI/MoS

2- MnO2 

Hydrothermal 1M 

H2SO4 

479 5mV/se

c 

35.97 Wh/kg 

at 0.5 kW/kg 

[358] 

5 NiO/MoS2 Hydrothermal 1M 

KOH 

289 1 - [359] 

6 Cu2O/MoS2

/rGO 

Microwave 

 

6M 

KOH 

388 1 - [360] 

7 CuO/MoS2 Hydrothermal 2M 

KOH 

268 g 1 26.66 W h/kg 

at 1.6 kW/kg 

[361] 

8 WS2@NiO Chemical 

exfoliation 

1M 

Na2SO4 

64.5 

mF/cm2 

5 mV/s - [372] 

9 MoS2/Co3O

4 

Hydrothermal 1M 

KOH 

69 0.5 - [373] 

10 MoS2@Ni

O 

Hydrothermal 4M 

KOH 

1048.75 1 47.43 Wh/kg 

at 0.825 

kW/kg 

This 

work 

 

At v varying from 10 to 200 mV/sec, the diffusion-controlled proportions in the NiO electrode 

decrease progressively from 66.69 % to 31.09 %, while those of the MoS2@NiO electrode 

diminish from 94.65 % to 79.80 %. From Fig. 5.6(f), it is evident that the diffusion process 

overwhelmingly governs the total charge storage mechanism in the MoS2@NiO electrode. 

Furthermore, it is observed that the diffusion mechanism primarily dictates the behavior at low 

v in both electrodes. However, with an escalation in v, the contribution of surface-controlled 

phenomena becomes more pronounced, particularly in the NiO-based electrode. This may be 

ascribed to the slower kinetics associated with diffusion processes compared to surface-

controlled phenomena. At lower v, there is enough time for ions to intercalate into and out of 

the electrode material, resulting in a greater contribution from diffusion-controlled processes.  

An ASC configuration was established by pairing a MoS2@NiO-(M3) based electrode for 

oxidation with an expanded graphite and activated carbon (GAC) based electrode for reduction 
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phenomena as displayed in Fig. S7. The electrochemical capability of the ASC device i.e. 

MoS2@NiO//GAC, was assessed through CV measurements, employing a v of 60 mV/s across 

a potential window spanning from 1.0 V to 1.8 V, as illustrated in Fig. 5.7 (a). The principal 

objective of this measurement was to delineate the optimal and enduring potential range for the 

ASC device. The CV curves presented in Fig. 5.7(b) exhibit the electrochemical behavior 

across varying v, particularly within the stable potential range extending from 0 to 1.7 V. The 

consistent morphology of the curves at different v underscores the robust operational 

characteristics of the device across a broad range of rates. Additionally, the discernible 

presence of redox peaks hints at the Faradic attributes manifested by the device. The Cs of the 

ASC was measured at various v, yielding values of 581, 463, 363, 321, 256, 237, and 216 F/g 

at 10, 20, 40, 60, 100, 120, and 150 mV/sec, respectively. Based on these measurements, the 

Ed of the developed device was calculated to be 58.3, 46.5, 36.4, 25.7, 23.8, and 21.7 Wh/kg 

at the corresponding v. Fig. 5.7(c) showcases GCD profiles of the developed device obtained 

at diverse current densities. The device demonstrated Css of 501.8, 400, 296.4, 260.9, 242.4, 

and 223.6 F/g at 1, 1.25, 1.5, 1.75, 2, and 2.25 A/g, in the specified sequence. Driven by the 

synergistic interactions of MoS2 and NiO within the MoS2@NiO electrode material, ASC 

achieved a commendable ED of 47.43 Wh/kg at 0.825 kW/kg. Fig. 5.7(d) clearly indicates that 

the developed device retained approximately 80 % of its Cs and around 85 % of Coulombic 

efficiency after 5000 cycles at 2 A/g, indicative of its robust cyclic stability. The decision to 

set the optimal current density at 2 A/g was driven by the need to balance ED with cycle stability. 

Fig. 7(e) presents the Nyquist plots of the device pre and post 5000 cycles across the frequency 

spectrum of 0.1 Hz to 105 Hz, revealing negligible variation and affirming the structural 

integrity of the electrodes. Lastly, Fig. 5.7(f) delineates the variations in energy densities of the 

device concerning current density, highlighting a decrement in ED with escalating current 

density due to heightened internal resistance or diffusion constraints. Table 5.2 provides a 

comparative analysis of the electrochemical capability of MoS2 and TMO-based electrodes and 

devices. Notably, the MoS2@NiO (M3) based electrode and the ASC device 

MoS2@NiO//GAC exhibited remarkable superiority over recently reported counterparts 

employing similar materials. This remarkable performance is attributed to the synergistic 

effects between MoS2 and NiO, such as enhanced SA facilitating electrochemical activities, 

heightened ionic and electrical conductivities for improved charge transport, resulting in 

enhanced charge storage kinetics, increased ED, and enhanced cyclic stability.  

5.4 Conclusion In conclusion, this study successfully synthesized MoS2@NiO heterostructures 

via a facile hydrothermal method, aiming to boost their electrochemical-capability as electrode-
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materials. Through systematic structural, morphological, and electrochemical 

characterizations, the optimized MoS2@NiO heterostructure-based electrode demonstrated a 

remarkable specific capacity of 419.5 C/g at 1 A/g, surpassing both MoS2 and NiO-based 

electrodes by significant margins. It is revealed that the Faradic or diffusion-controlled process 

overwhelmingly governs the total charge-storing phenomenon in the MoS2@NiO based 

electrode. Leveraging the synergistic interactions between MoS2 and NiO, the ASC 

MoS2@NiO//GAC exhibited an impressive ED of 47.43 Wh/kg at 0.825 kW/kg. Notably, the 

developed device exhibited robust cyclic stability, retaining approximately 80 % of its Cs and 

around 85 % of Coulombic efficiency after 5000 cycles at 2 A/g. These findings underscore 

the prospect of MoS2@NiO heterostructures as propitious electrode-material for advanced 

energy-storage deployments. 
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Chapter 6 

High Efficiency CoS₂@NiO Heterostructures: Synthesis, Characterization, 

and Electrochemical Performance 

 

6.1 Introduction 

From last few years, SCs have captivated significant attention as innovative energy 

storehouses, due to their excellent electrical capacity, quick charging ability, long cycle life, 

and efficient Coulombic performance. The primary obstacle hindering its commercial use is 

the comparatively restricted ED. The effectiveness of SCs is primarily dependent on the Cs, 

charge-discharge rate, ES capacity, and power delivery of electrodes [350]. Therefore, the 

current study is centred on the creation of electrode materials with superior performance. The 

electrode is the most crucial part that influences the electrochemical functionality of any ES 

device. Therefore, creating a highly effective electrode is an important area of focus.  There is 

a requirement to create affordable, safe, and easily accessible alternative materials that have 

better electrochemical performance. As a result, numerous researchers have begun 

investigating the ES capability of various oxide materials such as Co3O4, MoO3, MnO2, V2O5, 

NiO, and NiCo3O4. Among these, NiO is less toxic, have high theoretical capacitance, offering 

comparatively higher specific capacitance as it facilitates storage of charges on the surface by 

reversible and swift redox reactions, excellent electrochemical stability, affordable, 

chemically/thermally stable, readily accessible, and environmentally friendly [353]. Even so, 

the inherent property of low conductivity in TMOs hinder the movement of charged species at 

high v, thereby restricting their application in high-performance charge storage. Still, it is 

needed to investigate alternative materials for ES purposes to overcome constraints and 

improve the efficiency of NiO. Therefore, in order to enhance the efficiency of SCs, it is crucial 

to develop and manufacture innovative high-efficiency electrode materials that can surmount 

this constraint [374–376]. An efficient approach is to create heterojunctions by combining 

different materials which possess different band gaps [377]. Heterostructures can demonstrate 

unique physical phenomena and advantages that cannot be accomplished by a single 

component, through the application of energy level asymmetry. Additionally, the internal field 

has the ability to segregate the electrons and holes, so preventing their reunification at the 

interface. This allows them to move through distinct phases, facilitating effective charge 

extraction [378,379]. For these transition metal sulfides are frequently favored due to their 

layered structure and inherent conductivity. Moreover, they have been extensively applied 
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across various domains, encompassing ES and conversion, alongside photocatalytic processes 

[278]. Molybdenum sulfide (MoS2), Tin sulfide (SnS), Tungsten disulfide (WS2), Copper 

sulfide (CuS), and Zinc sulphide (ZnS) are some examples of transition metal dichalcogenides. 

