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Preface 

The global challenges, such as climate change, fossil fuel depletion, and 

environmental degradation, have garnered significant research interest across various 

fields, all focusing on sustainability. This significant transformation primarily relies on 

energy storage, conversion, and environmental monitoring. In this endeavour, 

electrochemical energy storage systems and electrochemical sensors play a pivotal role. 

Among the various energy storage systems, supercapacitors and lithium-ion batteries 

(LIBs) have emerged as leading candidates due to their high energy and power 

densities, long cycle lives, and wide range of applications from portable electronics to 

electric vehicles. Concurrently, non-enzymatic sensors offer advantages such as 

stability, cost-effectiveness, and ease of fabrication.  

The performance of electrochemical systems is significantly influenced by the 

choice of electrode material. Traditional carbon-based materials are commonly used 

due to their excellent electrical conductivity and structural stability. However, their 

high production costs, dependence on non-renewable resources, and energy-intensive 

manufacturing processes pose challenges to their sustainability and scalability. In 

contrast, biomass-derived activated carbon (BDAC) is a promising alternative, offering 

a combination of high surface area, tunable porosity, excellent electrochemical 

properties, and environmental sustainability. The conversion of biomass waste into 

high-performance carbon materials not only addresses waste management challenges 

but also enables optimal resource utilisation and supports a circular economy. Using 

low-cost, abundant biomass precursors helps to reduce the carbon footprint associated 

with traditional activated carbon production methods. This approach aligns with global 

sustainability goals and provides a viable pathway for the development of next-

generation energy storage and sensing materials. 

The high porosity and large surface area of BDAC provide numerous sites for 

the adsorption and desorption of ions, enabling efficient charge storage in 

supercapacitors. Additionally, the presence of micropores and mesopores enhances the 

rapid diffusion of ions, leading to high capacitance and improved energy storage 

performance.  



 
 

BDAC-based anode materials in LIBs have attracted considerable attention 

due to their cost-effectiveness, high availability, thermal stability, minimal 

environmental impact, high electrical conductivity, and stability in adverse chemical 

conditions. Moreover, BDAC facilitates the reversible intercalation and deintercalation 

of lithium ions during charge and discharge cycles, thereby enhancing the overall 

energy storage capacity of LIBs.  

Additionally, the effectiveness of electrochemical sensors is often limited by 

the restricted accessible surface area of their electrode materials. Increasing this surface 

area by incorporating BDAC can significantly enhance the performance of the sensors, 

as it provides a conductive surface that facilitates the detection of target analytes 

through redox reactions or adsorption processes. Its high surface area allows a greater 

number of analyte molecules to interact with the electrode, thereby improving the 

sensitivity and overall performance of the sensor. 

This thesis highlights the systematic investigation of the synthesis, 

characterisation, and electrochemical performance of BDAC. Furthermore, this work 

aims to bridge the gap between sustainable material development and practical 

applications in energy storage and sensing technologies. 

This dissertation work discusses the overall research in the following eight chapters. 

Chapter 1: Introduction 

 This chapter describes the role and importance of AC in different sectors. It 

highlights the unique properties of AC, which include its high surface area, porosity, 

and conductivity, making it a versatile material for various applications across different 

fields. This chapter focuses on the relevance of AC derived from biomass waste in 

various electrochemical systems.  Additionally, the chapter provides an extensive 

literature survey on the electrochemical performance of various BDAC electrode 

materials used in electrochemical systems to date. 

Chapter 2: Experimental Techniques 

 This chapter provides a comprehensive overview of the synthesis methods and 

materials used in this study. We employed a simple and cost-effective chemical 



 
 

activation process using KOH for the preparation of BDAC. Furthermore, the chapter 

examines the benefits of specific biomass precursors utilised for producing BDAC 

samples in this study.  It also details various analytical techniques used to investigate 

the structural and material properties of the synthesised BDAC. Furthermore, the 

electrochemical performance of BDAC is crucial for evaluating its suitability for 

various applications. This chapter also includes information on electrode preparation, 

device fabrication methods, and electrochemical analysis techniques such as cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD), electrochemical impedance 

spectroscopy (EIS), and scanning electrochemical microscopy (SECM). 

Chapter 3: Cashew Nutshell-Derived Activated Carbon for Effective 

Supercapacitor Applications 

 This chapter illustrates the preparation of BDAC from cashew nutshell waste. 

As a leading exporter of cashew nuts, India faces an environmental challenge due to 

the accumulation of large amounts of cashew nutshell waste each year. This study 

employs a simple and cost-effective strategy using KOH activation to produce AC 

derived from cashew nutshells (CNSAC). The research identifies optimised conditions 

for preparing CNSAC, which exhibits excellent structural and electrochemical 

properties. The chapter discusses how the activation ratio and carbonisation 

temperature affect both the electrochemical properties and the morphology of the 

prepared AC. The potential of CNSAC for use in supercapacitor applications is 

validated by the fabrication of symmetric supercapacitors utilising salt-in-water (SIW) 

aqueous electrolytes and water-in-salt (WIS) electrolytes.  

Chapter 4: Efficient Solid-state Supercapacitor with Mahogany Fruit Shell-Based 

Porous Electrode Material 

 Solid-state supercapacitors represent the next generation of conventional 

supercapacitor systems. This chapter uses non-economic mahogany fruit shell waste to 

prepare BDAC. The suitability of mahogany fruit shell-derived AC (MSAC) was 

confirmed through various material characterisation techniques, like XRD, Raman 

spectroscopy, surface area analysis, and SEM imaging. The well-developed porous 

structure of MSAC is advantageous for practical supercapacitor applications. This 

chapter also discusses the electrochemical efficiency of MSAC in both three-electrode 



 
 

and two-electrode configurations. Furthermore, it highlights the impressive 

performance of MSAC in developing flexible supercapacitors. 

Chapter 5: Suitability of Nutmeg Shell-derived Activated Carbon for Applications 

in Li-ion Batteries and Supercapacitors 

 This chapter introduces a highly efficient electrode material for electrochemical 

energy storage applications. It explains the detailed procedure for preparing the 

electrode material from nutmeg shell waste. The chapter also covers the preparation 

and fabrication of supercapacitors and LIBs. The suitability of the material for these 

applications is validated through various material and structural analyses. Additionally, 

the chapter presents a detailed discussion of the material’s electrochemical 

performance in these systems. The SEI is crucial for anode performance in LIBs. This 

chapter also offers insights into the formation and stability of the solid electrolyte 

interface. 

Chapter 6: High-performance Non-enzymatic Urea Sensor with AC/NiO 

Composite Material 

 This chapter focuses on the preparation of a more versatile composite material, 

AC/NiO. It outlines a complete and cost-efficient procedure for producing this 

material. Various physicochemical properties of the prepared composite materials are 

also highlighted. Additionally, the chapter discusses the suitability of these materials 

for applications in supercapacitors and electrochemical sensors. The electrochemical 

studies related to sensing applications, specifically for identifying traces of urea, are 

explained in detail in this chapter. The chapter provides insights into the sensitivity, 

selectivity, repeatability, and reproducibility of sensors. It also discusses the viability 

of electrode materials for practical applications involving real-world samples. 

Chapter 7: Conclusion 

 This chapter provides an overview of the results obtained throughout this 

research. The findings indicate a wide range of applications for prepared BDACs. The 

study not only emphasises the potential of BDAC in electrochemical systems but also 

offers a sustainable solution for waste management across multiple sectors. It 

successfully demonstrates the feasibility of the prepared BDAC for use in LIBs, 



 
 

supercapacitors, and electrochemical sensors. Additionally, the stability and cycle life 

of these systems are impressive. The outstanding performance across these applications 

is due to their unique structural characteristics, including a large surface area and a 

well-developed pore distribution of the electrode materials. 

Chapter 8: Recommendations 

 This chapter provides recommendations for future research related to the 

prepared materials. These materials demonstrated exceptional structural and 

electrochemical properties, making them suitable for various electrochemical systems. 

The current study on prepared BDAC can be expanded to other electrochemical 

applications in the future. Additionally, the successful fabrication of devices like full-

cell LIBs, portable urea sensors, etc., using these materials is also achievable.   

 

 

 

 

 

 

 

 

 

 



 
 

Abstract 

The increasing demand for sustainable electrode materials across various fields 

has led to significant interest in biomass-derived activated carbon (BDAC) as a 

renewable, low-cost, and high-performance alternative to conventional carbon 

materials. This study investigates the preparation methods, material properties, and 

electrochemical performance of BDAC, providing insights into its suitability for 

electrochemical applications such as supercapacitors, lithium-ion batteries (LIBs), and 

non-enzymatic electrochemical sensors. Different biomass waste materials were used 

as precursors to create BDAC with desirable characteristics. The physicochemical 

characterisation of the synthesised BDAC materials reveals unique structural features, 

including a large surface area and well-defined pore size distribution. BDAC electrodes 

used in supercapacitors demonstrate excellent electrochemical performance, exhibiting 

a high specific capacitance and impressive cycling stability. Furthermore, these 

materials show superior energy and power densities compared to commercial activated 

carbons. BDAC-based anodes demonstrate promising lithium storage capabilities, 

achieving high reversible capacity and exhibiting good cycling stability over 200 

cycles. The performance of LIBs is further analysed, focusing on the formation of a 

solid electrolyte interface and its influence on the irreversible capacity fading 

associated with it. The rate performance and long-term cycling behaviour of these 

anodes are compared to previously reported BDAC materials. Additionally, a BDAC-

nickel oxide composite material is utilised for the detection of urea through a non-

enzymatic electrochemical sensing approach. These sensors show a high sensitivity, 

low detection limits, and excellent selectivity in the presence of interfering substances. 

The electrocatalytic activity is attributed to the synergistic effects arising from a high 

surface area and abundant active sites. The study also investigates the potential of this 

material for urea sensing applications in real-world samples. These findings underscore 

the versatility and potential of BDAC as a sustainable electrode material for energy 

storage and sensing applications. Furthermore, the research offers a green and scalable 

solution for future energy and sensing technologies. 
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1. Introduction 

 Sustainability has become a fundamental focus of recent research across various 

fields to address urgent global challenges like climate change, fossil fuel depletion, and 

environmental degradation. Electrochemical systems, such as supercapacitors (SCs), 

Li-ion batteries (LIBs), and electrochemical sensors, play a pivotal role in this 

endeavour by enabling efficient energy storage, conversion, and monitoring. However, 

the performance and sustainability of these systems highly depend on the materials 

used in their construction.  Thus, there is increasing recognition of developing eco-

friendly and renewable materials, minimising waste, and optimising resource 

utilisation.  

 Activated carbon (AC), known for its exceptional adsorption capabilities due to 

its high surface area and porous structure, has emerged as a versatile and cost-effective 

candidate in this context. The wide range of applications of AC in environmental 

protection, resource conservation, and pollution control are vital to sustainable 

development initiatives. AC is traditionally derived from fossil fuel-based precursors, 

such as coal and petroleum, which are neither sustainable nor environmentally friendly. 

In contrast, the production of AC from renewable and waste biomass sources further 

enhances its sustainability profile by promoting resource efficiency and reducing 

dependence on non-renewable materials. Overall, AC is a crucial component of 

sustainable practices, helping to achieve the balance between environmental 

stewardship, economic progress, and social well-being. This work explores the 

preparation of AC from different biomass waste and its applications in electrochemical 

systems, with a focus on SCs, LIBs, and electrochemical sensors. 

1.1 Activated carbon (AC) 

 AC is a highly porous form of carbon with a large surface area. It has a 

significant role in shaping various facets of human development and facilitating 

technological progress from prehistoric times to modern times. In ancient times, people 

were only aware of the adsorptive properties of AC which was widely used for filtration 

purposes.(1) From the beginning of the 18th century, the application of AC extended to 

more fields such as decolorising liquids, sugar refining, and purifying air. Over the 
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years, the porous nature of AC gained more prominence and was used in various 

industrial applications.(2)  

 In recent decades, the production methods and raw materials for the preparation 

of AC were improved tremendously to achieve its specific properties, including surface 

chemistry, pore structure, and adsorption capacity.(3) Today, AC is widely used in 

numerous fields, from drinking water treatment to pharmaceutical applications. 

Ongoing research continues to explore ways to enhance the properties and performance 

of AC and develop new applications using this versatile material.(4,5) 

1.1.1 Structure of AC  

 AC is a specialised form of carbon, where carbon atoms are arranged in a 

disordered structure. Within this amorphous structure, there are small, random regions 

where the carbon atoms are arranged in hexagonal layers, similar to graphite. However, 

these graphitic structures are not continuous, and this lack of regularity results in 

numerous tiny pores.(6,7) Figure 1.1 displays a schematic representation of the porous, 

disordered structure present in AC. 

 

Figure 1.1. Schematic representation of the porous structure of AC 

The pores present in AC have diameters ranging from several angstroms to 

several thousand nanometres. These pores are classified based on size and shape by the 

International Union of Pure and Applied Chemistry (IUPAC). According to the IUPAC 

classification, pores are grouped into three main types: micropores, mesopores, and 

macropores.(5) Micropores of a diameter less than 2 nm can create narrow channels or 
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cages which in turn are beneficial for improving the adsorption capacity, pore volume, 

and surface area of AC. Mesopores are larger than micropores but smaller than 

macropores with diameters ranging from 2 to 50 nm. The larger pores of diameters 

greater than 50 nm are called macropores, which offer less resistance to diffusion 

compared to smaller pores. (8,9)  

 Figure 1.2 shows a schematic representation of various pores present in the AC 

matrix. The interconnected porous network allows AC to trap and hold a wide range of 

molecules. Micro and mesopores are crucial for kinetics as they facilitate adsorption 

into the carbon particle.(10) The internal surface area of the AC surface is majorly 

contributed by micropores. The combination of micropores, mesopores, and 

macropores contributes an exceptionally high surface area, typically ranging from 500 

to 1500 m2g-1. The porous nature of AC along with its larger surface area is critical for 

diverse applications from water purification to gas adsorption.(11,12) 

 

Figure 1.2. Schematic representation of pores in AC 

1.1.2 Potential Properties of AC  

 AC exhibits various unique properties contributing to its versatility and 

effectiveness across numerous applications. These properties enable it to address 

multiple environmental, industrial, and medical needs. AC is well-known for its 
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remarkably high surface area and well-developed porous structure. The surface area is 

mainly contributed by micropores present in the structure.(13) Whereas, the 

contribution of mesopores and macropores to the total surface area does not exceed 

10% of the total value. The porous nature of AC can be tuned by the proper choice of 

synthesis method, precursor material, and preparation conditions. The surface area of 

AC usually ranges from several hundred to over 1500 m2g-1.(14,15) 

 The high surface area and porous structure of AC are critical for its widespread 

applications, such as water filtration, air purification, gas adsorption, solvent recovery, 

energy storage, and various industrial processes.(2,16) Moreover, the porosity of AC 

has a strong influence on other properties, such as its mechanical strength and density 

characteristics. Therefore, understanding and controlling the porosity of AC is essential 

for optimising its performance in various industrial and environmental 

applications.(17,18)  

 The greater surface area and well-developed pore distribution of AC enhance 

the adsorption capacity of the material by creating a vast number of adsorption sites for 

molecules to interact with and facilitating the diffusion of molecules into the carbon 

matrix. It can effectively adsorb a wide range of substances, such as organic 

compounds, gases, liquids, and dissolved species.(19) Micropores, in particular, 

enhance the adsorption of small molecules and gases. The choice of various synthesis 

conditions is crucial for achieving the desired adsorption capacity of AC for a given 

application. The surface chemistry, pore size distribution, and availability of functional 

groups have a remarkable influence on the selective adsorption by AC.(14,20) 

 Moreover, AC is chemically stable as it does not undergo significant chemical 

reactions in most of the chemical environments and can withstand elevated 

temperatures without significant degradation. These properties ensure the long-term 

stability and durability of AC in various applications, as it can be regenerated through 

chemical or thermal processes depending on the adsorbed substances.(21) Low density 

and less weight of AC are beneficial in applications where weight is a concern, such as 

in portable filtration devices, spacecraft, and other weight-sensitive environments. 

Additionally, the remarkable electrical conductivity of AC is suitable for electrode 

applications in various energy storage devices and sensors.(22–24) 
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 Various factors influence the potential properties of AC during its production 

and post-treatment. These include the choice of raw materials, the activation process, 

carbonisation conditions, pore structure, and surface chemistry.  

1.1.3 Preparation Methods  

 AC is typically prepared through a process called activation, which involves the 

physical or chemical treatment of carbonaceous materials. The major methods for the 

preparation of AC are physical activation and chemical activation.  

1.1.3.1 Physical Activation 

 In this method, carbonaceous materials are physically activated with steam or 

active gases. Carbon dioxide (CO2) and air are widely used active gases. The physical 

activation process is usually carried out at high temperatures ranging from 800 

to1000°C.(25) During physical activation, carbon undergoes pyrolysis and creates a 

highly porous structure with a remarkable surface area.(26) Steam activation of 

carbonaceous material results in AC with high surface area and porosity. However, gas 

activation is more popular as it requires lower temperatures compared to steam 

activation.(2,16)  

1.1.3.2 Chemical Activation 

 The chemical activation involves the impregnation of the carbonaceous 

material with a chemical activating agent. Phosphoric acid (H3PO4), zinc chloride 

(ZnCl2), potassium hydroxide (KOH), sulfuric acid (H2SO4), and sodium hydroxide 

(NaOH) are the typical activating agents.(27) The impregnated material is then 

carbonised at relatively lower temperatures from 400 to 800°C.(28,29) AC prepared 

through chemical activation exhibits well-developed pores and improved surface area. 

1.1.3.3 Combination Methods 

 The activation process can be enhanced by using both physical and chemical 

methods. In combination methods, a chemically impregnated carbonaceous material is 

then subjected to carbonisation in the presence of steam. Such an approach helps 

prepare AC with specific characteristics.(30,31)  
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1.1.3.4 Advantages of Chemical Activation Over Physical Activation 

 Chemical activation offers several advantages over physical activation, 

including lower energy consumption. Unlike physical activation, which typically 

requires higher temperatures generally between 800-1200°C, chemical activation is 

usually performed at a lower temperature range from 400-800°C. This slower heating 

process facilitates the formation of a more ordered carbon structure. Additionally, the 

use of inert gases such as nitrogen or argon during chemical activation helps prevent 

combustion throughout the preparation process. Although physical activation often 

results in AC with higher carbon content and mechanical strength, it can also lead to a 

reduction in surface area. In contrast, chemical activation not only accelerates the 

development of pores but also enhances the surface area of the resulting AC.(29,32)  

 Moreover, the pore structure and morphology of the AC can be precisely 

controlled during the chemical activation process. Depending on the intended 

applications, specific properties such as pore size distribution, pore volume, and surface 

area can be tailored by selecting the appropriate type and concentration of the chemical 

agent used. Overall, chemical activation of the precursor material often results in AC 

with a higher surface area compared to that prepared through physical 

activation.(15,33) 

1.1.4 Sources of AC 

 Typical AC sources are organic substances that contain high carbon content. 

Additionally, these sources should have some essential features. These factors are 

illustrated in Figure 1.3. 

 The conventional sources of AC are coal (bituminous and lignite), petroleum 

pitch, peat, and other non-renewable biomass. However, harvesting these materials is 

lengthy, expensive, and unsustainable. For example, the high-temperature activation 

processes involved in coal mining cause habitat destruction and water pollution.(34) 

Similarly, the extraction and refining of petroleum create oil spills and air 

pollution.(35) Whereas, peat harvesting destroys peatlands and significantly 

contributes to climate change. The dependence on these conventional sources also 

accelerates deforestation, leading to soil erosion and environmental degradation.(36)  
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Figure 1.3. Essential features of AC sources 

The depletion of fossil fuel resources and growing environmental concerns have 

made it essential to search for renewable and sustainable sources to prepare AC. In this 

context, biomass waste presents an eco-friendly solution due to its abundant 

availability, low cost, and excellent physicochemical properties.  

1.1.5 Biomass-derived AC (BDAC): A Sustainable Alternative for 

Conventional AC 

 As mentioned above, traditional sources for AC production are environmentally 

hazardous, leading to an increasing research interest in sustainable and renewable 

alternatives. Biomass waste-derived AC (BDAC) plays a significant role in this 

endeavour as it effectively repurposes organic waste materials that would otherwise 

contribute to landfills or incineration.(4,37) The biomass used for BDAC production 

includes organic materials such as agricultural waste, forestry residues, and algae. The 

production and utilisation of BDAC are eco-friendly initiatives that ensure minimal 

waste. Moreover, the effective use of BDAC ensures that the resources are used to their 

fullest potential. BDAC is also beneficial as it reduces the carbon footprint related to 
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traditional AC production methods.(19,38) Additionally, renewability, inherent carbon 

content, ease of handling, high porosity, wide availability, and low cost of biomass 

waste are desirable for AC production and make it a cost-effective alternative to 

conventional precursors.(39) 

BDAC demonstrates superior porosity compared to AC derived from other 

sources, which can be attributed to the lignocellulosic nature of biomass waste.(40) 

Most plant-based materials, including agricultural residues (such as straw, husks, and 

corn stover), forestry waste (like sawdust and bark), and dedicated energy crops 

(including switchgrass and miscanthus), are lignocellulosic. As a sustainable 

alternative to fossil fuels and synthetic polymers, lignocellulosic biomass has gained 

significant interest in advanced material synthesis.(32) The lignocellulosic biomass is 

schematically displayed in Figure 1.4.  

Figure 1.4. Lignocellulos biomass 

The complex structure of biomass is mainly made up of biopolymers such as 

cellulose, hemicellulose, and lignin, which significantly affect its physicochemical 

properties and conversion efficiency. These components contribute to the structural 

integrity of plant cell walls. The proportions of each constituent vary based on the plant 

species, environmental conditions, and methods used for processing the biomass. 

 Cellulose is the most abundant polysaccharide in lignocellulosic biomass, 

constituting approximately 35–50% of its dry weight. It consists of linear chains of 

β(1→4)-linked D-glucose units that aggregate into microfibrils through extensive 

hydrogen bonding. These microfibrils provide mechanical strength and rigidity to plant 
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cell walls, as this crystalline structure is relatively resistant to enzymatic degradation. 

(17)  

In lignocellulosic biomass, about 20–35% of the total dry weight is contributed 

by hemicellulose. Unlike cellulose, hemicellulose has a heterogeneous and branched 

structure comprising various sugar monomers, including xylose, mannose, arabinose, 

and galactose. In contrast to cellulose, hemicellulose has an amorphous structure, 

making it more susceptible to hydrolysis. It is a matrix between cellulose and lignin in 

plant cell walls, contributing to flexibility and structural stability.(41)  

 Lignin is a complex aromatic polymer that constitutes 10–25% of 

lignocellulosic biomass. It is composed of phenylpropanoid units, primarily coniferyl, 

sinapyl, and p-coumaryl alcohols. Lignin provides structural rigidity, hydrophobic 

properties, and resistance to microbial degradation, acting as a protective barrier in 

plant cell walls. However, its recalcitrant nature poses challenges for biomass 

processing and enzymatic hydrolysis.(42) 

 These compounds play a significant role in forming a highly intricate pore 

structure during AC preparation. This hierarchical pore structure, comprising 

micropores, mesopores, and macropores, significantly enhances the surface area, pore 

volume, and adsorption capacity of the AC material and makes it suitable for various 

applications.(17,43) BDAC is highly versatile in multiple fields as a more 

environmentally friendly alternative. Furthermore, using renewable biomass sources 

along with energy-efficient methods will lead to a more sustainable and eco-friendly 

industry.(30,42) In this way, BDAC is highly beneficial over environmentally 

hazardous traditional AC production.  

1.1.6   Applications  

 The well-developed pore distribution and large surface area of AC make it 

suitable for a variety of applications. Numerous BDACs have been developed from 

various sources, including plant waste, food waste, bio-waste, and fruit waste.(44–47) 

Figure 1.5 illustrates common uses of AC.(39) Several studies have explored the 

diverse applications of BDAC in purification and filtration applications, ranging from 

portable water purifiers to large-scale municipal water treatment systems.(10,48) 
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Additionally, BDAC materials are highly effective in removing metals, chlorine, 

synthetic dyes, and other impurities. (49–51) 

Figure 1.5. Applications of BDAC 

 BDAC is utilised in air filtration systems to eliminate organic volatile 

compounds, harmful gases, and odours.(36,52) This includes applications in gas masks, 

solvent recovery, and general air purification.(53,54) Recent studies by Wang Shuang 

et al. and Sarwar Azeem et al. have demonstrated the effectiveness of BDAC in CO2 

adsorption, highlighting the regeneration and reusability of AC used in these studies. 

(33,55) Additionally, there are reports on the production of biodiesel using BDAC.(9)  

 BDAC plays a significant role in environmental remediation, effectively 

removing pollutants such as pesticides, hydrocarbons, and heavy metals from 

groundwater and soil systems.(12,18) The pharmaceutical and chemical industries also 

employ AC for processes like purification and separation.(15,56) For example, Dada 

Adewumi et al. reported the use of plantain peel-derived AC for the adsorption of 

chloroquine, a synthetic pharmaceutical used in COVID-19 treatment.(57)   
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 Beyond these applications, AC has potential uses in the food industry, gold 

recovery, energy storage, and as a catalyst support.(58,59) However, even though 

BDAC has been extensively studied for various applications, including water 

purification, air filtration, and medical treatments, there remains a lack of research 

focused on its applications in various electrochemical systems. 

1.2 Electrochemical Systems: An Overview  

 Electrochemical systems are crucial in modern energy storage, conversion, and 

environmental technologies. These systems include devices and processes that convert 

chemical energy into electrical energy or vice versa through redox (reduction-

oxidation) reactions. This capability enables a wide range of applications in this field. 

1.2.1 Supercapacitors (SCs) 

SCs, also known as ultracapacitors or electrochemical capacitors, are energy 

storage devices that serve as a bridge between traditional capacitors and rechargeable 

batteries. They provide high power density and rapid charging and discharging, along 

with long cycle life.(60) While their energy density is lower than that of batteries, it is 

significantly higher than that of conventional capacitors.(61) 

 

Figure 1.6. Schematic representation of (a) EDLC, (b) PC, and (c) Hybrid 

capacitors 

The charge storage mechanism of SCs contributes to their high power density. 

SCs store energy either through electrostatic or electrochemical processes. Based on 
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these energy storage mechanisms, SCs can be classified into three categories: electrical 

double-layer capacitors (EDLC), pseudocapacitors (PC), and hybrid capacitors.(62) 

The schematic representation of these SCs is illustrated in Figure 1.6. 

 

1.2.1.1 Electrochemical Double-Layer Capacitors (EDLC) 

Electric double-layer capacitors (EDLCs) store energy by creating an electric 

double layer at the interface between the electrode material and the electrolyte. The 

reversible adsorption and desorption of electrolytic ions at the electrode-electrolyte 

interfaces lead to the electrostatic charge accumulation in EDLC.(63) Unlike 

conventional capacitors, EDLCs achieve significantly higher capacitance by utilising 

electrodes with high surface area and leveraging the unique electrochemical properties 

of the electric double layer.(64,65)  

Electrode materials used in EDLCs must exhibit desirable properties such as  

large specific surface area, high porosity, excellent electrical conductivity, and good 

wettability. Because of their superior physicochemical properties, natural abundance, 

and excellent stability, carbon-based porous materials, including AC, graphene, carbon 

nanotubes, etc., are widely used in these applications.(66,67) 

1.2.1.2 Pseudocapacitors (PC) 

Pseudocapacitors (PCs) are a class of electrochemical capacitors that store 

energy through fast, reversible redox reactions, intercalation processes, or ion 

adsorption occurring on the surface or within the bulk of the electrode material. They 

utilise electrostatic means involving faradaic (electrochemical) processes to store 

energy.(68) Compared to EDLCs, PCs offer greater energy density and capacitance, 

although they typically exhibit slightly lower power densities. Additionally, PCs 

generally have a shorter cycle life than EDLCs due to the involvement of chemical 

reactions. The electrode materials, like metal oxides in PCs, can increase the overall 

expense.(69–71)  
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1.2.1.3 Hybrid Capacitors 

Hybrid capacitors combine the advantages of both EDLCs and PCs. In these 

SCs, energy storage occurs through both electrostatic and electrochemical 

processes.(72) Hybrid capacitors provide high energy and power density, although they 

typically have a relatively short lifespan. Their popularity is limited by the challenges 

in finding the optimal combination of electrodes to enhance specific capacitance, 

potential window, energy density, and power density.(71,73) 

1.2.1.4 Major Components of a SC 

The efficiency of SCs is largely determined by the key components used in their 

fabrication. Proper selection of these components is essential for achieving excellent 

electrochemical performance. The main components of a SC are the electrode, 

electrolyte, and separator. 

The electrodes play a crucial role in the accumulation of electric charges and 

energy. The performance of the electrodes depends on several properties, including 

surface area, electrical conductivity, electrochemical stability, mechanical integrity, 

and compatibility with electrolytes.(73) Electrode materials with a high surface area 

enhance contact between the electrode and electrolyte. Their porous structures also 

promote rapid ion transport, leading to improved capacity.(74) The electrochemical 

stability of the electrodes is vital for ensuring a long cycle life without significant 

degradation. Choosing the right electrodes is important, as they provide a stable 

framework for ionic movement and charge accumulation. Popular electrode materials 

include AC, carbon nanotubes, graphene, metal oxides (e.g., RuO₂, MnO₂), and 

conductive polymers (e.g., polyaniline, polypyrrole).(47,75) 

In addition to electrode materials, the electrolyte in the SC significantly 

influences its performance by supplying the ions necessary for charge storage and 

transfer.(76) The physical and chemical properties of electrolytes significantly 

influence the performance of SCs, including their operating voltage range, capacity, 

energy density, rate performance, cyclability and safety. The electrolyte not only 

provides the ions involved in charge storage but also plays a crucial role in transferring 

and balancing charges between the two electrodes.(77) 
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Figure 1.7. Classification of electrolytes for SC systems 

 The electrolytes for SC applications are classified into various categories, 

which is displayed in Figure 1.7. Among these, aqueous electrolytes have high 

conductivity and capacitance but generally exhibit low energy density, poor cycling 

stability, and leakage issues. While organic electrolytes and ionic liquids can operate 

at higher voltages, they tend to have much lower ionic conductivity. Solid-state 

electrolytes can mitigate the potential leakage problems associated with liquid 

electrolytes; however, they also suffer from low ionic conductivity.(78) Highly 

concentrated “water-in-salt” (WIS) electrolytes are promising for energy storage 

devices due to their non-flammable nature, wide electrochemical stability windows, 

and moisture tolerance. However, high viscosity, low conductivity, and salt 

precipitation at low temperatures of WIS electrolytes can impact their 

performance.(79) Moreover, the interaction between the electrolyte and the electrodes 

significantly impacts the electrode-electrolyte interface and the internal structure of the 

active materials. Therefore, the choice of electrolyte is key to creating safe and high-

performance SC devices.(80) 

The separator and current collector play vital roles in the overall performance 

of SCs. The separator is a thin, porous membrane placed between the electrodes to 

electrically insulate them from each other while permitting the ionic movement 

essential for the electrochemical functionality of the device. These separators are 

typically made from polymers such as polypropylene (PP) or polyethylene (PE).(71) 

Current collectors in SCs facilitate effective energy storage and transfer. They serve as 



Introduction  

Synthesis of activated carbon from biomass waste and study of its suitability for applications in electrochemical systems  .                                     16    . 

the interface between the active material and the external circuit, enhancing electron 

transport and providing structural support.(69) 

1.2.2 Li-ion Batteries (LIBs) 

Rechargeable battery technology has gained significant research attention over 

the past few decades. LIBs are among the most widely used rechargeable energy 

storage systems due to their high energy density, high operating potential window, 

lightweight design, and long cycle life. Additionally, they offer low self-discharge and 

fast charging capability.(81) They have a broad range of applications from consumer 

electronics to electric vehicles and grid storage.  

1.2.2.1 Charging and Discharging Mechanism in LIBs 

In LIBs, charge storage primarily relies on the reversible intercalation and 

deintercalation of lithium ions between the cathode and anode electrodes, which are 

separated by an electrolyte.(82) Figure 1.8 schematically represents the charge-storage 

mechanism in LIBs. During the charging process, lithium ions move from the cathode 

to the anode through the separator, aided by a conductive electrolyte. This transfer 

occurs as lithium ions migrate from the lithium metal oxide cathode to the carbon-based 

anode.(83) 

 

Figure 1.8. Charging and discharging mechanism in LIBs 
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During discharging, lithium atoms that have intercalated in the anode lose 

electrons, and lithium ions move from the anode to the cathode through the electrolyte. 