Cobalt sulphide, which includes several stoichiometric compositions such as CoS, CoS2, 

Co3S4, and Co8S9, etc., are notable for their exclusive benefit of the multi-electron impact 

occurring by the hydrogen ion dissociation, significantly enhancing their theoretical Cs. CoS2 

shines out from other cobalt sulfide materials ascribed to its high redox activity, variable 

reaction valency, and remarkable electrical conductivity. Because of this, CoS2 is sometimes 

thought to be a metal but at the same time as other sulphides it has concerns related to inferior 

rate capability and cyclic longevity [380]. 

Several researchers have studied the compositing of MOs with metal dichalcogenides (MDs). 

At 10 mV/s, the Co3O4@CoS composite demonstrates a significant 887.5 F/g. After 

undergoing 5000 cycles, demonstrate the retention rate of 78.1% at 5 A/g. [381] The 

ZnO@CoS2 material demonstrates a notable 898.9 C/g when tested at 3 mA/cm2 in a 3 M 

potassium hydroxide solution. At 1039.1 W/kg, the ASC demonstrates the Ed 45.2 Wh/kg 

[382]. The Cs of 242 F/g was obtained by the Mn-doped SnO2@MoS2 at 0.5A/g. Which was 

synthesized by an aqua-thermal process. During five thousand cycles of continuous charging 

and discharging, 83.95% longevity of the original capacitance was reported [279]. The 

microwave-assisted approach was utilized to successfully synthesize the WO3-ZnS 

nanocomposites. It was demonstrated that these nanocomposites had 215 F/g [355]. The Cs of 

972 F/g at 1 A/g in 1 M potassium hydroxide is exhibited by the composite material composed 

of MoS2 and RuO2 [357]. The Cs of 469 F/g was demonstrated by the PANI/MoS2-MnO2 based 

electrode when it was subjected to 1 A/g. After 4000 cycles, the nanocomposite demonstrated 

a cycling stability of over 94%, which is an extraordinary achievement. At 500 W/kg, the 

device demonstrated the ED of 35.97 Wh/kg. Additionally, even after being subjected to 4000 

cycles of charge-discharge, it was able to maintain 94.1% of its overall performance quality  

[358]. The hydrothermal approach was used to create a heterostructure nanocomposite 

composed of NiO and MoS2, which resulted in 289 F/g when presented with 1 A/g [359]. The 

microwave approach was used to conduct the synthesis of the nanocomposite that was 

composed of Cu2O/MoS2/rGO. The active electrode material exhibited outstanding 

pseudocapacitive properties, with a Cs that was greatly improved to 388 F/g after being 

subjected to 1 A/g. Furthermore, after being subjected to three thousand cycles, the 

nanocomposite maintained a cyclic stability equivalent to approximately 96% [360]. The 

CuO/MoS2 heterostructures were developed, which achieved 268 F/g. The composite 
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demonstrated a capacitance retention of 90.02% following five thousand cycles [361]. The 

electrode materials consist of NiCo2O4@CoS, where CoS is coated on NiCo2O4 to create 

heterojunctions. The NiCo2O4@CoS2 heterojunctions have superior electronic conductivity 

compared to any individual component. The heterojunction-based electrode has a remarkable 

1902.5F/g when tested at 1 A/g. Assembled ASC consisting of NiCo2O4@CoS and activated 

carbon (AC) as electrodes. At 425 W/kg, ASC demonstrates the ED of 32.91 Wh/kg. 

Additionally, it demonstrates 81.5% retention after undergoing 5000 cycles [383]. 

 Building upon the insights gleaned from the preceding literature review, this manuscript sets 

out to investigate the potential of composite heterostructures comprising CoS2 and NiO as 

electrode materials, with the aim of enhancing electrochemical performance. The primary 

objective is to explore the synergistic effects stemming from the union of better electrical 

conductivity of CoS2 and remarkable electrochemical stability of NiO, thereby fabricating a 

CoS2@NiO composite. By varying the composition of CoS2, we endeavor to tailor the 

properties of the composite to optimize its electrochemical behavior. Ultimately, the focus lies 

on optimizing CoS2@NiO composite-based electrodes materials for advanced energy 

stockpiling purposes. 

6.2 Experimental details  

6.2.1 Synthesis details and electrode fabrication  

Synthesis of nickel oxide (NiO): The experiment began by mixing 0.1 M nickelnitratehexadrate, 

0.05 M hexamine, and 0.05 M urea with 90 mL of DI water. Subsequently, the stirring process 

started using a magnetic stirrer. Next, the solution was subjected to three consecutive 

irradiation exposures in a microwave for 180 seconds, 120 seconds, and 90 seconds, using a 

multimode cavity operating at 900 W. Then, the solution was separated by filtration using filter 

paper, successfully isolating the Ni(OH)2 precipitates. The reaction scheme is given below 

[353]: 

NH3 + H2O → NH4 + OH       (i) 

2Ni(NO3) → Ni2+ + 2NO3-       (ii) 

     Ni2+ + 2OH → Ni(OH)2     (iii) 

The resultant precipitate was subsequently washed through a series of washing processes, 

which included water, alcohol, and acetone. Then, the Ni(OH)2 precipitate annealed at 300 °C 

for 2 hours, leading to the development of NiO nanostructures. 

Synthesis of cobalt disulphide (CoS2): Initially, 1000 mg of Co(NO3)2·6 H2O and 650 mg of 

thiourea were mixed in 70 mL of water using magnetic agitation for a duration of 20 minutes. 

Afterwards, the solution was kept in autoclave, which was operated at 180 °C for 7 hours. The 

reaction scheme is shared below [384]: 
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CSN2H4 + 2H2O →2NH3 + CO2 + H2S    (iv) 

        2Co(NO3) → Co2+ + 2NO3-             (v) 

Co2+ + 2H2S+4NH3 → CoS2 + 4NH4
+      (vi) 

Following the cooling process to reach ambient temperature, the solution underwent filtration 

and subsequent multiple washes using DI water, acetone, and ethanol in order to obtain CoS2 

NPs. Subsequently, the CoS2 NPs underwent a drying process at 70 °C for 10 hours. The 

quantity of CoS2 nanostructures acquired was 100 mg.  

Synthesis of the composite CoS2/NiO heterostructure: A solution was prepared by combining 

400 mg of NiO with 70 ml of DI water, followed by ultrasonic agitation for a duration of 1 

hour. Next, an equal quantity of cobalt (II) nitrate hexahydrate and thiourea was combined, and 

the repeat the procedure described for the synthesis of CoS2 was repeated. After filtration, 

obtained the composite materials of CoS2@NiO. The obtained composite has combination of 

20% CoS2 and 80% NiO. The same method was used to create additional composite 

heterostructures of CoS2@NiO. The amount of NiO was systematically varied at specified 

quantities of 400, 233, 150, and 100 mg to ensure 20, 30, 40 and 50% of CoS2 in CoS2@NiO 

composite. The specimens were marked as K2, K3, K4, and K5, respectively. 

6.3 Results and discussion 

6.3.1. Microstructural, elemental, and morphometric assessments 

The diffraction curve depicted in Fig. 6.1(a) reveals distinct peaks associated with CoS2 NPs, 

indicating the presence of crystal planes 111, 200, 210, 220, and 311 at diffraction angles of 

27.1°, 32.4°, 36.1°, 46.7°, and 54.8°, respectively. These observations align precisely with the 

diffraction pattern indexed by the JCPDS card number: 41-1471, thereby validating the 

successful development of CoS2 NPs. In Fig. 6.1(b), the XRD pattern corresponding to NiO 

NPs reveals characteristic peaks ascribed to 111, 200, 220, 311, and 222, planes observed at 

diffraction angles of 37.2°, 43.3°, 62.9°, 75.4°, and 79.4°, respectively. These peak positions 

are in agreement with the PDF(ICSD): 01-089-5881, affirming the formation of cubic NiO 

NPs. Fig. 6.1(c) illustrates the XRD pattern of the CoS2@NiO (K4) composite, wherein the 

presence of prominent peaks attributed to both CoS2 and NiO validates the successful formation 

of the nanocomposite. Fig. 6.2 (a-e) display the HRTEM image of CoS2@NiO composite 

materials. The measured value of d spacing of 0.249 nm belong to (210) plane of CoS2 and 

0.21 nm belong to (200) plane of NiO. That’s conform the existence of CoS2 and NiO in 

composite materials. Fig. 6.2 (e) displaying the selected area electron diffraction (SAED) 

pattern of CoS2@NiO materials, which indicates the the polycrystalline nature of the composite 

materials. The ring indexed to (200) and (220) corresponds to CoS2 and Similarly (200), (400), 

and (311) planes correspond to NiO. Result of HRTEM and SAED again give the conformation 
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of successful formation of CoS2@NiO composite materials. XPS measurement was applied to 

investigate the chemical makeup and valence states of the CoS2@NiO heterostructures, as 

depicted in Figs. 6.3(a-e). In Fig. 3(b), peaks associated with Ni 2p3/2 and Ni 2p1/2 electron 

shells were noticed at ~ 855 eV and 873 eV, respectively, along with their subsidiary peaks at 