Electrons flow through an external circuit to power the connected device.(84) The 

composition and structure of both the cathode and anode are crucial factors that 

influence battery performance. Additionally, the movement of lithium ions is facilitated 

by an electrolyte, which typically contains a highly flammable and volatile solvent. 

Therefore, safety is a significant concern for LIBs due to issues like thermal instability, 

the risk of leakage, internal short circuits, and the flammability of electrolytes.(85) 

1.2.2.2 Major Components of a LIB 

Anode materials function as the hosts for lithium ions during the charging 

process. They provide sufficient sites to store these lithium ions while charging, and 

their subsequent release during discharge generates electrical energy.(86–88) Features 

such as a large surface area and a hierarchical pore distribution are desirable for 

efficient anode materials. Common materials used for anode applications in LIB 

include AC, graphite, silicon-based materials, and lithium titanate. The specific 

capacity and operating voltage of the anode material significantly influence the overall 

energy density of the battery.(89–91) 

Solid electrolyte interphases (SEIs) in LIBs are insulating layers that form on 

the interfaces between electrodes and electrolytes during the first cycle of a battery. 

This formation occurs near anodes due to the decomposition of electrolytes. While SEIs 

help prevent further decomposition of electrolytes, their creation can lead to the 

consumption of active lithium and electrolytes.(92) Controlling the structures and 

properties of SEIs is crucial for achieving cycle stability and minimising capacity loss 

in LIBs. The formation of SEIs is significantly influenced by the chemical composition 

and surface characteristics of the anode materials used in these systems. (93)  

The performance of LIBs is significantly influenced by their cathode materials, 

which serve as effective sources of lithium ions. During the discharging process, 

lithium ions are stored in these electrodes.(82) The materials used as cathode in LIBs 

are lithium-based compounds including lithium cobalt oxide (LiCoO₂), Lithium Iron 

Phosphate (LiFePO₄), Lithium Manganese Oxide (LiMn₂O₄), Lithium Nickel 
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Manganese Cobalt Oxide (NMC), and Lithium Nickel Cobalt Aluminum Oxide 

(NCA). These materials offer high energy density to LIBs.(94–98)  

The electrolyte in LIBs is a crucial component that facilitates the movement of 

lithium ions between the anode and cathode during charging and discharging. Its 

composition and stability directly influence the battery's safety and overall 

performance.(99) Electrolytes provide a desirable medium for charge transfer between 

the cathode and anode. Common electrolytes include lithium salts dissolved in organic 

solvents like ethylene carbonate and dimethyl carbonate.(97) Conversely, electrolytes 

can play a vital role in the formation of SEI during lithiation/delithiation of lithium ions 

between anode layers, which further improves the battery life stability. 

The separator is a porous membrane that prevents physical contact between the 

electrodes while allowing the flow of ions. This separator absorbs and retains the liquid 

electrolyte within its porous structure, ensuring consistent ionic pathways for stable 

battery operation during charge and discharge cycles. Common materials used for 

separators include PE and PP.(100,101) Current collector components facilitate the 

efficient transport of electrical energy within the battery. They serve as a medium to 

collect and transfer electrons between the external circuit and the electrodes. In LIBs, 

aluminium is used as the current collector for the cathode material, while copper is used 

for the anode material. (102,103) They also have a significant impact on the capacity, 

discharge rate, and long-term stability of LIBs.(104) 

1.2.3 Electrochemical Sensors 

Electrochemical sensors are analytical devices designed to detect and quantify 

specific chemical substances by converting a chemical reaction, typically involving 

oxidation or reduction, into an electrical signal.(105) These sensors leverage principles 

of electrochemistry, such as current, potential, or conductivity, to provide quantitative 

or qualitative information about the target analyte in a sample.(106) They are widely 

used in various fields, including environmental monitoring, medical diagnostics, food 

safety, and industrial applications. Compared to conventional sensing techniques, 

electrochemical sensors offer high sensitivity, specificity, rapid response times, 

portability, and cost-effectiveness.(107,108) 
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1.2.3.1 Enzymatic Electrochemical Sensors 

Enzymatic electrochemical sensors utilise specific enzymes as biorecognition 

elements to detect target analytes. These sensors depend on the catalytic activity of 

enzymes to produce an electrochemically detectable signal, which is typically 

represented as current, voltage, or charge. During operation, the enzyme binds to the 

target analyte and catalyses its conversion into products.(109) The electron transfer that 

occurs during this reaction is either directly captured by the electrode or mediated by 

an electron carrier. The resulting electrical signal is proportional to the concentration 

of the analyte. These sensors offer several advantages, including high specificity, high 

sensitivity, rapid response times, and versatility.(110) However, their practical 

applications are limited by the instability of enzymes under varying temperatures, pH 

levels, and storage conditions. They may also be affected by interference from certain 

electroactive species in the sample during testing, along with issues related to cost and 

a restricted operational range.(111,112) 

1.2.3.2 Non-enzymatic Electrochemical Sensors 

These sensors detect analytes through direct electrochemical reactions 

occurring at the electrode surface. They utilise the intrinsic catalytic properties of the 

electrode materials to facilitate redox reactions with the target analytes. A range of 

chemically stable, conductive, and catalytically active materials, such as metals and 

metal oxides, are commonly used.(113) Additionally, carbon-based materials, like AC 

and graphene, are often employed to enhance the electrode surface, improving 

sensitivity and selectivity for specific analytes.(114,115) 

During the analysis with these sensors, the target analyte directly undergoes a 

redox reaction at the electrode surface, facilitated by the catalytically active electrode 

material. This process allows for electron transfer between the analyte and the 

electrode, generating an electrochemical signal that is proportional to the analyte 

concentration.(24) The benefits of these sensors include enhanced stability, cost-

effectiveness, a wider operational range, high sensitivity, and ease of fabrication. Due 

to these attractive features, they are more widely used than enzymatic electrochemical 

sensors.(116,117) 
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1.2.3.3 Major Components in a Non-enzymatic Electrochemical 

Sensor 

The working electrode serves as the platform where the analyte undergoes 

direct electrochemical reactions, such as oxidation or reduction. These electrodes 

facilitate electron transfer during the redox process. Commonly used metal working 

electrodes include gold (Au), platinum (Pt), nickel (Ni), copper (Cu), and cobalt 

(Co).(118,119) In addition, metal oxides like nickel oxide (NiO), cobalt oxide (Co₃O₄), 

and copper oxide (CuO), as well as carbon-based materials like AC, graphene, carbon 

nanotubes, and carbon black, are also employed.(120,121) Recently, electrodes made 

from composites of metals, oxides, and carbon have been utilised to enhance 

performance. These composite electrodes provide a higher surface area, which 

increases sensitivity, and offer more catalytically active sites that improve reaction 

rates.(111,122–124)  

Figure 1.9. Experimental set up for non-enzymatic electrochemical sensor 

Counter electrodes and reference electrodes play a crucial role in the function 

of these sensors. The counter electrodes are usually made of inert materials like 

platinum or carbon. They provide a pathway for electron flow during analysis.(125) 

The stable potential for accurate measurements is provided by a reference electrode, 

which ensures a consistent reference potential for the working electrode. Common 

examples include silver/silver chloride (Ag/AgCl) and saturated calomel electrodes 
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(SCE).(126) Figure 1.9 represents schematic of experimental set up for a non-

enzymatic electrochemical sensor. 

The electrolyte facilitates ion transport between the working and counter 

electrodes. It maintains electrical conductivity and supports the redox reaction of the 

analyte. Various liquid electrolytes, such as aqueous solutions (e.g., KOH, H₂SO₄) or 

organic solvents, as well as gel or solid-state electrolytes, are utilised in portable sensor 

systems.(120,127) The transducer is responsible for converting and processing the 

electrical signal for analysis.(128) 

1.3 Application of AC in different electrochemical systems 

 The AC-based electrodes are widely used in various electrochemical systems 

owing to their superior features, including large surface area, well-developed pore 

distribution, good electrical conductivity, better pore parameters, tunable surface 

chemistry, and good physicochemical stability. These unique properties have a 

significant role in determining the efficiency of the respective systems. The viability of 

AC electrodes primarily depends on their ability to adsorb, interact with, or store 

various guest elements on the pore walls and in the bulk material. The activity of these 

materials can be further improved or modified by tuning their structural properties to 

suit specific applications such as SCs, LIBs, electrochemical sensors, etc.  

 The presence of aromatic structures and short-range, localised carbon layers 

creates numerous slits and pores throughout the AC structure. These interconnected 

pores, which exhibit fractal geometry, are advantageous in increasing the number of 

reactive sites that improves the working of these systems. The performance of AC is 

significantly influenced by their porous texture, degree of graphitisation, heteroatom 

doping, and the presence of surface functional groups. These characteristics affect the 

surface area, porosity, wettability, and electrical conductivity of AC, all of which play 

critical roles in promoting various electrochemical processes within the respective 

systems.   

 The large surface area is essential for electrochemical applications involving 

physical or chemical adsorption, storage, or interactions at the surface of AC. The 

surface area is hypothetically considered proportional to the number of available active 
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sites. In contrast, the number of active sites is highly related to the pore distribution, 

electrolyte ions and other guest species present in the system.   

1.3.1 Role of BDAC in EDLCs 

EDLCs are a highly explored area due to their widespread applications in next-

generation technologies such as electric vehicles and portable devices. EDLCs have 

gained popularity over other SCs due to their unique characteristics, such as excellent 

power density, long cycle life, and high specific capacitance.(129,130) However, the 

energy density of a SC is relatively low compared to other energy storage devices. The 

efficiency of EDLCs is mainly influenced by the structural and electrochemical 

properties of the electrode material. Therefore, it is crucial to prepare electrode 

materials with innovative morphologies and strong electrochemical performance to 

develop SCs with higher energy density.(131,132) AC has attracted significant research 

interest due to its unique properties, including a large surface area and a well-developed 

porous structure. These characteristics provide an extensive network of active sites for 

electrochemical reactions, making AC an ideal material for energy storage and 

conversion devices, allowing efficient charge storage in EDLCs. (133–135)  

 A large surface area and sufficient active sites are crucial for the effective 

adsorption of electrolyte in EDLC systems. These active sites are essential for forming 

ideal electrochemical double layers on the pore walls, ensuring good contact with the 

electrolytes. In EDLCs, charge storage occurs when the electrolyte ions form electric 

double layers at the electrode surface, which is directly related to the available surface 

area of the electrode materials. The value of specific capacitance is also proportional 

to this accessible surface area. Therefore, in addition to maximising surface area, it is 

important to control factors such as pore size distribution, pore shape, and electrical 

conductivity to enhance accessible surface area and consequently, improves the 

capacitive properties of EDLCs. 

 According to the theory proposed by Helmholtz, a rigid layer of adsorbed 

counter ions was considered at the electrode surface. The capacitance of the electric 

double layer on a flat surface is given by 
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         (1.1) 
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Here, C represents normalised capacitance by the accessible surface area (A) with 

vacuum permittivity (𝜀଴) and the relative permittivity (𝜀௥) of the electrolyte and d 

stands for the thickness of the double-layer.  

 Later, a conflict arose regarding the contribution of partially or fully desolvated 

electrolyte ions to the total capacitance value associated with the electric double layer. 

In this context, the Helmholtz model, which is applicable only for perfectly ordered slit 

pores, could not effectively explain the mechanisms associated with different pore 

geometries. This led to the development of new models that describe the formation of 

electric double layers in electrodes, particularly in AC-like porous electrode materials. 

The variation in preparation methods is responsible for the formation of various pore 

geometries including slit, cylindrical and spherical types. Huang et al. introduced the 

concept of cylindrical mesopores and micropores, which illustrates the formation of 

electric double-cylinder capacitors. This model proposed the surface area-normalised 

double cylinder capacitance in the mesopore regime, described by the following 

formula: 
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Here, b is the radius of the cylinder pore, and d is the thickness of the double-layer. 

thickness. Whereas, in the micropore regime, desolvated ions form a type of electric 

wire-in-cylinder capacitor, with capacitance expressed as 
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Here 𝑎଴ gives the effective size of the electrolyte ion.  

These models can be effectively applied to various EDLC porous electrode material 

systems that contain micropores, mesopores, and macropores. However, for the pore 

distribution involving spherical pores, Wang et.al proposed new equation as follows:  
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Subsequently, Feng et al. proposed slit-shaped micropores and introduced a sandwich-

type capacitor model. The capacitance value in this model is described as 

஼

஺
=

ఌబఌೝ

௕ି௔బ
         (1.5) 

The model further introduced the effective double-layer thickness (deff), which is the 

distance between the pore wall and the outer electron shell of the electrolyte ion. This 

parameter helps explain the observed increase in capacitance for sub-nanopores. 

Although earlier theories suggested that micropores contributed minimally to the 

capacitive behaviour of EDLC systems, later studies have demonstrated an unexpected 

increase in specific capacitance in systems with pores less than 1 nm in diameter.  

Subsequently, various studies have utilized these theories both individually and in 

combination to elucidate the formation and functioning of the electric double layer in 

porous electrode materials. 

 Additionally, the mass transfer in EDLC systems is significantly influenced by 

the distribution of pores. Larger pores facilitate faster mass transfer, while smaller 

pores promote slow self-discharge in EDLCs. The micropores maximise ion 

adsorption, while mesopores enhance ion transport in the system. Additionally, 

macropores in the electrode material serve as ion reservoirs and help reduce diffusion 

resistance. So, a well-balanced porous structure is essential for achieving high 

capacitance and improved energy storage performance in EDLCs. 

 Although there are various carbonaceous precursors available for synthesising 

AC, natural and sustainable biomass has replaced conventional precursors. Several 

research initiatives have reported on the application of various BDAC in the fabrication 

of EDLCs.(136,137) These studies are crucial because the electrochemical properties 

of BDAC prepared from different precursors vary significantly. In their review article, 

Luo Lu and his colleagues summarise the current state of research on BDAC in the 

field of SCs. They also provide insights into future development prospects and 

challenges in this area.(138) Boujibar O and his group prepared AC from waste 

biomass with an exceptionally high surface area and tailored nanoporosity, and they 

studied its suitability for SC applications.(139) Numerous initiatives have been 

reported to enhance the physical and electrochemical properties of BDAC through 
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various strategies.(140–143) For instance, Rajasekaran et al. synthesised AC from 

palmyra palm flowers, achieving a significant energy density of 15.1 Wh kg-1 and an 

impressive power density of 100.6 W k g-1.(129) Similarly, Zaman Fakhar and his co-

workers adopted a facile two-step green approach to convert Himalayan horse 

chestnuts into AC materials. They explored the suitability of these materials as SC 

electrodes, which demonstrated high specific capacitance and long cycle life.(141) 

Additionally, Liao Yuyi et al. prepared N-doped carbon material with a large surface 

area and high pore volume by directly pyrolysing reed straw and melamine. This 

material exhibited a capacitance of 202.8 Fg-1 at a current density of 1 Ag-1, showing 

significant capacitance retention.(144)  

 As previously discussed, the porous structure significantly influences the 

efficient performance of BDAC-based electrodes.(145–147) Recently, Sayed Mostafa 

and his research team highlighted the role of the pore structure of biomass-derived 

porous carbon in charge storage mechanisms for SCs.(131) The fabrication strategies 

for SC systems are undergoing significant changes, shifting from traditional aqueous 

electrolyte-based SCs to widely accepted flexible all-solid-state SCs.(148,149) Recent 

research focuses on discovering efficient electrode materials that offer both economic 

advantages and environmental benefits.  

1.3.2 Role of BDAC in LIBs 

LIBs have garnered significant research interest due to their potential in 

designing next-generation applications. The role of anode materials that offer improved 

capacity at a low cost is crucial for the future of electric and hybrid vehicles. 

Furthermore, the choice of raw materials and methods for fabricating anodes must be 

more sustainable than conventional anodes. Furthermore, the anode materials must 

meet several key requirements to ensure optimal performance, which include having a 

high degree of interconnected porosity, short diffusion pathways, minimal volume 

change, low internal resistance, cost-effectiveness, and environmental friendliness. 

These characteristics contribute to improved rate capability, cycling stability, and 

charging performance of LIBs. 