~ 861 eV and 879 eV, in sequence. These observations indicate the presence of +2 valance 

state of Ni, confirming the successful synthesis of nickel oxide in the nanocomposite. On the 

other hand, the separation of the Ni 2p3/2 peak into a pair of peaks, at ~ 853.7 eV and 855.2 eV, 

suggests the coexistence of both +2 and +3 valance states of Ni. The O 1 s high-resolution 

spectrum shown in Figs. 6.3(c) exhibits two deconvoluted peaks at 529.2 eV and 531 eV, 

corresponding to metal-oxygen bonds and surface-adsorbed oxygen, sequentially, validating 

the coexistence of the +2 and +3 oxidation states of nickel.  Surface-bound oxygen has the 

potential to convert into negatively charged entities through electron acceptance from the  
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Fig. 6.1 XRD spectra of (a) CoS2@NiO, (b) CoS2 and (c) NiO. 
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nickel, and oxide present on the surface. This process facilitates the transformation of Ni2+ into 

Ni3+ to ensure the composite's electrical neutrality [359]. Fig. 6.3(d) illustrates peaks at 778.7, 

780.7 and 784.7 eV are corresponded to 2p3/2 and 793.7 to 802 eV are corresponded to 2p1/2 in 

the high-resolution Co 2p spectra. The presence of peaks at 784.7 and 802 eV are two satellite 

peaks. The S 2p deconvoluted doublet in Fig. 6.3(e) at 161.3 and 162.6 eV confirms the -2-

valance state of Sulphur. [385–387]. The FESEM image in Fig. 6.4(a-d) reveals the flower-like 

morphology of   NiO. CoS2 has a spherical cluster of nanosheets and nanorodes in Fig. 6.4(e-

i). There is agglomeration of nanosheets and nanorodes clearly seen in morphology. Zoomed 

FESEM images of CoS₂@NiO (K4) heterostructures, presented in Fig. 6.5(a-d), reveal the 

distinct morphologies of the CoS2 and NiO NPs within the composite. The flower like entities 

observed correspond to NiO, while the nanosheets and nanorods are representing CoS2 

particles. When the CoS2 grows on the NiO flower-like structure, there is not any 

agglomeration in morphology. Nanorodes and nanosheets of CoS2 with flowers like NiO are 

clearly visible in the higher magnification image in Fig. 6.5. (d and e). These distinct and varied 

morphologies within the CoS2@NiO (K4) heterostructures underscore the porous nature and 

extensive SA of the synthesized nanocomposite, which are critical attributes for facilitating 

efficient electrochemical reactions. Furthermore, the EDS Spectroscopy visualization  

 

Fig 6.2 HRTEM Image (a, b ,c ,d, and e)  and SAED pattern (f) of CoS2@NiO composite materials  
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illustrated in Fig. 6.5(e-f) confirms the presence and even spread of Co, S, Ni, and O atoms 

throughout the heterostructure. This uniform distribution is essential for ensuring consistent 

electrochemical functionality and improving the interaction between the electroactive materials 

and the EL. The SSA of NiO and CoS₂@NiO (K4) hetero nanostructures was meticulously 

calculated using the BET technique, which involved analyzing the nitrogen (N₂) sorption 

isotherms at 77 K. The specimens were subjected to a degassing process for 3 hours at 200 °C 

to remove any adsorbed moisture or gases that could interfere with the measurement. The 

resulting N₂ adsorption-desorption isotherms exhibited distinct hysteresis loops, indicative of 

the textural properties of the materials, as depicted in Fig. 6.6. The BET SA derived from these 

isotherms were 8.7 m²/g for the NiO nanosheets, 10.211m2/g for CoS2 and 18.902 m²/g for the 

K4 heterostructures. This data demonstrates that the SA of the CoS₂@NiO heterostructures is  
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Fig. 6.3 XPS spectra of CoS2@NiO (K4) nanocomposite: (a) Survey scan and core-level spectra of (b) 

Ni 2p, (c) O 1s, (d) Co 2p and (e) S 2p. 
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significantly enhanced, being 2.17 times greater than that of the NiO nanosheets alone and 1.85 

times greater than that of the CoS2 nanosheets alone. This increase in SA is likely due to the 

incorporation of CoS₂, which introduces additional porosity and surface complexity. Fig. 6.6(d, 

e, & f) further provides insights into the porosity characteristics through the Barrett-Joyner-

Halenda (BJH) pore size variation plots for both NiO, CoS2 and the K4 composite samples. 

The NiO nanosheets exhibited an avg. pore size of 3.6 nm, classifying them as mesoporous. In 

contrast, the synthesized CoS₂@NiO (K4) heterostructures displayed an avg. pore size of 1.8 

nm, indicating a transition to microporous structures. This shift from mesoporous to 

microporous architecture is significant as it augments not only the SA but additionally  

 

Fig. 6.4. FESEM images of NiO NPs (a-d) and FESEM images of CoS2 NPs  (e- i). 
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introduces a greater number of active sites. These characteristics are crucial for enhancing 

electrochemical interactions, especially during the engagement with ELs, thus potentially may 

improve the functionality of these heterostructures in ES applications. 

6.3.2. Electrochemical analysis 

The CV analysis of NiO, CoS₂, and different CoS2@NiO heterostructures (K2, K3, K4, and 

K5) as competent electrode materials was conducted within 0 to 0.5 V potential range. The CV 

 

                                                                                        

  

 
Fig. 6.5 FESEM images (a- d) and EDS mapping (e and f) of CoS2@NiO (K4) nanocomposite 



78 

 

scans were performed at 10 mV/s, as depicted in Fig. 6(a). CV curve for the K4 electrode 

exhibited a larger enclosed area compared to the other studied cases, suggesting its superior ES 

rates. The observed shifts in the cathodic and anodic peaks towards lower and higher voltages, 

sequentially, can be attributed to decreased ion migration at higher scan speeds. The electrodes 

specific capacity of 272 C/g (680 F/g), while NiO exhibited 255 C/g (637.5 F/g). The specific 

capacities for K2, K3, K4, and K5 were 317.5 C/g (793.75 F/g), 340.92 C/g (852.3 F/g), 475 

C/g (1187.5 F/g), and 381 C/g (952.55 F/g) at 1A/g. This indicates that the K4 electrode offers 

approximately 46% and 42% better charge storage capabilities compared to NiO and CoS₂-

based electrodes, respectively. Moreover, Fig. 6.7(d) presents the GCD patterns of the K4 

electrode under different current densities. For the K4 electrode recorded specific capacity 

values as follows: 475 C/g at 1 A/g, 460 C/g at 2 A/g, 435 C/g at 3 A/g, 405 C/g at 5 A/g, 376 

C/g at 8 A/g, and 250 C/g at 10 A/g. Fig. 5(e) show the variation of Cs verse the current density 

of NiO, CoS₂, and the CoS₂@NiO composite electrodes. The observed decline in specific 

capacity at higher v (Fig. 6.7b) and current densities (Fig. 6.7(d & e)) can be ascribed to redox 

activities, caused by the decreased migration of EL ions within the active regions of the 
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Fig. 6.6 The nitrogen adsorption-desorption isotherm of (a) NiO, (b) CoS2 and CoS2@NiO (K4) NPs. 

The variation of pore volume with pore diameter of (d) NiO, (e) CoS2 and (f) CoS2@NiO (K4) NPs. 

capability.  
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electrode. The ES capability of the CoS₂@NiO (K4) based electrode is compared with other 

similar composite electrodes comprising MOs and MDs in Table 6.1. The data clearly show 

that the optimized K4 electrode outperforms most of these other composites. This outstanding 

ES capability is attributed to the synergistic contribution of CoS₂ and NiO, which together 

uplift the electrochemical properties in composite. The Nyquist plots of NiO, CoS₂, and 

CoS₂@NiO (K4) composite-based electrodes, along with their equivalent circuit, are illustrated 

in Fig. 6(f). The steeper slope observed for the K4 electrode compared to NiO and CoS₂ 

indicates superior diffusion kinetics, underscoring the enhanced ES performance of the K4 

electrode. The equivalent circuit model comprises a series resistance (RS) connected in series 

with two reactive components, each consisting of a resistance (RG or RGB) and a CPE (PEG or 

PEGB). The first reactive component represents the grain resistance, while the second is 

associated with grain boundary resistance. The fitted values of the components for NiO, CoS₂, 

and CoS₂@NiO (K4) electrodes are detailed in Table 6.2. Notably, the K4 electrode exhibits 
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Fig. 6.7 (a) The CV curves of the NiO, CoS2, and CoS2@NiO nanocomposite-based electrodes obtained 

at a v of 10 mV/s.(b) The CV curves of the K4 electrode were obtained at various v. (c) The GCD 

curves of the NiO, CoS2, and CoS2@NiO nanocomposite-based electrodes analyzed at a current density 

of 1 A/g. (d) The GCD curves of the K4 electrode analyzed at various current densities. (e) The graph 

illustrates the variation of the specific capacity with current density of NiO, CoS2, and CoS2@NiO 

nanocomposite-based electrodes. (f) EIS plots of NiO, CoS2 and CoS2@NiO (K4) nanocomposite-based 

electrode and equivalent circuit.  
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Table 6.1 The electrochemical performance of composite electrodes consisting of TMOs and 

transition metal dichalcogenides. 