In this regard, BDAC has gained considerable attention as a promising, 

sustainable alternative to traditional anode materials because of its large surface area 
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and unique pore distribution.(150) These surface characteristics of BDAC enhance the 

storage of lithium ions and improve electron transport and diffusion of the electrolyte, 

resulting in higher energy density and better charging rates. The available pores in 

BDAC can accommodate large volume changes during charging and discharging 

cycles, leading to the stability and lifespan of LIBs. The availability of a large 

interfacial area of BDAC improves the electrochemical behaviour and enhances ion 

diffusion and electron transfer, leading to higher energy density and faster charging 

rates. Subsequently, BDAC can achieve high capacity because of its effective high 

surface area and well-distributed pores.(151) Furthermore, the utilisation of BDAC for 

LIB anode applications has several additional benefits including high availability, 

minimal environmental impact, the presence of surface functional groups, better 

thermal stability, high electrical conductivity, and good chemical stability. 

Additionally, BDAC enables the reversible intercalation and deintercalation of lithium 

ions during the charging and discharging cycles, which enhances the overall energy 

storage capacity of LIBs.(150–152) 

The pore distribution has a remarkable role in determining the performance of 

LIBs. A combination of micropores, mesopores, and interconnected macropores is 

ideal for effective anode applications. This arrangement not only enhances the surface 

area but also provides improved pathways for the mass transfer of lithium ions. The 

anode materials with high surface area and a majority of mesopores generally exhibit 

better performance as LIB anode material. The enhanced performance of these 

materials is often related to fast ion diffusion through anode, availability of more active 

sites, effective intercalation of lithium ions, minimum volume change during cycling 

etc. These improvements enable higher rate capability and better cycle life for the LIB 

systems. Therefore, optimising factors such as surface area, porosity, and pore size 

distribution is essential for creating efficient anode materials. 

In addition to these factors, the formation of a stable SEI is also crucial for the 

better performance of LIBs. The SEI is important as it acts as both an electronic 

insulator and a lithium-ion conductor. A stable SEI is beneficial as it prevents excessive 

electrolyte decomposition that may lead to a short life of the entire LIB system. The 

kinetic stability of SEI is vital during lithiation and delithiation processes. However, 

the presence of micropores can lead to excessive SEI layer formation, causing 
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significant capacity fading in LIBs. Anodes that incorporate mesopores can better 

control SEI formation. 

 Overall, controlling features such as surface area and pore distribution is highly 

recommended for effective anode materials. In this context, the tunability of BDAC 

makes it a promising candidate for electrode applications in LIBs.(153–156) For 

example, Ahmed Faheem et al. synthesised rice husk-derived AC using a simple 

chemical method. This material served as an anode for LIBs, achieving a discharge 

capacity of 321 mAhg−1 at a current density of 100 mAg−1 for the first cycle, and 

maintaining a capacity of 253 mAhg−1 for 400 cycles.(157) Porous carbon obtained 

from banana peel waste exhibited a specific capacity of 272 mAhg-1, demonstrating 

remarkable retention and good cycling performance even at high current densities, as 

noted by Luna-Lama et al.(158) Recently, Sun Yu and his colleagues discussed 

effective strategies for designing BDAC materials in battery development in their 

review article.(159) 

 Tian et al. later demonstrated the preparation of hard carbon from coconut 

shells, which was used as an anode and exhibited an exceptionally high reversible 

capacity along with improved coulombic efficiency.(160) Similarly, Yudha Cornelius 

Satria et al. reported an efficient conversion of Nypa fiber waste into AC for LIB 

anodes, achieving a specific capacity of 189 mAhg-1.(161) Furthermore, Yarramsetti 

Saisrinu and his research group introduced low-cost and sustainable electrode materials 

for LIBs, synthesised from whole black gram skins. This material showed a capacity 

of 750 mAhg−1 at 0.1 Ag−1 with a reversible capacity of 687 mAhg−1 after 100 

cycles.(35)   

 Recently, palm oil fruit bunches were converted into efficient BDAC using a 

single-step K₂FeO₄-KOH impregnation-activation method developed by Nuriskasari 

Isnanda and co-workers that has a capacity of 330.3 mAhg-1 at 0.1 C, with an excellent 

rate capability.(162) Subsequently, P.U. Nzereogu et al. have demonstrated that the 

formation of SEI leads to the depletion of several lithium ions from the system and 

contributes to irreversible capacity loss in LIBs. This study highlights the importance 

of optimising the structure of anode materials.(90) 
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1.3.3 Role of BDAC in Electrochemical Sensors 

 The effectiveness of electrochemical sensors is often limited by the restricted 

accessible surface area of their electrode materials. Increasing this surface area can 

significantly enhance their applications and effectiveness. Furthermore, 

electrochemical sensors that incorporate electrode materials with a substantial surface 

area and well-developed porous structures exhibit fast charge transfer kinetics. This 

results in higher peak currents associated with the redox reactions being studied. AC is 

commonly used to improve the performance of electrochemical sensors, as it provides 

a conductive surface that facilitates the detection of target analytes through redox 

reactions or adsorption processes.(163,164)  

 The high surface area of AC offers more active sites for analyte adsorption, 

allowing a greater number of analyte molecules to interact with the electrode. This 

interaction improves the sensitivity and overall performance of the sensor. 

Additionally, the pore distribution of AC is also very effective in enhancing mass 

transport, leading to rapid response times and a reduced limit of detection (LOD). 

Furthermore, the carbon network and pore characteristics such as pore volume and pore 

size, significantly influence the performance of these sensors. Accordingly, the factors 

such as porosity, surface chemistry, presence of defects in electrode material, chemical 

activity of the electroactive species and characteristics of analyte contribute remarkably 

to the performance of the sensor as they influence sensitivity, LOD and detection limits.  

 Recent research has focused on utilising biomass waste as a cost-effective and 

sustainable source for AC, specifically through the development of BDAC for these 

sensing applications.(165–167) For instance, Terbouche et al. prepared AC derived 

from the pits of Algerian date palms, which was used to detect gallic acid with a lowest 

LOD of 3.64 µM.(168) Additionally, a review article by Onfray Christian and Thiam 

Abdoulaye summarises various treatments and synthesis methods for BDAC materials 

obtained from diverse sources, including herbaceous plants, wood, animal, and human 

waste, as well as aquatic and industrial waste. This review highlights the significant 

potential of these materials for use in practical electrochemical sensing devices. (163)  

 Nikhil et al. used meso/microporous 2D-AC, synthesised from a natural 

biomass desmostachya bipinnata, for electrochemical detection of roxarsone. The study 
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also introduces disposable screen-printed carbon electrodes for the clinical diagnosis 

of roxarsone and other similar drugs through electrochemical sensing.(127) Recently, 

Selvi Gopal and her team employed an MXene-embedded porous carbon-based Cu2O 

nanocomposite for the electrochemical sensing of glucose, which exhibited an LOD of 

1.96 μM and a sensitivity of 240.5 μAmM-1cm-2.(119) Additionally, Shweta J Malode 

et al. reported the synthesis of BDAC material for the nanomolar detection of glucose 

in biological samples.(169)  

 Urea is prevalent as a byproduct of various processes, making its detection 

essential in many fields. Numerous researchers have reported on urea detection using 

various sensing applications.(170–172) Recently, G. Padmalaya utilised a copper 

oxide/multiwall carbon nanotube nanocomposite for real-time electrochemical sensing 

of urea in rice water samples, achieving an LOD of 0.26 mML-1.(105) While BDAC 

demonstrates an effective pore structure and provides more active sites suitable for urea 

sensing applications, there appears to be a lack of research focus on BDAC-based urea 

sensors.(105,173)  

1.4 Motivation and objectives of the work 

 AC is a common but multifaceted material. However, the conventional methods 

for producing AC are costly and pose significant environmental risks. These 

unsustainable practices hinder the effective utilisation of AC in various applications, 

including energy storage and sensors. To overcome this limitation, there is a growing 

research interest in producing AC from biomass precursors. From biomass waste, AC 

can be produced in a more sustainable, eco-friendly, and economical manner. The 

benefits of production and utilisation of BDAC include: 

1) cost-effectiveness 

2) abundance of precursor 

3) environmental friendliness 

4) easiness to prepare BDAC 

5) excellent pore distribution 
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6) high surface area 

7) better pore volume  

8) high stability 

9) good adsorption capacity 

10) low density 

 The present work aims to prepare efficient BDAC materials through a more 

sustainable, cost-efficient, and environmentally friendly method for electrode 

applications in various electrochemical systems. The work further discusses the 

suitability of prepared BDAC for different SC systems, LIBs, and electrochemical 

sensors. The performance of prepared BDAC materials was evaluated and their 

viability for electrode applications in various SC systems such as symmetric SCs, WIS 

SCs, and flexible SCs was validated. Furthermore, prepared BDAC with remarkable 

structural properties was used for anode application in LIBs. Based on various 

electrochemical analyses, their significance for anode applications was confirmed. 

Additionally, the BDAC was used for the preparation of AC/NiO composite, and its 

electrochemical and urea sensing performance were studied systematically. The 

suitability of prepared BDAC material for three major domains indicates they can be 

significant candidates for next-generation electrochemical applications. 

 This study highlights the advantage of BDAC beyond its electrochemical 

performance. As a sustainable option, BDAC utilises biomass waste and transform it 

into a value-added product. This action benefits in reducing the carbon footprint and 

significantly lowers the costs associated with various electrochemical devices.  

Additionally, the hierarchical features of BDAC can be customised through careful 

selection of biomass precursors, preparation methods, and post-treatment processes. 

Overall, BDAC is a transformative material that has the potential to make a significant 

impact in the field of electrochemical systems. Its high surface area and remarkable 

porous structure can lead to the development of high-performance, cost-effective and 

sustainable solutions in the field of energy storage and environmental monitoring.  

 



Introduction  

Synthesis of activated carbon from biomass waste and study of its suitability for applications in electrochemical systems  .                                     31    . 

1.5 Scope of the work 

 In this research, we are interested in synthesising BDAC-based electrodes for 

different electrochemical systems in an economical and environmentally friendly 

method. BDAC exhibits unique properties, including high surface area, excellent 

adsorption capacity, good electrical conductivity, and significant porosity. These 

characteristics significantly enhance the efficiency of these systems. Additionally, 

using biomass waste allows for the optimal utilisation of resources and reduces the 

carbon footprint associated with conventional AC production methods.  

 This study evaluates the effectiveness of BDAC-based electrodes in several 

electrochemical systems, including EDLCs, LIBs, and electrochemical sensors. The 

high porosity and large surface area of BDAC provide numerous sites for the adsorption 

and desorption of ions, enabling efficient charge storage in EDLCs. Additionally, the 

presence of micropores and mesopores enhances the rapid diffusion of ions, leading to 

high capacitance and improved energy storage performance. 

 BDAC-based anode materials in LIBs have garnered considerable attention due 

to their cost effectiveness, high availability, thermal stability, minimal environmental 

impact, high electrical conductivity, and stability in adverse chemical conditions. The 

effect of these anode materials on the formation of a stable SEI was also evaluated 

successfully. Moreover, BDAC facilitates the reversible intercalation and 

deintercalation of lithium ions during charge and discharge cycles, thereby enhancing 

the overall energy storage capacity of LIBs.  

 Additionally, the effectiveness of electrochemical sensors is often limited by 

the restricted accessible surface area of their electrode materials. Increasing this surface 

area by incorporating BDAC can significantly enhance the performance of the sensors, 

as it provides a conductive surface that facilitates the detection of target analytes 

through redox reactions or adsorption processes. Its high surface area allows a greater 

number of analyte molecules to interact with the electrode, thereby improving the 

sensitivity and overall performance of the sensor. 

This study highlights the potential of BDAC in different electrochemical 

systems and provides a sustainable solution for waste management in various sectors. 
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It demonstrates the feasibility of using the prepared BDAC in LIBs, EDLCs, and 

electrochemical sensors. Furthermore, the stability and cycle life of these systems are 

remarkable. The outstanding performance in these applications is attributed to their 

unique structural characteristics, including a large surface area and well-developed 

pore distribution. 
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Experimental Techniques 

 This chapter describes the procedure for synthesising activated carbon (AC) 

derived from various biomass sources and the methods used for material 

characterisation and electrochemical analysis. Characterising and assessing the 

electrochemical performance of the prepared AC samples is essential for evaluating 

their suitability for use in different electrochemical systems. Typically, characterisation 

of the electrode materials includes (i) Physicochemical characterisations to identify 

surface and structural morphology and (ii) the electrochemical performance of 

electrode material for various applications using different electrochemical 

characterisation techniques. Additionally, this chapter provides a comprehensive 

overview of techniques used to fabricate various electrochemical systems. 

2.1 Materials 

2.1.1 Selection of precursors for AC synthesis 

2.1.1.1 Anacardium occidentale (Seed shell waste) 

 Cashew (Anacardium occidentale) is one of India’s most important and widely 

cultivated crops. As the leading producer and processor of cashews globally, India 

plays a crucial role in the international market. The cultivation and processing of 

cashews are essential for the country’s agricultural economy, providing significant 

employment and economic benefits, especially in Kerala, where approximately 50% of 

India’s cashew processing units are located. Most of these processing units operate as 

small-scale or cottage industries.(1) 

 When processed, cashew nuts yield about 35-40% kernel and 55-65% shell, 

these shells are often discarded as waste. However, the cashew nutshell (CNS) has a 

unique soft honeycomb matrix structure, giving it a porous nature. The high porosity 

and large specific surface area of CNS make it a suitable candidate for conversion into 

AC. Additionally, cashew nut shells contain natural polymers: cellulose (11.50%), 

hemicellulose (7.35%), and lignin (7.45%), which contribute to improving the surface 

area of the AC produced from them. Furthermore, utilising CNS waste to create AC 
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can significantly reduce the environmental impact associated with these cottage 

industries.(2)  

 This approach provides an effective means of managing and recycling waste, 

contributing to pollution reduction and sustainability. Converting CNS waste into AC 

represents a sustainable and economically beneficial solution for managing agricultural 

waste in India’s cashew processing industry. It can help mitigate environmental 

pollution, create additional revenue streams, and promote the sustainable development 

of small-scale and cottage industries.(3) Figure 2.1 shows the cashew nut apple and the 

bisection of CNS. 

Figure 2.1 Cashew apple and cashew nut shell 

 CNS collected from local markets in Kerala, India was used as the precursor for 

the preparation of AC. The collected shell waste was washed thoroughly with distilled 

water to remove solid impurities and any residual organic materials. These shells were 

then dried and crushed into small pieces before initiating the synthesis of AC.  

2.1.1.2 Swietenia mahagoni (Fruit shell waste) 

 Mahogany (Swietenia mahagoni) is a typical evergreen tree found in different 

regions of India. These trees offer numerous therapeutic benefits and economic 

advantages. Additionally, mahogany is renowned for its high-quality timber.(4) The 

fruit of the mahogany tree is a woody, grey-brown capsule that measures 5 to 10 cm in 

length and 3 to 6 cm in width. These capsules are filled with winged seeds and take 
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approximately 10 to 11 months to mature.(5) The structure of mahogany fruits and their 

components are illustrated in Figure 2.2. 

Figure 2.2 Mahogany fruit and fruit shell (husk) 

 As the ripe mahogany fruits explode, the carpels (fruit shells) drop off, releasing 

their seeds. These mahogany fruit shells (MFS) are often considered as waste and pose 

a significant environmental threat. Currently, there is no effective method for their 

disposal, and they are commonly burned, which contributes to air pollution. This 

degradation of MFS presents a considerable challenge for sustainable environmental 

practices.(6) 

 However, the lignocellulosic composition of MFS, which contains 75.61% 

holocellulose (including cellulose and hemicellulose) and 13.54% lignin, is 

advantageous for producing a well-developed porous AC. Additionally, the high 

cellulose content in MFS enhances pore distribution and surface area. Highly porous 

MFS-based AC has a wide range of applications, including serving as an effective 

adsorbent for water remediation and biodiesel production. The use of MFS as a 

precursor for preparing AC is a sustainable attempt to address the effective disposal of 

MFS waste.(7,8)   

 MFS is collected from the campus of the Centre for Materials for Electronics 

Technology (C-MET), Thrissur, Kerala, India. The collected MFS is thoroughly 
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washed with distilled water to remove any solid residues and is then properly dried. 

Afterward, it is crushed to a desired size of around 4-6 mm before initiating the 

preparation of AC.  

2.1.1.3 Myristica fragrans Houtt. (Seed shell waste) 

 Nutmeg is a spice derived from the seed of the Myristica fragrans tree, which 

is native to several islands in Southeast Asia. This tree is a large, leafy evergreen plant. 

The fruit of nutmeg has a shape similar to an apricot, as the fruit matures, it splits into 

two parts. The nutmeg fruit contains both nutmeg and mace.(9) Nutmeg refers to the 

seed kernel inside the fruit, which is about the size of a plum, while mace is the reddish 

aril that surrounds the seed. Nutmeg is well known for its warm, sweet, and slightly 

nutty flavour. It has been used in culinary and medicinal applications for centuries. 

Whole nutmeg seeds have a hard, brown outer shell that needs to be grated or ground 

before use.(10)  

Figure 2.3 Nutmeg fruit and seed 

 India is a leading exporter of nutmeg, which holds significant economic value. 

Most of these exporting companies are located in Kerala. These industries primarily 

export nutmeg seeds and their maze, while the leftover shells from the shelling process 

are often regarded as waste. The disposal of these nutmeg shells (NMS) has become a 

significant challenge for these companies. Without an effective disposal strategy, the 

shells are often burned raising environmental concerns.(11) However, these shells 

contain a high lignin content, accounting for 50–59% of their total dry weight, along 
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with cellulose (11–28%) and hemicellulose (9–16%). This specific composition can 

lead to a well-developed pore distribution in AC produced from these shells. As a 

result, these waste shells can be utilised to produce highly porous AC with a large 

surface area, suitable for various applications.(12) 

 NMS waste is collected from exporting companies in Ernakulam, Kerala, after 

the kernels have been removed. The shells are thoroughly cleaned and washed to 

eliminate solid residues. After proper drying, these shells are crushed into a powdered 

form, which is then used for the preparation of AC. 

2.1.2 Chemicals used in the preparation of AC and other applications 

 All chemicals used for the preparation of AC were pure and of analytical grade. 

The chemicals listed below were utilised in this study without any further purification. 

Table 2.1 List of chemicals used in this study 

Chemical Name Manufacturer 

Potassium hydroxide (KOH) Merck Specialities Private Ltd., India 

Hydrochloric acid (HCl) Merck Specialities Private Ltd., India 

Polyvinylidene fluoride (PVDF) Sigma Aldrich Co, USA 

Carbon black Thermo Fisher Scientific Pvt. Ltd., India 

N-methyl pyrrolidone (NMP) Thermo Fisher Scientific Pvt. Ltd., India 

Sodium sulphate (Na2SO4) Merck Life Science Private Ltd., India 

Sodium nitrate (NaNO3) Merck Specialities Private Ltd., India 

Polyvinyl alcohol (PVA) Hi Media Laboratories Private Ltd., India 

Lithium hexafluorophosphate (LiPF6) Matlabs, India 

Nickel nitrate (Ni(NO3)2) Sigma-Aldrich Co., USA. 
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Sodium hydroxide (NaOH) Merck Specialties Private Ltd., India. 

Urea (CH₄N₂O) Merck Specialties Private Ltd., India. 

Uric acid (C5H4N4O3) Nice Chemicals Private Ltd., India. 

Ascorbic acid Sigma-Aldrich Co., USA. 

Glucose Merck Specialties Private Ltd., India. 

2.2 Preparation of AC from biomass precursor 

 The synthesis of biomass-derived AC (BDAC) using KOH as a chemical 

activating agent can be carried out in a single step. Figure 2.4 schematically represents 

the preparation method for the synthesis of BDAC. This process involves the 

impregnation of carbonaceous material in KOH, followed by carbonisation at relatively 

low temperatures. Selecting the appropriate carbon sources, such as nutshells, wood, 

or other biomass materials, is crucial for producing BDAC with desirable 

characteristics.(13)  

 

Figure 2.4 Preparation of AC from biomass waste 

 The carbonaceous material was first crushed to a suitable size and then mixed 

with a KOH impregnation solution, which was prepared by dissolving the required 

amount of KOH in distilled water. To ensure thorough impregnation, the mixture was 

continuously stirred, allowing the KOH solution to effectively penetrate the carbon 
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structure.(13,14) The impregnated material was then dried overnight at ambient 

temperature using an air oven and subjected to carbonisation at high temperatures 

ranging from 500°C to 800°C in an inert atmosphere. The use of inert gas such as 

nitrogen or argon is crucial during chemical activation, as it helps maintain the stability 

of activating agents, prevents the combustion of carbon material, improves yield, and 

ensures the development of a well-defined pore structure.(15)  

 The heating process induces chemical reactions between the carbon and KOH, 

leading to the formation of pores and the production of AC. After the activation 

process, the AC is washed to remove residual impurities and excess activating agents. 

This washing can be carried out using an acidic solution, followed by rinsing with 

distilled water. The filtered AC is then dried to remove moisture. The samples were 

then crushed, milled, or sieved to obtain the desired particle size suitable for specific 

applications.(16) 

 The overall mechanism involved in the KOH activation of biomass waste is 

described using Equations 2.1 to 2.4. The temperature during this preparation method 

significantly influences pore distribution present in the prepared BDAC. Initially, KOH 

begins to melt and creates a solid-liquid interface at a temperature of 360°C. This 

facilitates subsequent reactions, including the oxidation of carbon by KOH that 

produces metallic K, H2, and K2CO3, as well as the reaction between C and K2CO3 at 

higher temperatures.(17)  

6 KOH + 2 C→ 2 K + 3 H2 + 2 K2CO3      (2.1) 

K2CO3 + C → K2O + 2 CO        (2.2) 

K2CO3 → K2O + CO2         (2.3) 

2 K+ CO2 → K2O + CO        (2.4) 

 The chemical etching by KOH and K2CO3 creates a porous structure in AC. 

Additionally, the release of gases such as H2, CO2, and CO contributes to the porous 

structures in BDAC. The physical intercalation of metallic K also enhances the number 

of micropores in BDAC and at elevated temperatures, the oxygen-containing functional 
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groups are removed. KOH activation significantly enhances the creation of a uniform 

and well-developed microporous structure.(18)  

 In the present study, the synthesis of BDAC was carried out using KOH 

chemical activation. The crushed precursor was washed and dried to remove solid 

impurities. The dried carbonaceous precursor was then impregnated with KOH at 

different activation ratios, specifically weight ratios of biomass waste to KOH of 1:1, 

1:2, and 1:3. This impregnation was achieved through mechanical stirring for 2 hours. 

The activated samples were subsequently carbonised for 1 hour in a tubular furnace 

under a continuous supply of argon (99.99%) at a flow rate of 1 L/min. The 

carbonisation took place at various temperatures (500 °C, 600 °C, 700 °C, and 800 °C) 

at a heating rate of 5 °C/min. After carbonisation, the materials were washed with 0.1 

M HCl and dried overnight at a temperature of 100 °C.  The AC samples were then 

stored as fine powders which is further utilised for different characterisation studies 

and for application in various electrochemical systems. The activation ratio and 

carbonisation temperature were optimised based on the material and electrochemical 

characterisations discussed in the subsequent sections.(16,19) 

2.3 Synthesis of AC/NiO composite 

 The AC/NiO composite is prepared using the co-precipitation method, as 

illustrated in Figure 2.5. For this study, AC derived from nutmeg shell waste was 

utilised.  

Figure 2.5 Schematic of synthesis of AC-NiO composite materials 

This technique ensures a uniform distribution of NiO nanoparticles on the surface 

of AC. This enhances the surface characteristics, including the area and the number of 

active sites, which improves the reactivity and overall performance of the electrode 
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material. Furthermore, the process is scalable, cost-effective, and straightforward, 

making it suitable for large-scale applications.(20) 

Initially, AC and Ni(NO3)2 (in water) were mixed in a beaker to form a 

homogeneous dispersion. NaOH is then added in a weight ratio of Ni(NO3)2 to NaOH 

of 1:2. This mixture is washed, filtered and dried in an air oven at 120 °C. Following 

this, the samples are subjected to calcination in a tubular furnace at 300 °C, 400 °C, 

and 500 °C for one hour with continuous argon (Ar, 99.99%) supply.(21) The as-

prepared AC/NiO composites were then grounded into fine powder and used for further 

studies. Various AC/NiO composites were prepared with AC: NiO ratios of 70:30, 

80:20, and 90:10.  

2.4 Physicochemical characterisation of materials 

The characterisation techniques used for structural and surface studies are X-

ray diffraction (XRD) analysis, scanning electron microscopy (SEM) analysis, Raman 

spectroscopy, N2 adsorption-desorption isotherm, Brunauer-Emmett-Teller (BET) 

surface area analysis, Barrett-Joyner-Halenda (BJH) method, t-plot method, Fourier 

transform infrared spectroscopy (FTIR), thermogravimetry/differential thermal 

analyses (TG/DTA), X-ray photoelectron spectroscopy (XPS) and transmission 

electron microscopy (TEM). 

2.4.1 X-ray diffraction (XRD) 

 XRD is an essential analytical technique used to investigate the crystallographic 

structure of materials. This method depends on the interaction between X-rays and the 

crystal lattice, which results in constructive interference of the diffracted X-rays. XRD 

can also be employed to analyse non-crystalline or amorphous materials.(22) While 

these materials do not generate sharp diffraction peaks, XRD can still provide insights 

into short-range ordering and average atomic distances. The relationship between 

angles and intensities of diffracted X-rays provides insights into the structure, 

composition, and properties of the material under study.(23)  

 AC generally shows an amorphous structure, but it also contains regions that 

display graphitic characteristics. XRD can identify these graphitic structures by 
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detecting characteristic diffraction peaks corresponding to (002) diffraction plane of 

graphite around 2θ ≈ 26⁰. Additionally, the (100) graphitic plane is observed from peaks 

around 42°. The broadening of diffraction peaks is usually related to the disorder or 

amorphousness in AC.(17) Additionally, XRD can measure the interlayer spacing in 

graphitic regions, which affects the ion intercalation properties essential for the 

performance of electrochemical capacitors and batteries. XRD can identify and 

quantify the phases present in AC composites or doped materials. This information is 

vital for understanding how different components contribute to the electrochemical 

behaviour of AC.(18) Therefore, XRD provides comprehensive insights into the 

structural properties, including crystallinity, graphitic content, crystallite size, degree 

of disorder, and phase composition. These results are essential for optimising the 

material's performance in electrochemical applications.(24) Figure 2.6 illustrates the 

instrumentation setup of XRD. 

Figure 2.6 XRD instrumentation setup 

 In the present study, the prepared materials were subjected to XRD analysis 

using Rigaku Ultima IV (Rigaku Corp., Japan), which utilises CuKα radiation with a 

wavelength of 0.15418 nm. The X-ray generator was operating at 40kV and 30mA. 

The angle 2θ was measured over a range of 2° to 90°, with a scanning speed of 2° per 

minute.  
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2.4.2 Scanning electron microscopy (SEM) 

 SEM is a powerful technique that provides high-resolution images that reveal 

the detailed surface features of electrode materials, such as surface morphology, 

porosity, particle size, surface texture, elemental composition, and defects. These 

insights are essential for understanding how the material interacts with electrolytes, 

which is crucial for enhancing its electrochemical performance.(25) Figure 2.7 

illustrates the schematic of a standard SEM analysis.  

Figure 2.7 Schematic diagram of Scanning Electron Microscope 

 SEM can visualise pore distribution in the material surface that facilitates ion 

transport pathways, which are vital for charge storage and transfer processes. Energy-

dispersive X-ray Spectroscopy (EDAX) along with SEM is useful in understanding the 
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elemental composition and spatial distribution of elements within the electrode 

material. This capability is particularly beneficial for identifying and quantifying 

dopants, binders, and other additives that may alter the electrochemical properties.(26) 

 The study utilises a Carl Zeiss EVO18 SEM (Carl Zeiss Microscopy Ltd., 

Germany) equipped with an energy-dispersive X-ray spectrometer attachment, model 

EDAX, to analyse the surface morphology and elemental composition of the prepared 

samples. Before analysis, the samples were coated with a gold-palladium alloy using a 

Quorum sputter coater (model SC7620). This coating process was conducted at a 

current of 10 mA and a vacuum of 10-2 mbar for 150 seconds.  

2.4.3 Raman spectroscopy  

 Raman Spectroscopy is a powerful analytical technique used to study detailed 

information about the molecular composition, structure, and interactions of materials. 

The technique relies on the inelastic scattering of monochromatic light, typically from 

a laser. Various carbon structures in materials, such as graphitic and amorphous carbon 

can be identified using Raman spectroscopy. The Raman spectrum of carbon materials 

shows two prominent peaks: D band (around 1350 cm⁻¹) and the G band (around 1580 

cm⁻¹). The D band is associated with disordered or defective carbon structures, while 

the G band corresponds to graphitic or ordered carbon structures.(27)  

  

Figure 2.8 Raman spectrophotometer setup 
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 The intensity ratio of these bands (ID/IG) is used to quantify the level of disorder 

and density of defects within the carbon structure. Additionally, Raman spectroscopy 

gives insights into the functional groups and chemical modifications present in the AC 

surface. Typically, smaller graphitic domains lead to broader and more intense D bands, 

while larger graphitic regions will exhibit more pronounced G bands. Raman 

spectroscopy can also reveal shifts in these bands, indicating mechanical stability of 

the electrode material under various electrochemical conditions. This information is 

essential for optimising the material's properties for specific electrochemical 

applications.(28) Figure 2.8 provides the instrumentation setup of a Raman 

spectrometer.  

 Raman spectroscopy for this study was conducted using a Renishaw InVia 

Reflex Raman spectrometer equipped with a 532 nm laser at room temperature. The 

Raman spectrometer identifies graphitic or disordered structures and helps determine 

the capabilities of AC-based electrode materials for applications in various 

electrochemical systems. 

2.4.4 Surface area analysis 

 Surface area analysis is crucial in enhancing the adsorption capacity, catalytic 

activity, energy storage capabilities, and overall performance of electrode materials in 

various industrial and environmental applications. Understanding and controlling 

surface area ensures that AC meets the specific needs of efficient, diverse applications. 

Techniques such as nitrogen adsorption-desorption isotherm, BET method, BJH 

theory, and t-plot method are typically employed for identifying various pore structure 

parameters of AC.(29)   

2.4.4.1 Nitrogen adsorption-desorption isotherm 

 Nitrogen adsorption-desorption isotherms are widely used in surface science to 

analyse pore structure and surface characteristics of various materials. The amount of 

nitrogen gas adsorbed onto the surface of a material at different relative pressures is 

measured to understand the surface area and pore distribution in the materials under 

study.(30)  
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Figure 2.9 The IUPAC classification of adsorption isotherms 

 Nitrogen adsorption-desorption isotherms are obtained by exposing a sample to 

nitrogen gas at liquid nitrogen temperature (77 K) and measuring the amount of gas 

adsorbed as the pressure increases. After reaching a maximum pressure, the pressure is 

then decreased to measure desorption. The results are represented in the form of 

isotherm plots between the volume of nitrogen adsorbed (or desorbed) and the relative 

pressure (P/P₀), where P is the equilibrium pressure and P₀ is the saturation vapour 

pressure of nitrogen.(31) 

 According to IUPAC classifications, these isotherms (Figure 2.9) are classified 

into six, each associated with different pore structures. Type I or Langmuir Isotherm is 

a characteristic isotherm for microporous materials (pores < 2 nm). These isotherms 

show rapid initial adsorption at low P/P₀ followed by a plateau as the pores fill. In 

contrast, the type II isotherm shows a linear region at intermediate P/P₀ associated with 

the monolayer-multilayer adsorption corresponding to non-porous or macroporous 

materials. The type III isotherm with no distinct plateau, indicates continuous 

multilayer adsorption due to weak adsorbate-adsorbent interactions. The mesoporous 

materials usually exhibit a type IV isotherm with a hysteresis loop due to capillary 

condensation within the available mesopores (pores 2-50 nm). Type V isotherms are 

similar to type III but with a hysteresis loop, indicating weak adsorbate-adsorbent 
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interactions in mesoporous materials. Whereas, type VI isotherm is often seen in 

uniform non-porous surfaces suggesting stepwise multilayer adsorption.(30,32) 

Figure 2.10 The four types of hysteresis loops classified by IUPAC 

 The hysteresis loop in isotherms indicates the presence of mesopores and 

provides information about the pore shape and connectivity of the material. These loops 

arise due to differences in adsorption and desorption pathways, generally, four types of 

hysteresis loops (H1, H2, H3, H4) are associated with different pore structures and 

adsorption mechanisms. Figure 2.10 displays the hysteresis loops classified by IUPAC. 