 

S. 

N

o 

 

Composite 

 

Method Electrolyt

e (EL) 

Specific 

capacitanc

e (F/g) 

Current 

density/ 

v 

Energy 

Density 

(ED) 

(Wh/kg) 

Ref 

1 Co3O4@CoS Hydrotherm

al 

1M KOH 887.5 10mV/s - [381] 

2 ZnO@CoS Hydrotherm

al 

3M KOH 898.9 C/g 3 mA/cm2 45.2 at 

1.0391 

kW/kg 

[282] 

3 MoS2-RuO2 

Composite 

Hydrotherm

al 

1M KOH 972 1A/g 35.92 at 0.6 

kW/kg 

[357] 

4 PANI/MoS2 

MnO2 

Hydrotherm

al 

1M H2SO4 479 5mV/sec 35.97 at 0.5 

kW/kg 

[358] 

5 NiO/MoS2 Hydrotherm

al 

1M KOH 289 1A/g - [359)

] 

6 Cu2O/MoS2/rG

O 

Microwave 6M KOH 388 1A/g - [360] 

7 CuO/MoS2 Hydrotherm

al 

2M KOH 268 1A/g 26.66 at 

1.59 kW/kg 

[361] 

8 NiCo2O4@CoS Hydrotherm

al 

2M KOH 1902.5 1 A/g 32.91 at 

0.42 kW/kg 

[384] 

9 WS2@NiO Chemical 

exfoliation 

1M 

Na2SO4 

64.5 

mF/cm2 

5 mV/s - [372] 

10 CoS2@NiO Hydrotherm

al 

4M KOH 1187.5 

(475C/g) 

1A/g 50.18 at 

0.82 kW/kg 

This 

Paper 

 

Table 6.2. The fitted values of various components of equivalent circuit. 

 

Electrode RS (ohm) RG (ohm) RGB (ohm) Ionic Conductivity (S/cm) 

NiO 0.718 0.494 755 0.6 ×10-4 

CoS2 3.19 0.119 278 1.7 ×10-4 

CoS2@NiO (K4) 0.602 5.62 248 1.9 ×10-4 

 

the lowest resistance at the electrode- EL interface, measured as 0.60 Ω. Furthermore, the ionic 

conductivities calculated from the grain and grain boundary resistances for NiO, CoS₂, and 

CoS₂@NiO (K4) electrodes are 0.6 x 10⁻⁴ S/cm, 1.7 x 10⁻⁴ S/cm, and 1.9 x 10⁻⁴ S/cm, 

sequentially. These values clearly demonstrate the superior charge transport and reaction 

kinetics of the K4 electrode compared to its NiO and CoS₂ counterparts. The enhanced 

electrochemical activity of the C4 electrode are attributed to the synergistic effect of the composite, 

combining the high electronic conductivity of CoS2 with the increased surface area of NiO. This 

synergy results in a microporous composite characterized by superior electrical conductivity 

and a large SA, facilitating more effective electrode-EL interactions. These properties 

collectively contribute to the outstanding performance of the K4 electrode in ES applications. 
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Based upon the above discussion, following can be the probable reaction mechanisms between 

NiO/CoS2 and KOH [365,388]: 

NiO + OH- ⇌ NiOOH + e-                  (vii) 

CoS2 + OH- ⇌ CoS2OH + e-                 (viii) 

                                CoS2OH + OH- ⇌ CoS2O + H2O + e-           (ix) 

 

When NiO interacts with hydroxide ions from the KOH EL, it undergoes a reversible redox 

reaction to form nickel oxyhydroxide, which facilitates the storage and release of electrons. 

Similarly, CoS₂ engages in sequential and reversible reactions with hydroxide ions, initially 

forming CoS₂OH and subsequently converting to CoS₂O while generating water and electrons. 

The CV plots of NiO and CoS₂@NiO (K4) electrodes were further analyzed to determine the 

proportion of surface-controlled versus diffusion-controlled charge-storage mechanisms, 

derived from the relation i ∝ vb, where i (peak current) and v (scan rate). The parameter ‘b’ 

determined b values for the oxidation peaks of nickel oxide and K4 electrodes, which are 0.636 
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Fig. 6.8 (a) The graph between log (i) vs log (v) plotted for b parameter estimation for NiO. (b) The 

capacitive and diffusive contributions of NiO electrode at 10 mV/sec. (c) The percentage contribution 

of diffusive and capacitive current in NiO NPs at different v. (d) The graph between log (i) vs log (v) 

plotted for b parameter estimation for CoS2@NiO nanocomposite-based electrode. (e) The capacitive 

and diffusive contributions of CoS2@NiO electrode at 10 mV/sec. (f) The percentage contribution of 

diffusive and capacitive current in CoS2@NiO electrode at different v. 
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falls within the range of 0.5 to 1.0, determined from the slope of the log(v) and log(i) plot. A 

‘b’ value of 1 indicates a purely capacitive response dominated by surface effects, while a ‘b’ 

value of 0.5 indicates a Faradic mechanism. [370,389] Figures 6.8(a) and 8(d) present the and 

0.544, sequentially. This indicates that while both electrodes primarily store charge through 

diffusion or Faradic processes, NiO also exhibits a significant contribution from surface- 
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Fig. 6.9 (a) The CV curves of negative electrode and positive electrode obtained at a constant v of 60 

mV/s. (b) The CV curves of the device obtained by varying the v while maintaining a potential window 

of 0 to 1.7 V. (c) The current density dependent GCD curve of the SC device obtained by applying a 

potential window ranging from 0 to 1.65 V. (f) The variation of ED of the device with current density. 

(e) The graph illustrates the variation of percentage retention of Cs and coulombic efficiency with 

number of cycles. (f) The EIS curve of the device was measured both before and after subjecting it to 

5000 cycles of GCD. (g) Ragone plot for compared result with another related paper.  
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controlled processes. Using Dunn’s model, the regions in the CV loops of NiO and CoS₂@NiO 

representing surface and diffusion-controlled processes are illustrated in Fig. 6.8(b) and 6.8(e). 

The analysis was conducted at a v of 10 millivolts per second. Figures 6.8(c) and 6.8(f) further 

display the proportions of these regions at various v. It is evident that at lower v, Faradic 

processes dominate charge storage because ions have enough time to move into the electrode 

material and undergo redox reactions, fully utilizing the active material. In contrast, at higher 

v, the limited time for ion diffusion causes charge storage to shift towards capacitive processes, 

involving rapid sorption of ions on the electrode surface.  

An ASC was assembled using CoS₂@NiO (K4) as the anode and graphite-mixed activated 

carbon (GMC) as the cathode, denoted as CoS₂@NiO//GMC, to assess its practical utilization. 

The active materials on cathode and anode electrode were 1 and 2.5 mg respectively. indicating 

their compatibility for the device.  Figure6.9(a) show the CV curves of the anode and cathode 

at a v of 60 mV/sec. The CV plots of the ASC, recorded at various v, revealed a stable potential 

window from 0 to 1.7 V, as illustrated in Fig. 6.9(b). The consistent shape of the curves across 

various v demonstrates that the device performs well over a wide range of operating conditions. 

Figure 9(c) shows the current dependent GCD curves of the ASC. The capacitance per unit 

active material’s mass of the device was calculated at different current densities, yielding 

values of 530.90 F/g at 1 A/g, 460 F/g at 1.25 A/g, 360.72 F/g at 1.5 A/g, 290.90 F/g at 2 A/g, 

and 256.96 F/g at 2.25 A/g. Figure 6.9(d) illustrates how the energy densities of the NSD vary 

with different current densities, clearly indicating that the ED reduces as the current density 

increases. The ASC achieved a notable 50.18 Wh/kg at 0.825 kW/kg. The robustness and 

durability of the ASC are highlighted by its retention of about 82% of its initial capacitance 

and approximately 85% of its Coulombic efficiency post 5000 cycles at 2 A/g, as shown in Fig. 

6.9(e). Figure 6.9(f) displays the EIS curves of the ASC device pre and post 5000 cycles, 

showing minimal changes in the Nyquist plots. This indicates the structural and morphological 

stability of the electrodes, with negligible degradation even after prolonged cycling. The 

comparison of reported energy densities of devices prepared with similar anode-composite 

materials, compiled in Table 6.1, clearly showcases the superior performance of the 

CoS₂@NiO//GMC. Ragone plot for compared result with another related paper showing in fig 

9(g).The outstanding performance can be assigned to the synergistic contribution of CoS₂'s 

superior electrical conductivity and NiO's excellent electrochemical stability, resulting in a 

microporous composite with commendable electrical conductivity and a large SA. These 

properties enhance the electrode-EL interactions, contributing to the remarkable performance 
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of the developed ASC. 

6.4 Conclusion 

In conclusion, this investigation demonstrated the significant potential of CoS₂@NiO 

composite heterostructures as high-efficiency electrode materials for enhancing 

electrochemical functionality. By harnessing the synergistic interplay of CoS₂'s superior 

electrical conductivity and NiO's remarkable electrochemical stability, we successfully 

synthesized and optimized the CoS₂@NiO composite through hydrothermal method. The 

optimized electrode exhibited specific capacity of 475 C/g (1187.5 F/g), significantly 

outperforming NiO and CoS₂ based electrodes by approximately 46% and 42%, respectively. 

Our study revealed that at lower v, diffusion-driven processes dominated the charge storage 

mechanism, while at higher v, surface-controlled processes prevailed. ED of 50.18 Wh/kg was 

delivered by the assembled ASC(CoS₂@NiO//GMC) further validated the composite's 

practical application, at a PD of 0.825 kW/kg. Additionally, the device maintained a retention 

rate of 82% after 5000 cycles, indicating robust performance and durability. These findings 

underscored the transformative impact of compositional tuning and heterostructure formation 

in optimizing electrochemical behavior, showing the way for future advancements in high-

performance ES devices. 
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Chapter 7 

Optimization of CuS@NiO Nanocomposite for Enhanced Charge Storage 

in Supercapacitors 

 

7.1 Introduction 

SCs have garnered considerable attention as a noteworthy ES device due to their exceptional 

safety, impressive PD, and long cycle life. The ES capability of SCs is mainly dependent on the 

electrode materials used [350]. To address the growing need for high PD and Ed, significant 

research has focused on MO pseudocapacitive materials as potential candidates for high-

performance SCs. Several TMO materials, including Co₃O₄, MoO₃, MnO₂, V₂O₅, NiO, and 

NiCo₃O₄, have been studied. Among these, NiO is notable and favored for its reasonable price, 

strong chemical and thermal stability, widespread accessibility, and minimal environmental 

impact [353]. Nevertheless, the intrinsic low conductivity of TMOs can obstruct the movement 

of ions and electrons, thus restricting their usefulness. To overcome these constraints and 

improve the efficiency of NiO, it is imperative to investigate alternative materials for ES. 

Developing innovative hybrid electrodes that can address these limitations is crucial for 

enhancing the efficiency of NiO-based electrodes [374–376]. An effective approach is the 

development of heterostructures by combining components with distinct band gaps [377]. 

Heterostructures exhibit unique physical phenomena and advantages that a single component 

cannot achieve by leveraging energy level asymmetry. Additionally, the internal field can 

prevent the recombination of electrons and holes at the contact by effectively separating them. 

This facilitates multiple steps in the charge extraction process [378,379]. 

Transition metal sulfides (TMS) have emerged as a popular choice due to their inherent 

conductivity and layered structure. They have extensive applications in various domains, 

including photocatalytic processes, ES, and conversion [278]. Several researchers have 

investigated the combined action of TMOs with TMS, demonstrating notable improvements in 

Cs, ED, PD, and cycling stability. For instance, the Cs values of 781.1 C/g was achieved by the 

MnO₂@CoS hybrid electrode at2 mA/cm². The utilization of MnO₂@CoS heterostructure 

composite electrodes in symmetric SC. At 0.597 kW/kg, symmetric SC demonstrate the ED of 

34.72 Wh/kg [391]. The ZnO/CuS composite synthesized via the hydrothermal method. The 

specific capacity of 1830 mF/cm² was exhibits by ZnO/CuS composite at 2 mA/cm². At 4.26 

W/cm², the symmetric SC was achieved an ED of 0.27 Wh/cm² [392]. At 0.5 A/g, the Mn-doped 

SnO₂@MoS₂ composite electrode shows an impressive Cs of 242 F/g, with remarkable 
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retention rate of 97% after 5000 cycles [279]. The Cs of 898.9 C/g was exhibited by the 

ZnO@CoS composite at 3 mA/cm² [382]. At 1 A/g, the Cu₂O/MoS₂/rGO composite 

demonstrates a significant Cs of 388 F/g and after 3000 cycles retains cyclic stability of 95.6% 

[360]. The MoS₂@TiO₂ composite synthesized using the hydrothermal process. At 10 mV/s, 

composite demonstrates a Cs of 210 F/g. Furthermore, MoS₂@TiO₂ composite electrode 

demonstrate a cyclic stability of 98% after 2000 cycles. At 1.3 kW/kg, MoS2@NiO composite 

was demonstrate an ED of 21 Wh/kg [389]. Cs of 479 F/g and 469 F/g was achieved by the 

PANI/MoS₂-MnO₂ composite electrode at 5 mV/s and 1 A/g, respectively. At 0.5 kW/kg, the 

SC device made using the composite electrode demonstrated an ED of 35.97 Wh/kg, 

maintaining retention rate of 94.1% after 4000 cycles [358]. 

TMS are actively researched due to properties such as variable valences, stoichiometric 

compositions, specific crystal structures, band gap properties, and high extinction coefficients. 

Copper sulfide, a type of metal chalcogenide, exists in several forms depending on the ratio of 

copper (Cu) to sulfur (S) in the compound [393,394]. Among various copper sulfides, including 

Cu₂S, CuS₂, and CuS, CuS emerges as a promising electrode material due to its high electrical 

conductivity, which is comparable to that of metals (10⁻³ S/cm). [395]. 

This research aims to improve the ES capability of NiO-based electrodes by synthesizing and 

characterizing CuS@NiO composites with varying CuS content. This study systematically 

investigates the synergistic effects of combining NiO with CuS to achieve substantial 

improvements in specific capacity, ED, and cycling stability. By methodically varying the CuS 

composition and rigorously analyzing the electrochemical properties of the resulting 

composites, this research endeavors to develop advanced hybrid electrodes that mitigate the 

intrinsic low conductivity of NiO. Furthermore, a hybrid device incorporating optimized 

CuS@NiO as the anode and expanded graphite and activated charcoal (EGA) as the cathode is 

assembled and characterized to evaluate its ES capability and durability. 

7.2 Materials and methods  

7.2.1 Synthesis and electrode fabrication  

Synthesis of nickel oxide (NiO): The experiment began by mixing 0.1 M Ni(NO3)2·6H2O, 0.05 

M hexamine, and 0.05 M urea with 90 mL of DI water. Subsequently, the stirring process 

started using a magnetic stirrer. Next, the solution was subjected to three consecutive 

irradiation exposures in a microwave for 180 seconds, 120 seconds, and 90 seconds, using a 

multimode cavity operating at 900 W. Then, the solution was separated by filtration using filter 

paper, successfully isolating the Ni(OH)2 precipitates. The reaction scheme is given below 

[353]: 
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NH3 + H2O → NH4 + OH       (i) 

2Ni(NO3) → Ni2+ + 2NO3-       (ii) 

     Ni2+ + 2OH → Ni(OH)2     (iii) 

The resultant precipitate was subsequently washed through a series of washing processes, 

which included water, alcohol, and acetone. Then, the Ni(OH)2 precipitate annealed at 300 °C 

for 2 hours, leading to the development of NiO nanostructures. 

Synthesis of CuS: Initially, 500 mg of copper sulfate pentahydrate and 250 mg of thioacetamide 

were mixed in 80 mL of water using magnetic agitation for a duration of 20 minutes. 

Afterwards, the solution was poured into an autoclave, which was operated at 180 °C for 8 

hours. The reaction scheme is shared below [396]: 

Cu+2 + 2OH- → Cu(OH)2                                 (iv) 

                             CH3CSNH2 + OH-  →CH3CN +H2O
 + SH-       (v) 

                             SH- + OH- → Co+2 + 2NO−3                              (v) 

Cu(OH)2+ S2- → CuS + 2OH-                           (vi) 

 

Following the cooling process to reach ambient temperature, the solution underwent filtration 

and subsequent multiple washes using DI water, acetone, and ethanol in order to obtain CuS 

NPs. Subsequently, the CuS NPs underwent a drying process at 70 °C for 10 hours. The 

quantity of CuS nanostructures acquired was 350 mg. 

Synthesis of the composite CuS/NiO heterostructure:  

A total of 400 mg of NiO was homogenized with 80 mL of distilled water by ultrasonication 

of 1 hour. Subsequently, an equal amount of copper sulfate pentahydrate and thioacetamide 

was added, and the aforementioned process, as outlined in the synthesis of CuS, was repeated. 