Type H1 hysteresis reflects a relatively narrow pore size distribution.  They have sharp, 

nearly vertical adsorption and desorption branches usually associated with materials 

having uniform, cylindrical pores or well-defined mesopores.(33) A more complex 

loop with a steep adsorption branch and a more gradual desorption branch is ascribed 

to the type H2 hysteresis. These indicate complex pore systems, such as interconnected 

networks or pore-blocking mechanisms, are often found in materials with irregularly 

shaped pores or pore networks.(14)  Additionally, type H3 has no distinct adsorption 

plateau and exhibits a nearly vertical desorption branch. These hysteresis loops are 

common for materials with non-rigid or layered structures representing slit-shaped 

pores or aggregates of plate-like particles. Similar to H3, the H4 type shows a more 

pronounced low-pressure hysteresis indicating narrow slit-like pores or microporous 

materials with limited mesoporosity.(13) 
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 The N2 adsorption-desorption isotherms provide information about the surface 

area, pore size distribution, and pore volume of the AC-based electrode materials, 

which are crucial for their performance in electrochemical systems. AC usually exhibits 

type I and type IV isotherms. These isotherms indicate the presence of micropores with 

a high surface area and mesoporous materials, respectively. AC often shows H4-type 

hysteresis loops in their isotherms, indicating the presence of slit-like pores or a 

combination of micropores and mesopores.(22) 

2.4.4.2 Brunauer, Emmett, and Teller (BET) surface area analysis 

The BET surface area analysis technique measures the specific surface area of 

porous materials by analysing the physical adsorption of gas molecules. It is 

extensively used as it offers detailed insights into surface properties. The BET theory 

describes monolayer adsorption, to multilayer adsorption. The theory assumes that gas 

molecules physically adsorb onto a solid in layers, with the first layer being adsorbed 

directly onto the solid surface and subsequent layers forming on top of it.(32) The BET 

equation derived from these assumptions is given by 

ଵ

௏×ቀ
೛₀

೛
ିଵቁ

=
௖ିଵ

௏ₘ ௖
×

௣₀

௣
+

ଵ

௏ₘ ௖
       (2.5)  

where v is the volume of adsorbed gas, p is the equilibrium pressure of the adsorbate, 

p0 is the saturation pressure of the adsorbate, vm is the volume of gas required to form 

a monolayer, and c is the BET constant, related to the energy of adsorption. The plot 

between  
ଵ

௏×ቀ
೛₀

೛
ିଵቁ

 and 
௣₀

௣
  should yield a straight line, with slope S given by 𝑆 =

௖ିଵ

௏ₘ ௖
 

and intercept I as 𝐼 =
ଵ

௏ₘ ௖
. From these values, Vm and c can be determined. For greater 

accuracy, the BET equation is typically applied in the relative pressure range of 0.05 

to 0.35.(23) The total surface area is calculated using the following equation: 

𝐴௧௢௧௔௟ = 𝑉௠ × 𝑁஺ × 𝑠        (2.6) 

Here 𝑁A is Avogadro's number, s is the cross-sectional area of the adsorbate molecule 

(for nitrogen, it is typically 0.162 nm²), and Vm is the molar volume of the adsorbate 

gas at standard temperature and pressure.(14) For a sample of mass m, the specific 

surface area is given by the following equation, 
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𝐴 =
஺೟೚೟ೌ೗

௠
         (2.7) 

2.4.4.3 Barrett-Joyner-Halenda (BJH) method 

 BJH method provides insights into the mesoporous structure by evaluating the 

volume of nitrogen adsorbed and desorbed at various relative pressures. The pore size 

distribution, pore volume, and surface area contributions of mesopores can be analysed 

using BJH theory. The BJH method is based on the Kelvin equation, which relates the 

pore radius to the pressure at which capillary condensation occurs. The calculation of 

pore size distribution is based on the desorption branch of the isotherm. As mesopores 

are very common in activated carbon, the BJH theory is frequently used for their study. 

The BJH method can also be applied to predict cumulative pore volume and average 

pore diameter.(13)  

2.4.4.4 The t-plot method 

 The t-plot method is a classical technique used for distinguishing between 

micropore and mesopore volumes in porous materials. It also provides insights into the 

external surface area and total pore volume. The t-plot represents the volume of gas 

adsorbed (usually nitrogen) against the thickness of the adsorbed gas layer. The 

thickness is calculated using a reference isotherm, typically from a non-porous 

material, as a function of relative pressure. The slope and intercept of the linear portion 

of the t-plot provide information about the external surface area and micropore volume. 

The values of micropore volume, external surface area, and total pore volume can be 

estimated from the t-plot. Moreover, the linear region in the plot represents multilayer 

adsorption on the external surface and deviation from linearity indicates the filling of 

micropores. In this way, the t-plot method is a simple yet effective tool for analysing 

the microporous structure of materials like AC.(14) 

 In the present study, surface area analysis was carried out using a surface area 

analyser BELsorp MAX, BEL Japan Inc., Japan. The analysis gives insights into 

surface area, pore distribution, etc. During analysis, the materials are degassed to 

remove contaminants such as moisture and organic impurities that can affect adsorption 

measurements through heating the sample under a vacuum or in an inert gas flow. After 

degassing, the samples are exposed to a known quantity of adsorbate gas (usually 
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nitrogen) at liquid nitrogen temperature (77 K). The amount of gas adsorbed is 

measured at various relative pressures. These data are used for understanding the 

structure properties including pore distributions, surface area, and pore volume. 

2.4.5 Fourier Transform Infrared Spectroscopy (FTIR) 

 FTIR is an essential technique for identifying various functional groups 

available in materials under study. This method relies on the differences in vibrational 

energy associated with the fundamental vibrational modes of different chemical bonds. 

The spectra are typically recorded within the fingerprint region, which ranges from 600 

to 1900 cm⁻¹. Figure 2.11 illustrates a typical FTIR spectrometer with a beam splitter, 

a fixed mirror, and a moving mirror as key components. FTIR also highlights the dipole 

moment and force constants of various fundamental vibrational modes of the 

molecules.(34) 

  

Figure 2.11 Instrumentation of FTIR 

 In the present study, all FTIR analyses of all samples were carried out using the 

KBr pellet technique with an FTIR spectrometer (IR Spirit-T, Shimadzu, US). The 

analysis was carried out by mixing materials and KBr in a 5:95 weight ratio. The FTIR 

spectra confirm the presence of diverse functional groups corresponding to 

characteristic vibrational frequencies. 
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2.4.6 Thermogravimetry and Differential Thermal Analyses 

(TG/DTA) 

 TG and DTA are crucial techniques for analysing the thermal behaviour of 

biomass precursors of AC. These methods provide valuable insights into the thermal 

stability, decomposition processes, and phase transitions in the precursors, which are 

essential for optimising the activation process and enhancing the properties of the 

resulting AC.(35) 

 TG measures the change in mass of a biomass sample as a function of 

temperature or time under a controlled atmosphere (e.g., inert, oxidative). This 

technique helps identify the temperatures at which different components in the biomass 

decompose, volatilise, or oxidise. DTA measures the temperature difference between a 

biomass sample and an inert reference material. It detects endothermic and exothermic 

events, providing insights into the thermal transitions and reactions occurring within 

the sample.(36) The typical TG/DTA equipment is displayed in Figure 2.12. 

Figure 2.12 Schematic diagram of a typical TG/DTA equipment 

 The mass loss during the TG analysis suggests the decomposition temperatures 

of various biomass components such as hemicellulose, cellulose, and lignin. DTA 

complements TGA by indicating whether the decomposition processes are endothermic 

or exothermic. Figure 2.13 represents a typical TGA/DTA curve for biomass. The 

initial mass loss at lower temperatures (up to ~150°C) is often attributed to the 

evaporation of moisture and low-boiling-point volatiles.(37) Quantifying this loss is 
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essential for understanding the drying requirements of the biomass before activation. 

Typically, hemicellulose decomposes between 200-300°C, cellulose between 300-

400°C, and lignin over a broader range (200-500°C) due to its complex structure. In 

addition, the final mass remaining after high-temperature treatment (above 600°C) 

indicates the yield of char, which is the precursor for AC. This helps in evaluating the 

efficiency of carbonisation.(36) 

Figure 2.13 Typical TG/DTA curve for biomass (37) 

 In the current work, a thermogravimetric analyser, SDT Q600 (TA instruments, 

USA) was employed for TG/DTA analysis to understand the thermal degradation 

behaviour of pristine biomass precursors. The analysis was carried out under N2 

atmosphere for a temperature range of 30-1000 °C at a heating rate of 10 °C min–1, and 

the sample loading was around 5-20 mg. The TG/DTA curves help to choose 

carbonisation temperatures appropriately.  

2.4.7 X-ray photoelectron spectroscopy (XPS)  

 XPS is a powerful and surface-sensitive quantitative spectroscopic technique. 

It provides valuable information about the elemental composition, chemical states, 

empirical formulas, and electronic structures of materials. The technique operates by 

irradiating a material with X-rays, which causes the ejection of electrons. Figure 2.14 

represents a schematic diagram of an X-ray photoelectron spectroscope. By measuring 

the energy of these emitted electrons, detailed information about the atoms from which 

they originated can be obtained. XPS is commonly used for analysing surface layers 

and thin film coatings of various materials.(38) 
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 Figure 2.14 Schematic diagram of an X-ray photoelectron spectroscope 

Each element has distinctive binding energy values and the changes in binding 

energy can reveal information about their oxidation states and chemical bonding. XPS 

usually analyses the top 5 to 10 nm of a material and determines the atomic 

concentration of elements by integrating the areas under the peaks. This technique 

enables elemental quantification with an accuracy of ±10%.(39) 

 The C 1s and O 1s spectra of AC samples give valuable insights into the 

structural properties that improve their feasibility for various applications in 

electrochemical systems. The XPS analysis of the AC/NiO composite material 

provides information about the oxidation state of nickel in NiO (Ni²⁺ vs. Ni³⁺). This 

analysis also confirms the presence of C–C, C–O, and C=O bonds and identifies surface 

changes after urea adsorption. In this study, the PHI Versaprobe III X-ray photoelectron 

spectrometer (ULVAC-PHI Inc., USA), which is equipped with a micro-focused (200 
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μm, 15 kV) monochromatic Al-Kα X-ray source (hν = 1486.6 eV), was used to explore 

the surface elemental composition and chemical states of the prepared materials. 

2.4.8 Transmission electron microscopy (TEM) 

 TEM is widely used to provide ultra-high-resolution imaging, structural 

analysis, and elemental characterisation at the nanoscale and atomic level. TEM is 

useful for understanding various characteristics of materials, including their shape, 

size, porosity, and defect structures, such as dislocations, grain boundaries, and 

stacking faults.(37) These images provide visual clarity related to the pore distribution 

in the materials under study. These observations can back up the predictions of surface 

area analysis to a great extent. TEM images of the samples in this research were 

obtained using HRTEM (Jeol/JEM 2100, USA) at an accelerating voltage of 200 kV. 

Figure 2.15 Schematic diagram of a transmission electron microscope 

 All prepared BDACs and composite materials were primarily examined using 

these characterisation techniques to gather information on their morphology, structure, 

pore distribution, particle size, crystallinity, etc. 
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2.5 Electrode preparation  

2.5.1 Modified working electrode (WE) in a three-electrode system 

 Modified glassy carbon electrodes (MGCEs) were utilised for three electrode 

analyses of prepared BDAC materials. A uniform slurry was prepared using BDAC, 

PVDF as the binder, and carbon black as the conductive additive mixed in a weight 

ratio of 8:1:1 in the solvent NMP. Ultrasonic vibration was used to achieve a 

homogeneous mixture. For the electrochemical studies using a three-electrode 

configuration, 2 μL of the slurry was applied to the WE and dried for 5 minutes under 

an infrared lamp.  

 

Figure 2.16 Three-electrode setup for the electrochemical analysis 

The mass loading of the active electrode material was around 2-4 mg cm-².(19) Figure 

2.16 displays the three-electrode configuration used for electrochemical analysis. 

2.5.2 Supercapacitor electrode 

 A homogeneous slurry was prepared by mixing prepared BDAC material, 

carbon black, and PVDF at a weight ratio of 8:1:1 in the solvent NMP using a magnetic 

stirrer. This slurry was then coated onto an aluminium current collector with a thickness 

of 30 µm. The tape-casting method was employed to create uniformly coated 

electrodes, with the doctor blade gap optimised to 350 µm, resulting in casted 

electrodes with a thickness of 80 µm. After casting, the electrodes were dried in a 
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vacuum oven at 150 °C. The mass loading achieved was between 2 and 4 mg cm-². 

Finally, the prepared electrodes were slitted or punched into the desired dimensions 

and shapes.(16) 

2.5.3 Anode in Li-ion Batteries 

 A homogeneous slurry consisting of ACNM, PVDF, and carbon black in an 

80:10:10 weight ratio, using NMP as the solvent. For the fabrication of the anodes, a 

copper foil with a thickness of 40 µm was used as the current collector. The tape-casting 

method was employed to fabricate uniformly coated anodes. The casted electrodes 

were dried in a vacuum oven at 150 °C to remove excess solvents. The dried electrodes 

were punched into discs with a diameter of 20 mm. The mass loading of the active 

material was 2 mg cm−2. These punched anodes were subsequently used for the 

assembly of anode half-cells. 

2.5.4 Electrode for electrochemical sensors 

 An MGCE was used to evaluate the suitability of as-prepared AC-NiO 

composite electrochemical sensor applications. A homogenous slurry was prepared 

using a mixture of AC-NiO composite and PVDF in a 90:10 weight ratio. NMP served 

as the solvent, with a loading concentration of 20%. The active material was then 

applied to the glassy carbon electrode using a micropipette and dried under an infrared 

lamp. The mass loading of the active material on the MGCE was maintained between 

5 and 10 mg cm-² to ensure optimal efficiency and performance. The MGCE was used 

as WE in a three-electrode configuration without further modifications. 

2.6 Fabrication of Various Electrochemical Systems 

2.6.1 Fabrication of Symmetric Supercapacitor (SSC) 

 The symmetric supercapacitor (SSC) was fabricated by assembling two 

CNSAC-700-based electrodes to serve as both the positive and negative electrodes, 

with a separator placed between them. Aluminium foil was used as the current 

collector, and a porous cellulose membrane functioned as the separator. Coin cells of 

type 2025 with dimensions 20×2.5 mm were used to fabricate SSC. The electrodes 
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were prepared using the tape-casting method as previously described. The SSC utilised 

1M Na2SO4 and 10m NaNO3 as electrolytes. The assembling was carried out inside a 

glove box. Figure 2.17 describes the arrangement. They were named SSC-Na2SO4 and 

SSC-NaNO3 respectively.(15) 

Figure 2.17 Schematic representation of SSC 

2.6.2 Assembling of Flexible Supercapacitor (FSC)  

The flexible supercapacitors (FSCs) were fabricated using MSAC-2-700 as 

the electrode material. The electrode was slitted into a dimension of 2×4 cm. 

PVA|Na2SO4-based gel polymer electrolyte was prepared with 10 wt% PVA and 0.1 

M Na2SO4. The obtained GPE film has a thickness of around 200 μm. The GPE (2×4 

cm) was then placed between the two electrodes to complete the fabrication.  

 

Figure 2.18 Schematic representation of FSC 
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No separator was used in this procedure; the GPE also served as the separator. 

The entire assembly was completed inside a glove box to ensure a controlled 

environment. These fabricated FSCs (Figure 2.18) were subjected to various 

electrochemical characterisation techniques to understand their electrochemical 

efficiency.(19) 

2.6.3 LIB Half-cell Fabrication 

 The fabrication procedure for anodes is described in detail in subsection 2.5.3. 

The punched ACNM-based electrode and 45 µm-thick lithium disc were used as anode 

and cathode, respectively, for the assembled half-cell. Solupor®, a microporous 

polyethylene (PE) membrane, is used as a separator in this study. The separator soaked 

in the LiPF6 electrolyte is sandwiched between these electrodes.  