This procedure resulted in the formation of 20% CuS@NiO after filtration. The same procedure 

was applied to synthesize additional nanocomposites with 30, 40, and 50% CuS in the 

CuS@NiO composite, with the corresponding proportions of NiO being 1400, 816.6, 525, and 

350 mg, respectively. The resulting specimens with 20, 30, 40, and 50% CuS in the CuS@NiO 

composite were labelled as C2, C3, C4, and C5, respectively. 

7.3 Results and discussion  

7.3.1 Structural and morphological analysis 

Figure 7.1(a) presents the XRD patterns of CuS NPs. The diffraction peaks corresponding to 

the (101), (102), (103), (006), (110), (108), and (116) planes are observed at 27.7°, 29.2°, 32.6°, 

33.3°, 48.8°, 53.6°, and 59.2°, respectively. These peaks align well with the JCPDS card (no. 

78-0880), confirming the successful synthesis of CuS NPs. Figure 7.1(b) shows the XRD 

patterns of NiO NPs. The peaks at 37.2°, 43.3°, 62.9°, 75.4° and 79.4°, are observed in the 

diffraction curves of all studied reaction temperatures, displaying the presence of (111), (200), 
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(220), (311) and (222) planes, respectively. These values are consistent with the PDF (ICSD) 

01-071-1179, confirming the formation of cubic NiO NPs. Figure 7.1(c) illustrates the XRD 

patterns of the CuS@NiO (C4) composite. The characteristic peaks of both CuS and NiO are 

clearly visible, confirming the successful synthesis of the composite material. Figure 7.2(a–f) 

displays the results of the XPS analysis, examining the elemental composition and oxidation 

states of the CuS@NiO composite material. The binding energy (B.E.) for Cu 2p3/2 and 2p1/2 

orbitals are observed at 932.3 eV and 952.4 eV, respectively (Fig. 2b), with two satellite peaks 

at 941 eV and 962 eV, indicating the +2-oxidation state of Cu. In Fig. 7.2(c), peaks at 161.3 

eV and 162.6 eV for S 2p confirm the -2-oxidation state of sulfur [397,398]. In Fig. 2(d), peaks 

at 854 eV and 872.9 eV for the Ni 2p3/2 and Ni 2p1/2 orbitals, respectively, show deconvoluted 

peaks at 853.7 eV and 855 eV, indicating the coexistence of Ni's +2 and +3 oxidation states. 

Additionally, two satellite peaks at B.E. 861.2 eV and 879.3 eV of Ni orbitals are visible. The 

O 1s spectra in Figure 7.2(e) show peaks at B.E. 531.5 eV and 529.8 eV, further indicating the 

coexistence of +2 and +3 oxidation states of Ni [398,399]. The visible B.E curve of Ni, O, Cu, 

and S elements in the XPS analysis confirms the successful formation of CuS@NiO composite 

materials. Figure 7.3(a-f) shows magnified FESEM images of sample C4, where distinct  

 

20 30 40 50 60 70 80 90

 

2Theta (degree)

 CuS(a)

(1
01

)

(1
03

)
(1

02
)

(1
10

)
(1

08
)

(1
16

)

(0
06

)

(2
22

)
(3

11
)

(2
20

)

(2
00

)

(1
11

)

 

In
te

n
si

ty
(a

.u
)  NiO(b)

§

§§

§

 
 

 CuS@NiO(c)

¨

¨

¨

¨

¨¨

¨

§

¨ CuS

§ NiO

 
Fig. 7.1 XRD spectrum of (a) CuS, (b) NiO and (c) CuS@NiO. 
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morphologies of CuS and NiO within the composite are clearly identifiable. In the composite, 

NiO exhibits a granular morphology, while CuS displays a nanosheet-like morphology. The 

nanosheet-like structure embedded in granular generally enhances the material's porosity, 

which probably in turn may improves the electrochemical performance of the composite 

material C4. EDS mapping of sample C4, shown in Fig. 7.4, provides information on the 

distribution and presence of the elements Cu, S, Ni, and O in the composite material, which 

also supports the XRD and XPS results, further confirming the successful formation of 

CuS@NiO composite materials.  The uniform distribution of these elements may facilitate the 

interaction of active materials with the EL. The SSA of NiO, CuS and C4 hetero nanostructures 

was meticulously calculated using the BET technique, which involved analyzing the N₂  
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Fig. 7.2 XPS spectra of CuS@NiO (C4) nanocomposite: (a) Survey scan and core-level spectra of (b) 
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adsorption isotherms at 77 K. The specimens were subjected to a degassing process for 3 hours 

at 200 °C to remove any adsorbed moisture or gases that could interfere with the measurement. 

The resulting N₂ adsorption-desorption isotherms exhibited distinct hysteresis loops, indicative 

of the textural properties of the materials, as depicted in Fig. 7.5(a) and (b), respectively. SSAs 

derived from the data are 8.686 m²/g for NiO and 15.068 m²/g for C4 sample. This indicates 

  

   
Fig. 7.3. FESEM images of CuS@NiO (C4) nanocomposite at different magnification. 

 

 
Fig. 7.4. EDS mapping of CuS@NiO (C4) nanocomposite. 
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that after adding CuS to NiO, the specific SA of the composite increases by approximately 1.73 

times. The pore size distribution graphs for NiO and C4 samples are depicted in Fig. 7.5(c) and 

(d), respectively. For NiO sample, the avg. pore volume and pore radius are 0.038 cm³/g and 

1.816 nm, reflecting the mesoporous nature of NiO nanomaterials. For the CuS@NiO (C4) 

sample, the avg. pore volume and pore radius are 0.150 cm³/g and 0.91 nm, indicating a shift 

from mesoporous to microporous nature upon CuS incorporation. The decrease in pore 

diameter and increase in pore volume after composition demonstrate an increase in porosity 

and availability of more external active sites on the surface of CuS@NiO (C4) composite. Both 

BET and FESEM characterizations support each other’s results, indicating that after the 

incorporation of CuS in NiO, there is an increase in SA, active sites, and porosity of the 

material. 

7.3.2. Electrochemical analysis 

For electrochemical analysis, a three-electrode setup was used to conduct CV analysis on NiO, 

CuS, and their composite materials (C2, C3, C4, and C5) as potential electrode materials. The 

CV of all electrodes was performed at a v of 10 mV/s within a potential window from 0 to 0.5 

V, as shown in Fig. 7.6(a). The CV curve of the C4 electrode encloses a larger area compared 
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to the other electrodes, indicating a higher charge storage capability of the electrode. Figure 

7.6(b) displays the CV curve of sample C4 at different v. From lower to higher v, the CV curves 

of sample C4 maintain their shape. The GCD results confirm the findings obtained from the 

CV analysis of the electrodes. Figure 7.6(c) show the GCD curves of CuS, NiO, and their 

composite electrodes, measured at 1 A/g within a potential range of 0 to 0.4 volts. The 

CuS@NiO-based electrodes exhibit significantly longer discharge durations compared to the 

NiO and CuS electrodes, underscoring their superior electrochemical performance. The 

specific capacities of the CuS, NiO, C2, C3, C4, and C5 electrodes are 237.5 C/g (593.75 F/g),  

254.5 C/g (636.25 F/g), 276 C/g (690 F/g), 323 C/g (807.5 F/g), 392 C/g (980 F/g), and 284C/g  

(710 F/g), respectively. improvement over NiO, underscoring its superior electrochemical 
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Fig. 7.6 (a) The CV curves of the NiO, CuS, C2, C3, C4, and C5 electrodes obtained at 10 mV/s. (b) 

The CV curves of the C4 electrode at various v. (c) GCD curves of the NiO, CuS, C2, C3, C4, and C5 

at 1 A/g. (d) The variation of   specific capacity with the percentage of CuS in composite electrode. (e) 

The GCD curves of the C4 at current densities. (f) EIS plot of CuS, NiO and C4 electrode (inset shows 

the equivalent circuit diagrams).  
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Table 7.1. The values of various components of the equivalent circuit. 

Electrode RS (ohm) RG (ohm) RB (ohm) Ionic conductivity (S/cm) 

NiO 1.02 3.95 1900 0.26× 10-4 

CuS 1.19 2.78 3917 0.12× 10-4 

CuS@NiO (C4) 0.4 0.657 888 0.56× 10-4 

 

Table 7.2 The electrochemical performance of composite electrodes consisting of TMOs and 

transition metal sulphide. 

 

S. 

N

o 

 

Composite 

 

Method Electrolyt

e (EL) 

Specific 

capacitanc

e (F/g) 

Current 

density/ 

v 

Energy 

Density 

(Wh/kg) 

Ref 

1 MnO2@CoS Electrodepo

sition 

method. 

3 M KOH 781.1 C/g 2 mA/cm 2 34.72 at 

0.597 

kW/kg 

[390] 

2 ZnO@CuS Hydrotherm

al 

2M KOH 1830 

mF/cm2 

2mA/cm2 0.27 

Wh/cm2 at 

4.26W/cm2 

[391] 

3 Mn doped 

SnO2@MoS2 

Hydrotherm

al 

2 M KOH 242 0.5 A/g.  [379] 

4 MoS2@TiO2 Hydrotherm

al 

1 M 

sodium 

sulphate 

210 10 mV/sec 21 at 1.3 

kW/kg 

[389] 

5 PANI/MoS2 

MnO2 

Hydrotherm

al 

1M H2SO4 479 5mV/sec 35.97 at 0.5 

kW/kg 

[358] 

6 MoS2-RuO2 

Composite 

Hydrotherm

al 

1 M KOH 972 1 A/g 35.92 at 0.6 

kW/kg 

[357] 

7 CuO/MoS2 Hydrotherm

al 

2M KOH 268 1A/g 26.66 at 

1.59 kW/kg 

[361] 

8 NiCo2O4@CoS Hydrotherm

al 

2M KOH 1902.5 1 A/g 32.91 at 

0.42 kW/kg 

[383] 

9 WO3-ZnS microwave 

assisted 

wet 

chemical 

method 

20% KOH 

solutions 

215 1 A/g  [355] 

10 CuS@NiO Hydrotherm

al 

4M KOH 980 

(392C/g) 

1A/g 44 at 0.82 

kW/kg 

This 

Paper 

 

performance. Figure 7.6(e) shows the current density dependent GCD curves of the C4 

electrode. The specific capacities of the C4 composite sample are 392, 359, 334.5, 300 Figure 

6(d) demonstrates the variation in specific capacity with the percentage of CuS in the composite 

CuS@NiO electrodes (from C2 to C5). The C4 electrode exhibits enhanced charge storage 

capacity compared to the other electrodes (C2, C3, and C5) studied. In addition to this, the C4 

electrode exhibited a 65.0% enhancement in specific capacity over CuS and a 54.0%, 256, and 

240 C/g at 1, 2, 3, 5, 8, and 10 A/g, respectively. At higher current densities, ion diffusion is 

reduced, leading to a decrease in the rate capability of the electrode by 39% when the current 
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density is increased tenfold. This reduction in capacity at higher current densities is due to 

concentration polarization caused by ion depletion near the electrode, which reduces the 

effective driving power for ion migration and, consequently, the electrode capacity. Figure 

7.6(f) displays the EIS curves of NiO, CuS, and CuS@NiO (C4) electrodes in a frequency 

range from 10⁻² Hz to 10⁵ Hz, with the inset showing the equivalent circuit fit diagram. EIS is 

crucial for evaluating the electrode's intrinsic resistance, capacitance, and ion diffusion 

properties, providing a comprehensive understanding of its electrochemical performance. The 

equivalent circuit diagram consists of a series equivalent resistance (RS) in line with two 

reactive elements representing the characteristics of the grain (G) and grain boundaries (B). 
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Fig. 7.7 (a) The graph between log (i) vs log (v) for NiO and CuS and C4 electrodes. The capacitive 

and diffusion contributions electrode of (b) NiO, (c) CuS, (d) and C4 at 10 mV/sec. he graph between 

(e) diffusion contribution and (f) capacitive contribution versus v of NiO, CuS, and C4 electrodes  
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Each element contains a resistor (RG/RB) connected in parallel with a CPE (CPEG/CPEB). The 

RS values for NiO, CuS, and C4 electrodes are 1.02, 1.19, and 0.4 ohms, respectively, indicating 

that the C4 electrode offers less resistance, thus facilitating the movement of charge carriers. 

The fitted values of the components for NiO, CuS, and C4 electrodes are detailed in Table 7.1. 

The ionic conductivity of these electrodes was calculated using the fitted values of RG and RB. 

The calculated ionic conductivity values for CuS, NiO, and C4 electrodes are 0.26 × 10⁻⁴, 0.12 

× 10⁻⁴, and 0.56 × 10⁻⁴ S/cm, respectively. The C4 electrode exhibits higher ionic conductivity 

and lower series equivalent resistance due to the synergistic effect of the composite, which 

combines the high electronic conductivity of CuS with the increased surface area of NiO. These 

results support the findings of CV and GCD analyses. The distribution factors associated with 

the reactive elements in the C4 electrode are 0.801 and 0.771 for CPEG and CPEB, respectively, 

indicating their capacitive character. Based on the preceding discussion, the following reactions 

may illustrate NiO and CuS reacting reversibly with hydroxide ions, accompanied by the 

release of electrons during the charging and discharging processes: [353,392] 

 

NiO + OH- ⇌ NiOOH + e-                  (viii) 

                                           CuS + OH- ⇌ CuSOH + e-                  (ix) 

 

The CV data is further analysed to determine the relative contributions of surface and diffusion-

controlled charge storage mechanisms within the electrodes, using the relationship between 

peak current (i) and v (v), represented as i ∝ vb [370]. The slope 'b' of log(v) versus log(i) plots 

as measured from Fig. 7(a), typically ranging from 0.5 to 1.0, is calculated to assess these 

mechanisms. A b value of 1 indicates a purely capacitive response dominated by surface 

effects, while a b value of 0.5 indicates a Faradic mechanism. For NiO, CuS, and C4 electrodes, 

the calculated 'b' values are 0.636, 0.605, and 0.597, respectively. These values suggest that the 

diffusion-controlled processes dominate in all three electrodes, but it is most prominent in the 

C4 electrode. The proportions of capacitive and diffusion-controlled contributions in the CV 

curves of NiO, CuS, and C4 electrodes at a v of 10 mV/sec are traced using Dunn’s equation 

[389], shown in Fig. 7.7(b-d). Figures 7.7(e) and (f) further illustrate how these proportions 

vary at different v. For instance, in the NiO electrode, the diffusion-controlled percentage 

decreases from 79.26% to 35.90%, in CuS electrodes from 80.77% to 37.87%, and in 

CuS@NiO electrode from 87.14% to 55.14% as the v increases from 10 to 200 mV/sec. Figure 

7(f) indicates that the C4 composite electrode primarily stores charge through diffusion 

processes. At lower v, all three electrodes primarily rely on diffusion processes for charge 

storage, although NiO and CuS electrodes show a noticeable impact of surface-controlled 
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processes compared to C4 electrode. As v increase, the dominance of diffusion-controlled 

processes diminishes due to restricted ion diffusion times, leading to a shift towards capacitive 

processes where charge storage is primarily surface-driven. SC device was fabricated using a 

CuS@NiO (C4) cathode and an expanded graphite mixed activated charcoal (EGA) anode, 

denoted as CuS@NiO//EGA, to evaluate its practical application. Fig 7.8(a) displays the CV 

curves of both the cathode and anode at 60 mV/sec, indicating their compatibility. Figure 7.8(b) 

showcases the CV performance of the SD at different v within a potential window of 0 to 1.7 

V. The CV curves retain their shape from lower to higher v, highlighting the device's 

outstanding and reliable performance across a wide range of rates. Additionally, the prominent 

redox peaks suggest the Faradic charge-storage characteristics of the device. Figure 7.8(c) 

presents the GCD curves of the SD, which exhibit Cs of 465.4, 403.1, 363.6, 290.9, and 242.4 

F/g at current densities of 1, 1.25, 1.5, 2, and 2.5 A/g, respectively. The ED of 44 Wh/kg was 

demonstrated by the CuS@NiO//EGA device at a PD of 0.825 kW/kg. Figure 7(d) illustrates 

the changes in ED of the SD with varying current densities, showing a decrease in ED as the 

current density increases. This decrease is attributed to increased internal resistance or diffusion 

limitations. Figure 7(e) reveals that CuS@NiO//EGA maintained approximately 
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Fig. 7.8 (a) The CV curves of EGA and C4 electrode at 60 mV/s. (b) The CV curves of CuS@NiO//EGA 

at different v. (c) The GCD curve of CuS@NiO//EGA at various current density. (d) The change in Ed 

vs current density of CuS@NiO//EGA.  (e) The cycling retention and coulombic efficiency up to 5000 

cycles. (f) The EIS curve CuS@NiO//EGA before and after 5000 cycles.  
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80.08% cyclic stability and 77.62% Coulombic efficiency after 5000 cycles at 2 A/g, 

suggesting robust and stable performance through repeated cycles. Finally, Fig. 7.8(f) displays 

the EIS plot of the SD before and after 5000 cycles over a frequency range of 10-2 Hz to 105 

Hz, showing minimal changes and confirming the structural integrity of the electrodes. Table 