 

Figure 2.19 Schematic representation of LIB half-cell 

This entire assembly was then inserted in the coin cell of type CR2025. The 

half-cell assembly process was conducted inside a glovebox filled with argon gas, 

ensuring that the anode half-cells were manufactured under controlled conditions. 

Figure 2.19 represents the schematic presentation of the fabricated anode half-cells. 

Subsequently, the half-cells were subjected to various electrochemical techniques. 
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2.6.4 Electrochemical Sensor for Urea Detection 

 The suitability of as-prepared AC/NiO for urea sensing applications was studied 

using a three-electrode configuration. In this study, MGCE was used as the WE, with 

an Ag/AgCl reference electrode and a platinum rod as the counter electrode. The 

electrochemical characterisations were performed with 0.1 M KOH as the supporting 

electrolyte for a potential window of 0-0.8 V.  

2.7 Electrochemical Characterisations 

 Electrochemical analysis is based on the electrochemical reactions that occur 

within a medium and are related to structural changes, chemical composition, or 

concentration. The electrochemical characterisation techniques include qualitative and 

quantitative methods for effectively analysing the electrochemical system under study. 

Commonly used electrochemical characterisation techniques include cyclic 

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

impedance spectroscopy (EIS). Additionally, this study utilised scanning 

electrochemical microscopy (SECM) to investigate the surface current profile of the 

anode before and after cycling experiments.(40) 

2.7.1 Cyclic voltammetry (CV) 

 CV is a widely used potential sweep method to study the redox reactions in an 

electrochemical system by analysing the current response at various potentials. The 

peaks observed in the CV curves reflect the redox behaviour of the material and its 

electrochemical activity within the system. An increase in current values indicates a 

higher charge transfer associated with the redox reactions occurring in the system. 

Conversely, a decrease in current values typically signifies a reduction in the mass 

transfer rate due to the depletion of reactant species at the electrode surface.(41) 

 CV analysis is typically conducted by applying a potential at a constant rate, 

starting from an initial potential (Ei) and moving to the first vertex potential (E1). The 

process continues until it reaches the second vertex potential (E2), after which it returns 

to the initial potential to complete the cycle. These CV loops illustrate the redox 
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reactions and their reversibility. The peak current values observed in a CV depend on 

the scan rate employed during the experiment.(42)  

 In an ideal EDLC system, the CV curve exhibits a quasi-rectangular shape. The 

CV curve without any redox peaks, even at low scan rates, indicates the formation of 

the electric double layer in the SC system. Furthermore, the reversibility of the curves 

indicates a fast electrochemical response in the systems. Since the current is 

proportional to both capacitance and scan rate in a supercapacitor system, the value of 

specific capacitance is calculated using the equation  

𝐶௦௣ =
∫ ூ×ௗ௏

ଶ×௩×∆௏×௠
        (2.8) 

where ∫ 𝐼 × 𝑑𝑉 represent the integral area under the CV curve, 𝑣 is the scan rate, ∆𝑉 

is potential window and m represents the weight of active material.(43) 

 The CV of batteries shows peaks related to the redox reactions in the system. 

The value of the specific capacity can be calculated using the equation 

𝑄 =
∫ ௜(௏)ௗ௏

ೇభ
ೇమ

ଶ×ଷ.଺×௠×௩
                        (2.9) 

where Q is the specific capacity (mAhg-1), ∫ 𝑖(𝑉)𝑑𝑉
௏భ

௏మ
 is the total charge storage, m is 

the mass of active material and v represents the scan rate.(44) 

 In these sensor systems, the peak current observed in CV associated with the 

redox reaction increases with increasing scan rate. Additionally, the peak current also 

rises linearly with increasing concentration of the analyte, which can be used to 

determine the unknown concentration of the analyte material through CV analysis. The 

lower limit of detection (LOD), limit of quantification (LOQ), and sensitivity are key 

metrics that quantitatively represent the efficiency of sensors. These parameters can be 

calculated from the equations 

𝐿𝑂𝐷 =
ଷ×ௌ

௠
         (2.10) 

𝐿𝑂𝑄 =
ଵ଴×ௌ

௠
         (2.11)  
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and 

Sensitivity=
௠

஺
         (2.12)  

where S is the standard deviation of the response, m is the slope of the calibration plot 

and A is the surface area of MGCE.(45)  

 In the present research, CV analysis was conducted using an SP300 workstation 

from Biologic Science Instruments (France). The CV analysis of BDAC materials was 

performed at various scan rates within a fixed potential window. The anode half-cell 

was tested at a scan rate of 0.1 mVs-1 over a voltage range from 0 to 3 V. 

2.7.2 Galvanostatic charge-discharge (GCD) 

 GCD is a significant chronopotentiometric technique commonly employed to 

evaluate the performance of various electrochemical energy storage systems by 

providing insights into their capacity, capacitance, energy, power, efficiency, and 

cycling stability. During GCD analysis, a constant current is applied to WE in both 

forward and reverse directions.(13) The diffusion-controlled redox processes in the 

system typically exhibit plateaus at the potentials corresponding to the current peaks 

observed in CV curves. Ideal EDLCs show linear and triangular GCD curves, whereas 

battery systems exhibit nonlinear and asymmetrical GCD curves. The linear GCD 

curves in EDLCs suggest that charge is stored independently of electrochemical 

potential.(46) 

 The value of capacitance can be obtained from the discharge curve of GCD 

analysis. The values of specific capacitance (Csp) can be calculated using the following 

equations: 

For three-electrode systems, 

𝐶௦௣ =
ூ× ∆௧

௠×∆௩
         (2.13) 

 where I, m, Δt, Δv represent the current, active material’s mass, discharge time, and 

potential range respectively. 

For two-electrode systems, 
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𝐶௦௣ =
ସ×ூ× ∆௧

௠×∆௩
         (2.14) 

where ΔV, I, Δt, m represent the voltage difference between the beginning and end of 

discharge curves, current, time taken for complete discharge, and the total weight of 

two electrodes used respectively.(47) 

The values of energy density and power density of an EDLC system can be 

calculated using the equations: 

Energy density, 𝐸 (𝑊ℎ𝑘𝑔ିଵ) =
଴.ହ×஼ೞ೛×௏మ

ଷ.଺
     (2.15) 

Power density, 𝑃 (𝑊𝑘𝑔ିଵ) =
ଷ଺଴଴×ா

௧
      (2.16) 

 The value of capacity (mAh) is a crucial parameter for the performance of the 

battery material. This indicates the charges stored/delivered in the battery systems 

which can be calculated from the GCD curve by multiplying current and 

charge/discharge time.(48)  

 In this study, the capacitive properties of the prepared BDAC materials were 

analysed using GCD at various current densities, along with cycle tests for 10000 

charging-discharging cycles at a current density of 20 Ag-1. The potential of anode half-

cells was also subjected to GCD analysis over a voltage range of 0-3 V at current rates 

of 0.1C, 1C, 2C, 3C, 4C and 5C. Additionally, a cycle stability test was conducted for 

200 charging and discharging cycles at a current rate of 2C.  

2.7.3 Electrochemical impedance spectroscopy (EIS) 

 EIS is an analytical technique used to study the variation in impedance with 

alternating voltage across different frequencies. It provides insights into the charge 

storage mechanisms within a system and the kinetics of charge transfer related to redox 

reactions and diffusion processes. The results of EIS are typically represented in two 

types of plots i) Nyquist plot: This plot displays the negative imaginary impedance (–

Z'') values against the real component of impedance (Z'). In a Nyquist plot, data from 

lower frequencies appear on the right side, while higher frequencies are on the left. ii) 

Bode plot: This is a double-axis plot representing the frequency response for the 
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electrochemical system under study. The frequency values are plotted on a common x-

axis, while the magnitude of impedance and phase angle are shown on the y-axis. 

Typically, the frequency and impedance magnitude are presented on a logarithmic 

scale, while the phase angle is represented on a linear scale.(49) The value of the 

impedance is generally represented as a complex function,  

𝑍(𝜔) =
ா೟

ூ೟
= 𝑍଴𝑒𝑗𝜙 = 𝑍଴(cos 𝜙 + 𝑗 sin 𝜙)     (2.17)  

where the potential is 𝐸௧ = 𝐸଴𝑒𝑗𝜔𝑡 and current is 𝐼௧ = 𝐼଴𝑒(𝑗𝜔𝑡−𝜙) 

 The value of overall impedance is obtained from Nyquist plots using the 

equation, 

𝑍(𝜔) = 𝑍ோ௘ − 𝑗𝑍ூ௠        (2.18) 

 Here, Z(ω), ZRe, and ZIm represent angular momentum-dependent impedance, 

the real and imaginary parts of Z(ω), respectively. The symbol j represents the 

imaginary unit (√−1). Figure 2.20 displays several equivalent circuits and their 

corresponding Nyquist plots. By analysing these plots, we can predict the behaviour of 

the system.(49)  

Figure 2.20 Equivalent circuits and their corresponding Nyquist plots (49) 
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 The fundamental elements of electrical equivalent circuits for typical 

electrochemical systems include ohmic resistance (R), capacitance (C), constant phase 

element (CPE), and Warburg impedance (W). Here, R represents the transport of the 

charge carriers that occurs across interfaces or through thin layers. The value of R is 

independent of frequency and has no phase shift. C indicates the separation of charge 

carriers due to interfaces, exhibiting a phase shift of -90° between the current and the 

applied voltage. Its corresponding impedance is inversely related to frequency. On the 

other hand, the CPE is linked to non-ideal capacitive behaviour, which arises from the 

heterogeneity of the bulk material or its surface. CPE exhibits a phase shift that ranges 

from purely resistive (0°) to purely capacitive (-90°). W is associated with diffusion-

controlled processes. The infinite Warburg element has a constant phase shift of -45°, 

while the finite Warburg element exhibits a phase shift between 0° and 45°.(50) 

  

Figure 2.21 Randles circuit and corresponding Nyquist plot (51) 

The Nyquist plot provides a detailed illustration of the charge transfer 

mechanism of the system being studied. For example, Figure 2.21 depicts the Randles 

circuit and the corresponding Nyquist plot. Here, Ru represents the solution resistance, 

Cdl is the capacitance value of EDLC, and Warburg impedance Zw, arises from mass 

transfer. The charge-transfer resistance Rct is in series with Zw and represents the overall 

faradaic impedance (Zf). In the Nyquist plot, the X-intercept indicates Rs, the diameter 
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of the semicircle refers to Rct, and the linear line with about π/4 angle with the X axis 

indicates the Warburg element. Overall, the Nyquist plot provides direct insights into 

the system being analysed.(51) 

 In this study, EIS measurements of the electrode materials were conducted 

using an electrochemical workstation instrument SP300 available at the institution. 

Typically, the experiments are carried out with a perturbation potential of 10 mV in 

potentio electrochemical impedance spectroscopy (PEIS) mode. For this study, we 

applied a sine wave with frequencies ranging from 100 kHz to 10 mHz during the 

experiments. 

2.7.4 Scanning Electrochemical Microscopy (SECM) 

 SECM is an advanced analytical technique for investigating electrochemical 

systems at the microscale. It provides high-resolution images representing the surface 

reactivity of the system under study. SECM is widely used for applications including 

electrocatalysis, corrosion studies, biological systems, battery research, 

electrochemical sensors, etc.(52) 

  

Figure 2.22 Schematic illustration of the SECM imaging apparatus 
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An ultramicroelectrode (UME) is effectively used in SECM. Figure 2.22 

shows a schematic illustration of the SECM imaging apparatus. The mapping of local 

reactivity can be analysed by recording the feedback from the UME reflecting the 

electrochemical activity of the surface. The SECM analysis is usually carried out in 

five different modes including feedback mode, generation/collection mode, substrate 

generation/tip collection (SG/TC), tip generation/substrate collection (TG/SC) and 

surface interrogation mode.(53) 

 The properties of anodes of LIBs can be effectively studied using SECM 

analysis. The current profile of the anode surface usually represents the local 

topography of its surface. Before and after the cycling, of a LIB anode half-cell there 

will be a drastic change in this current profile ascribed to the solid electrolyte interface 

(SEI) formed on the surface of the anode. The significant reductions in the current 

profile after cycling are generally linked to a well-formed SEI. The data obtained from 

SECM can predict the formation of SEI in the battery system being investigated.(54) 

 In the current study, M470 (Biologic Science Instruments, France) was 

employed for SECM measurements of anode material before and after the cycling test. 

SECM analysis was carried out in a three-electrode configuration with a UME of 

diameter ~15 μm, Ag/AgCl and a platinum rod are used as the WE, reference electrode 

and counter electrode, respectively. The redox mediator used for this analysis is 

Fe(CN)6
3−/Fe(CN)6

4−. The approach curve was recorded with the UME approaching 

the anode at a constant voltage of 0.25 V before the surface scanning. The surface scan 

was carried out for 250 μm×250 μm at a step size of 5 µm.  
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3.1 Introduction 

 Activated carbon (AC) is an efficient material with multifaceted applications. 

Owing to its high porosity, good electrical conductivity, excellent chemical stability, 

and improved specific surface area, there is significant research interest in AC-related 

applications.(1) However, conventional sources of AC such as coal, petroleum coke, 

and pitch are raising a significant challenge for the sustainable environment.(2) The 

natural and environmentally friendly biomass-derived activated carbon (BDAC) can 

address this challenge effectively.  

 In this study, cashew nut shell waste (CNS) is utilised as a precursor for the 

preparation of BDAC. CNS has a highly porous structure similar to a soft honeycomb 

matrix. This unique structure has several pores, which are desirable for preparing AC 

with a large specific surface area.(3,4) The extensive surface area of activated carbon 

derived from cashew nut shells (CNSAC) is crucial for various applications, including 

water purification and heavy metal impurity removal. CNSAC has received substantial 

attention in this field as a low-cost alternative to conventional adsorbents.(5,6) The 

large surface area and excellent porous nature of CNSAC are suitable for 

supercapacitors, especially electrochemical double-layer capacitors (EDLC). 

Furthermore, CNSAC has benefits such as ease of availability, environmental 

friendliness, low cost, higher porosity, and ease of handling. An extensive literature 

survey confirmed that CNSAC-based electrode materials for supercapacitors are not an 

extensively explored area.(7,8)  The present chapter discusses the preparation of 

CNSAC and the fabrication of highly efficient supercapacitors using CNSAC as 

electrode material. As electrolytes also have an inevitable role in improving the value 

of specific capacitance in EDLCs, the performance of CNSAC electrode material is 

studied with conventional ‘salt in water’ aqueous electrolyte (1M Na2SO4) and ‘water 

in salt’ aqueous electrolyte (10 m NaNO3).  

3.2 Experimental details  

3.2.1 Preparation of Cashew Nutshell-derived Activated Carbon  

  CNS were crushed into small pieces of dimension 4–6 mm with a stainless-steel 

mortar. The excess cashew nut oil and other impurities in CNS were removed through 
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thorough washing using deionised water. These cleaned and crushed CNS were then 

dried overnight at a temperature of 80 ⁰C. This dried sample served as the precursor for 

preparing CNSAC. Chemical activation followed by carbonisation was employed for 

this synthesis. The detailed methodology is schematically displayed in Figure 3.1. The 

dried CNS precursor was chemically activated with KOH in weight ratios of 1:1, 1:2, 

and 1:3 (CNS: KOH) while continuously stirring for 3 hours. Afterwards, the mixture 

was dried in an air oven at 100 °C for 24 hours. The activated samples were carbonised 

in a tubular furnace at a heating rate of 5 °C min-1, starting from room temperature and 

reaching various carbonisation temperatures of 600, 700, and 800 °C. This process was 

conducted under a flow of argon gas at a rate of 2 L min-1 and maintained for one hour. 

After carbonisation, the samples were washed with 0.1 M HCl and deionised water 

until the pH of the filtered liquid reached approximately 7. The resulting samples were 

then dried for 24 hours at a temperature of 120 °C under vacuum and ground into fine 

powders. The samples were labelled as CNSAC-X-Y, where X represents the 

corresponding activation ratio (1, 2, or 3) and Y denotes the carbonisation temperature 

(600, 700, or 800 °C). 