7.2 compares the electrochemical performance of CuS@NiO (C4) with similar composites of developed 

with TMS and TMO. Comparing the performance of the CuS@NiO//EGA device with various reported 

literature reveals its competitive edge in specific capacity and ED. The CuS@NiO//EGA device 

demonstrates a specific capacity of 392 C/g and achieves an ED of 44 Wh/kg at a PD of 0.825 

kW/kg, maintaining a Coulombic efficiency of 77.62% after 5000 cycles. The impressive 

electrochemical performance of CuS@NiO//EGA is due to the synergistic effects arising from 

the combination of the higher conductivity of CuS with the enhanced SA and electrochemical 

stability of NiO. In comparison, the CoS2/MoS2 core-shell nanostructure exhibits a higher 

specific capacity of 781.1 C/g at 2 mA/cm² but a lower ED of 32.72 Wh/kg at 0.597 kW/kg 

[390]. The MoS2-RuO2 heterostructure achieves an ED of 35.92 Wh/kg at 0.6 kW/kg [357]. At 

a higher PD of 1.599 kW/kg, the CuO/MoS2 composite, with its synergistic interaction between 

CuO and MoS2, reaches an ED of 26.96 Wh/kg [361]. The 3D core-shell structure 

NiCo2O4@CoS heterostructure demonstrates an ED of 32.91 Wh/kg at 0.425 kW/kg [383]. 

Thus, the CuS@NiO//EGA device showcases a balanced and robust performance, excelling 

particularly in ED for SC applications. 

7.4 Conclusion 

In conclusion, this investigation demonstrated the significant potential of CuS@NiO composite 

heterostructures as high-efficiency electrode materials for enhancing electrochemical 

functionality. By harnessing the synergistic interplay of CuS superior electrical conductivity 

and NiO's remarkable electrochemical stability, we successfully synthesized and optimized the 

CuS@NiO composite through hydrothermal method. At 1 A/g, the optimized electrode 

exhibited specific capacity of 392 C/g (980 F/g). EIS revealed a lower intrinsic resistance of 

0.4 ohms for the composite. At lower v, the CuS@NiO electrode primarily relied on diffusion 

processes for charge storage. As v increased, the dominance of diffusion-controlled processes 

diminished due to restricted ion diffusion times, leading to a shift towards capacitive processes 

where charge storage was primarily surface-driven. Additional, ED of 44 Wh/kg was achieved 

by the assembled ASC device (CuS@NiO//EGA) at a PD of 0.825 kW/kg. These findings 

underscored the potential of the CuS@NiO composite as an advanced electrode material, 

addressing the critical need for enhanced ES solutions in high-performance SCs. 
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Chapter 8 

Summary and Future Scope 

 

This thesis explores the potential of SCs as an advanced ES solution, focusing on their 

performance advantages over traditional storage technologies, such as high- PD, rapid 

charge/discharge rates, and extended cycle life. Various chapters of the thesis cover 

fundamental concepts, material innovations, and advanced synthesis methods aimed at 

optimizing SC performance. The thesis places special emphasis on nickel oxide (NiO) due to 

its high Cs, stability, and cost-effectiveness. The thesis presents several breakthroughs in 

material synthesis and composite structures, particularly in NiO-based and heterostructure 

electrodes. NiO's performance is significantly enhanced through morphological control and the 

development of composites with materials such as MoS2, CoS2, and CuS, resulting in improved 

charge storage capacities and energy densities. Characterization techniques, including XRD, 

FESEM, Raman spectroscopy, and electrochemical methods, are used extensively to assess the 

structural, morphological, and ES capability of electrode materials.  

In first research article, NiO materials were optimized by varying the annealing temperature. It 

was observed that NiO synthesized at an annealing temperature of 110°C exhibited superior 

electrochemical performance compared to samples annealed at 150°C and 200°C. The decrease 

in performance at higher temperatures was attributed to the increased crystallite size of the NiO 

materials. Additionally, the effect of urea concentration on NiO synthesis was investigated. 

Samples S:1, S:2, S:5, and S:8 were prepared with molar ratios of nickel nitrate hexahydrate to 

urea of 1:1, 1:2, 1:5, and 1:8, respectively. Among these, sample S:2, synthesized with a nickel 

nitrate hexahydrate-to-urea ratio of 1:2, demonstrated the best performance. The variation in 

urea concentration influenced the morphology of NiO, significantly affecting its charge storage 

capacity. This morphological change resulted from the increased pH of the solution during 

synthesis, as urea decomposed into ammonia. The study also explored the impact of binder-

free versus binder-enriched electrodes on sample S:2. Binder-free electrodes outperformed 

their binder-enriched counterparts due to lower resistance, as the binder (PVDF) increased 

electrode resistance, reducing conductivity. At 1 A/g, the binder-free NiO nanosheet electrode 

demonstrated a specific capacity of 418 C/g (1045 F/g), along with an excellent retention rate 

of 87.5% after 1,000 cycles at 14 A/g. Additionally, ED of 22.5 Wh/kg was achieved by the 

ASC at PD of 0.9 kW/kg, showcasing the potential of this electrode material in high-

performance ES applications.  
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Further, the performance of NiO was enhanced by incorporating MoS₂ in MoS₂@NiO 

composites with MoS₂ concentrations of 10%, 20%, 30%, 40%, and 50%, labeled M1 to M5, 

respectively. Among these, sample M3 exhibited the best performance, with EIS indicating 

low resistance and BET analysis revealing an increased surface area. Through systematic 

structural, morphological, and electrochemical characterizations, the optimized MoS2@NiO 

heterostructure-based electrode demonstrated a remarkable specific capacity of 419.5 C/g at 1 

A/g, surpassing both MoS2 and NiO-based electrodes by significant margins. It is revealed that 

the Faradic or diffusion-controlled process overwhelmingly governs the total charge-storing 

phenomenon in the MoS2@NiO based electrode. Leveraging the synergistic interactions 

between MoS2 and NiO, the ASC exhibited an impressive ED of 47.43 Wh/kg at 0.825 kW/kg. 

Notably, the developed device exhibited robust cyclic stability, retaining approximately 80 % 

of its Cs and around 85 % of Coulombic efficiency after 5000 cycles at 2 A/g.  

For enhanced the performance of NiO, CoS₂ was incorporated into CoS₂@NiO composites 

with concentrations of 20%, 30%, 40%, and 50%, labeled K2 to K5. Among these, sample K4 

showed the best performance, with a specific capacity of 475 C/g (1187.5 F/g), outperforming 

NiO and CoS₂ electrodes by ~46% and ~42%, respectively. EIS analysis highlighted low 

resistance, and BET studies confirmed enhanced surface area. The K4 electrode demonstrated 

dominant diffusion-controlled charge storage at lower scan rates and surface-controlled 

mechanisms at higher scan rates. When integrated into an asymmetric supercapacitor, this 

composite achieved an energy density of 50.18 Wh/kg at 0.825 kW/kg, maintaining 82% 

capacity retention and 85% Coulombic efficiency after 5000 cycles.  

Finally, the CuS@NiO composite was optimized by varying CuS concentrations at 20%, 30%, 

40%, and 50%, labeled C2 to C5, respectively. The C4 electrode demonstrated a high specific 

capacity of 392 C/g (980 F/g) at 1 A/g. EIS analysis revealed a low intrinsic resistance of 0.4 

Ω and high ionic conductivity (0.56 × 10⁻⁴ S/cm). The asymmetric supercapacitor achieved an 

energy density of 44 Wh/kg at 0.825 kW/kg, with a Coulombic efficiency of 77.62% after 5000 

cycles. 

 It was observed during the research that the addition of CoS₂, MoS₂, and CuS to NiO 

significantly enhanced the electrochemical performance of the resulting composite. When 

comparing all the different NiO composites in this study, it was found that the CoS₂@NiO 

composite exhibited the highest enhancement in performance, showing superior energy density 

and better cyclic stability compared to the others. The performance enhancement of the 

MoS₂@NiO composite was greater than that of the CuS@NiO composite. Collectively, these 

findings emphasize the role of compositional and morphological tuning in NiO-based 
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heterostructures, highlighting their potential to significantly advance SC technologies by 

achieving high energy densities and stable performance across various NiO-based composite 

configurations.  

Future work in this field could focus on further optimizing the structural and compositional 

properties of NiO-based materials to enhance supercapacitor performance. Exploring 

alternative doping strategies and incorporating emerging 2D materials like MXenes or 

graphene derivatives might unlock higher charge storage capacities and improved conductivity. 

Studies on eco-friendly and scalable synthesis methods, coupled with the development of 

sustainable binders and electrolytes, would contribute to environmentally responsible ES 

solutions. Finally, real-world applications, such as wearable electronics or grid-level ES, could 

be targeted by fabricating flexible, lightweight, and high-performance devices tailored for 

practical deployment. 
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