Figure 3.1 Schematic representation of methodology 

3.2.2 Preparation of Electrode 

A homogeneous slurry was made by mixing active material, conducting 

material (carbon black), binder (PVDF), and N-methyl pyrrolidone (NMP) as the 

solvent. The composition CNSAC-X-Y, carbon black, and PVDF was optimised to a 

mass ratio of 8:1:1. Electrochemical studies of the CNSAC-X-Ys were conducted using 

a three-electrode system, which included an Ag/AgCl reference electrode and a 

platinum rod as the counter electrode. A 2 μL sample of the prepared slurry was evenly 
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applied to a glassy carbon working electrode and dried for 5 minutes under an infrared 

lamp. The active electrode material was coated with a mass loading of approximately 

4 mg cm-2. 

3.2.3 Fabrication of Symmetric Supercapacitors (SSCs) 

SSCs were fabricated with CNSAC-based electrodes. The as-prepared slurry was 

coated on an aluminium current collector using the tape-casting method. A porous 

cellulose membrane was used as the separator. The SSCs were fabricated by placing 

the separator soaked in electrolyte between the electrodes. This arrangement is 

enclosed in coin cells of type 2025 (20×2.5 mm dimension). 1M Na2SO4 (‘salt in water’ 

aqueous electrolyte) and 10 m NaNO3 (‘water in salt’ aqueous electrolyte) were used 

in the SSCs. They were respectively named SSC-Na2SO4 and SSC-NaNO3. 

3.3 Results and Discussions 

 CNSACs were synthesised through chemical activation, followed by 

carbonisation. The structure of CNSAC is determined by two major parameters: 

activation ratio and carbonisation temperature. These factors are optimised based on 

results from various material and electrochemical studies. The surface area and other 

structural features of the synthesised CNSACs were analysed using material 

characterisation techniques including XRD, FTIR, SEM and BET analysis. The 

electrochemical performance is studied using techniques such as CV, GCD, etc. 

Furthermore, linear sweep voltammetry (LSV) is utilised to determine the potential 

window feasible for the WIS electrolytes being studied. These results are used to 

optimise the activation ratio and carbonisation temperature. The feasibility of CNSAC 

for practical supercapacitor applications was validated by fabricating SSC systems with 

'salt in water’ and ‘water in salt’ electrolytes. 

3.3.1 Material characterisations 

3.3.1.1 XRD analysis 

 The XRD pattern of CNSACs (Figure 3.2) displays an intense broad peak 

around 24.2° and an inconspicuous broad peak around 43.5°. These peaks correspond 

to the (002) and (100) diffraction planes in the graphitic framework and are indexed 
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with ICDD No. 01-075-1621. They indicate the presence of graphitic carbon and 

interlayer condensation, respectively.(9) The formation of this graphitic structure 

during carbonisation is beneficial for the excellent electrochemical efficiency of the 

electrode material. The presence of the graphitic structure enhances the electrochemical 

activity of CNSAC, indicating its potential as an effective electrode material. However, 

the broadness of the peaks also suggests the amorphous nature of the materials.(10) 

 

Figure 3.2 Comparison of XRD patterns of CNSAC-X-Ys. 

 The XRD patterns of CNSAC-1-700, CNSAC-2-700, and CNSAC-3-700 

suggest that the peaks become broader and less intense with increasing activation ratio. 

This broadening of the peaks is attributed to the decreased degree of graphitisation in 

the electrode materials. Additionally, the reduction in intensity of the (002) diffraction 

peak at higher carbonisation temperatures suggests a decrease in interlayer spacing as 

carbonisation temperature increases.(11) 
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3.3.1.2 FTIR analysis  

 The surface chemistry of AC-based electrode materials significantly affects 

their electrical conductivity, which increases as the concentration of surface functional 

groups diminishes. FTIR spectroscopy is employed to understand the surface chemistry 

of CNSACs. Figure 3.3 displays the FTIR spectrum of CNSAC-X-Ys. The vibrations 

observed in all five samples were similar, with four weak peaks located at 

approximately 1055, 1200, 1593, and 3461 cm–1, suggesting the presence of a graphitic 

structure in the spectra.(6) 

 

Figure 3.3 FTIR spectra of CNSAC-X-Ys 

 C–H bending vibrations can be identified from peaks at 1055 cm–1. The band 

located around 1593 cm–1 represents C=C stretching vibrations, while the broad band 

around 3461 cm–1 indicates the O–H vibrations. The absorption peak at 1200 cm–1 

corresponds to C–O stretching vibrations.(12) These functional groups significantly 
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impact the electrochemical performance of the prepared AC and are advantageous for 

enhancing charge storage, specific capacitance and other surface properties.(13) 

 The impact of activation ratio and carbonisation temperature in determining 

the functional groups present in their structure is confirmed by the FTIR spectra of 

these materials. As shown in FTIR spectra, the intensity of all peaks corresponding to 

C=C and C–O stretching vibrations increases with an increase in the activation ratio. 

The activation ratio is crucial in developing oxygen-containing functional groups 

within AC. Furthermore, the intensity of peaks in CNSACs decreases with a rise in 

carbonisation temperature. This indicates that the increased carbonisation temperature 

may lead to a more tightly packed graphitic structure with fewer functional groups.(12)  

3.3.1.3 SEM analysis 

 The morphology and microstructure of porous AC promote the efficient 

charge storage and electrolyte transport in supercapacitors. The morphology of as-

prepared CNSACs was studied using SEM analysis, and EDAX was employed for 

elemental analysis. Figure 3.4 (a)-(j) displays SEM images of CNSAC-X-Ys. All 

CNSACs exhibit honeycomb-like, highly porous structures with several cavities on the 

surface. This structure, composed of numerous pores, may be assigned to the 

intercalation and removal of metallic potassium during AC synthesis. These 

interconnected pores improve the accessible surface area for electrolytes and facilitate 

effective ion transmission. Such a porous structure can serve as an ion-buffering 

reservoir for electrolytes, create additional interfaces for charge storage, and improve 

both their capacitive properties and electrochemical efficiency.(14,15) 

 The SEM images illustrate the effect of activation ratio on the development of 

porous structure in AC. The pore size increases with increasing KOH activation ratio 

due to increased KOH etching. However, this effect is not predominant after the 1:2 

activation ratio. A further increase in the activation ratio to 1:3 results in a reduction in 

the number of pores. The distribution of pores is highly related to the temperature 

during the carbonisation process. The number and size of pores increase with a rise in 

carbonisation temperature.   
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Figure 3.4 SEM images of (a, b) CNSAC-1-700, (c, d) CNSAC-2-700, (e, f) 
CNSAC-3-700, (g, h) CNSAC-2-600 and (i, j) CNSAC-2-800 at a magnification 

of 15000 and 20000 X, respectively. 
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 Table 3.1 Elemental analysis of CNSAC-X-Ys 

  

 The pores become well-defined and evenly distributed as the temperature 

varies between 600 °C and 700 °C. However, when the temperature increases to 800 

⁰C, the number of macropores increases and causes structural collapse in CNSACs. 

Even though CNSAC-2-800 shows a higher degree of graphitisation, the accessible 

surface area and porosity are significantly reduced. Among all the prepared CNSACs, 

CNSAC-2-700 has a highly developed porous structure with the majority of micropores 

and a few mesopores. This porous distribution facilitates ion transport and improves 

the electrochemical efficiency of the material.(16) The SEM analysis confirms the 

feasibility of CNSAC-2-700 for supercapacitor applications. The results from the 

EDAX analysis are tabulated in the Table. 3.1. The analysis indicates the presence of 

carbon (C) and oxygen (O) in all CNSAC samples. The C content of the material is 

much higher than the O content. These observations from EDAX analysis are consistent 

with the results obtained from FTIR spectra and XRD.  

3.3.1.4 Raman Spectroscopy 

 The Raman spectra of CNSAC-X-Ys are presented in Figure 3.5. The spectra 

show two distinct peaks corresponding to the D (defect) and G (graphite) bands in 

graphitic carbon. The D band around 1355 cm-1 reflects the A1g vibrational mode, 

representing defective or disordered sites in carbon materials. In contrast, the G band 

(1580 cm-1) is associated with E2g symmetric phonon vibrations of C-C bond stretching. 

These peaks can be ascribed to the crystalline graphite and disordered carbon.(17) The 

ratio of the intensities of the D and G bands (ID/IG) reflects the degree of graphitisation 

in the AC structure. A higher ID/IG indicates more defects in the graphitic structure. The 

ID/IG values for CNSAC-1-700, CNSAC-2-700, and CNSAC-3-700 were 0.94, 0.95, 

Weight 

percentage 

CNSAC-1-

700 

CNSAC-2-

700 

CNSAC-3-

700 

CNSAC-2-

600 

CNSAC-2-

800 

C 85.21 87.43 86.38 86.60 88.68 

O 14.79 12.57 13.62 13.40 11.32 
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and 0.93, respectively. These values indicate incomplete graphitisation and 

deformation of the graphitic structure in lower and higher KOH activation ratios. The 

ID/IG values for CNSAC-2-600, CNSAC-2-700, and CNSAC-2-800 were 0.89, 0.92, 

and 0.96, respectively. These ID/IG values suggest an enhancement in the structural 

defects with rising carbonisation temperature.(10) 

Figure 3.5 Raman spectra of CNSAC-X-Ys  

3.3.1.5 Surface area analysis 

The N2 adsorption-desorption isotherm of CNSAC-X-Ys (Figure 3.6) shows a 

sharp increase at the lower relative pressure region (below 0.5) and a plateau at the 

higher relative pressure region. According to IUPAC classification, these isotherms are 

categorised as a type I isotherm indicating the microporous nature of the materials. The 

type H4 hysteresis in these isotherms suggests a broader pore size distribution with 

wider micropores and smaller mesopores. This type of isotherm is common for 

materials with pore diameters less than 2.5 nm.(18,19)  
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Figure 3.6 N2 adsorption-desorption isotherm of CNSAC-X-Ys 

The larger micropores and smaller mesopores in the structure of AC are 

desirable for supercapacitor electrode applications. The slight increase in adsorption in 

the higher relative pressure region (close to 1) reflects traces of macropores in the 

structure. The nature of these isotherms suggests several significant conclusions. 

CNSAC-2-700 has a structure with both micropores and mesopores. The isotherm 

indicates a higher concentration of mesopores and macropores in CNSAC-3-700, 

which may be attributed to the structural collapse on excessive addition of KOH. The 

carbonisation temperature significantly affects the porous structure of CNSACs. The 

enlargement of the hysteresis loop with an increase in carbonisation temperature 

reflects the expansion of micropores, which may lead to structural collapse in the 

material.(20)  

The activation ratio and temperature at which carbonisation occurs significantly 

impact pore distribution and other structural parameters. The BET theory, t-plot 

method, and BJH theory were employed to calculate structural parameters such as 
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surface area and pore volume, which are tabulated in Table 3.2. All these values align 

well with the nature of the above N2 adsorption-desorption isotherms. Total surface 

area and pore volume increase as KOH concentration rises. These results suggest the 

availability of micropores in the structure of AC that may be attributed to effective 

KOH activation. Micropores are responsible for improving the surface area of CNSAC-

X-Ys. These structures enhance the accessible surface area for electrolytes and 

facilitate rapid ion transport.(21) The higher value of average pore diameter in CNSAC-

3-700 may be attributed to the number of mesopores in it. The surface area and pore 

volume values increase with a rise in carbonisation temperature. However, a further 

increase in carbonisation temperature to 800 °C negatively affects the surface area and 

pore volume of CNSAC. 

Table 3.2 Pore structure parameters of CNSAC-X-Ys 

Sample Name 

Surface area [m2g−1] Pore volume [cm3g−1] 

Diameter 

(nm) Micro 

pores 

Meso 

pore 
Total 

Micro 

pores 

Meso 

pore 
Total 

CNSAC-1-700 449 115 771 0.19 0.14 0.25 0.54 

CNSAC-2-700 704 65 835 0.37 0.07 0.40 0.97 

CNSAC-3-700 880 94 1150 0.41 0.06 0.56 1.96 

CNSAC-2-600 466 17 601 0.24 0.02 0.25 0.58 

CNSAC-2-800 274 109 448 0.27 0.16 0.27 1.51 

 

3.3.2 Electrochemical characterisations 

 Electrochemical properties of CNSAC-X-Ys were studied using a three-

electrode configuration with 1 M Na2SO4 as electrolyte.  
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3.3.2.1 Cyclic voltammetry (CV) 

 CV was carried out to study the electrochemical efficiency of the material at 

different scan rates from 1 to 100 mV s-1 over a potential window of 0- 0.8V. Figure 

3.7 shows cyclic voltammograms of CNSACs at a scan rate of 10 mV s-1, which are 

symmetric and have highly reversible charging and discharging curves. This quasi-

rectangular nature of these curves reflects the formation of an electrochemical double 

layer and is ideal for efficient supercapacitor electrode material.(22)  

Figure 3.7 Cyclic voltammogram of CNSAC-X-Ys 

 The integral area of the CV curves reflects the system's specific capacitance. 

The capacitive properties of CNSACs are highly influenced by the activation ratio and 

carbonisation temperature used during the synthesis of CNSACs, and the variation in 

the value of specific capacitance with activation ratio and carbonisation temperature 

can be identified from these curves. The area under the cyclic voltammogram first 

increases and then decreases with an increase in activation ratio and carbonisation 

temperature. The larger curve area of CNSAC-2-700 suggests its better capacitive 
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properties among CNSAC-X-Ys and indicates its great potential as a viable electrode 

material.(23) The value of activation ratio and carbonisation temperature is optimized 

as 1:2 and 700 ⁰C. 

 The CV curves of CNSAC-2-700 at different scan rates are shown in Figure 

3.8. The curves maintain their quasi-rectangular shape even at higher scan rates, which 

is an ideal characteristic of EDLCs. This also suggests rapid charging and discharging 

across the carbon network. The gradual distortion of CV curves with an increasing scan 

rate is related to the higher fraction of micropores in CNSAC-2-700. Higher ion 

diffusion resistance causes a reduction in charge accumulation on the electrode surface 

at higher scan rates.(24) This, in turn, decreases the specific capacitance value of 

CNSAC-2-700.  

 

Figure 3.8 Cyclic voltammogram of CNSAC-2-700 at different scan rates 

3.3.2.2 Galvanostatic charge-discharge (GCD) 

GCD analysis is used to further evaluate the electrochemical performance of 

CNSAC-X-Ys. Figure 3.9 illustrates GCD curves of CNSAC-X-Ys at a current density 

of 1 Ag-1. The symmetrical and triangular nature of the curves reflects remarkable 
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electrochemical reversibility and coulombic efficiency of the materials. Additionally, 

the negligible voltage drops at turning points represent the minimal internal resistance 

of the materials. These are desirable features for efficient electrode materials with good 

capacitive behaviour.(24,25) The significantly longer discharge curve of CNSAC-2-

700 indicates its higher specific capacitance value than other samples. The GCD curves 

reflect the effect of activation ratio and carbonisation temperature on determining the 

efficiency of the electrode materials. These results go hand in hand with the 

observations of CV curves. The specific capacitance was found to increase up to an 

activation ratio of 1:2 and a carbonisation temperature of 700 ⁰C, then drops again with 

further increase in activation ratio and carbonisation temperature. 

 

Figure 3.9 Galvanostatic charge-discharge curves of CNSAC-X-Ys 

The variation of the charging-discharge behaviour of CNSAC-2-700 with an 

increasing current density can be identified in Figure 3.10. As current density increases, 

charging and discharging times reduce, which is a typical characteristic of EDLCs. The 
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gravimetric capacitance values of CNSACs were calculated using the following 

equation. 

𝐶௦௣ =
ூ× ∆௧

௠×∆௩
         3.1 

 In equation 3.1, I, m, Δt, and Δv represent the current, active material’s mass, 

discharge time, and potential range, respectively.(26) The values of Csp for CNSAC-

X-Ys are tabulated in Table 3.3. These results are consistent with those of BET 

analysis. Moreover, the available accessible surface area in electrode materials has a 

considerable impact on determining their electrochemical efficiency. 

Table 3.3 Specific capacitance values of CNSAC-X-Ys 

 
CNSAC-

1-700 
CNSAC-

2-700 
CNSAC-

3-700 
CNSAC-

2-600 
CNSAC-

2-800 

Specific capacitance 
@ 1Ag-1 (Fg-1) 

197 214 138 150 109 

 

Figure 3.10 GCD curves of CNSAC-2-700 at different current rates 
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Figure 3.11 shows variation in the specific capacitance value of CNSAC-2-700 

at different current densities. The reduction in these values at higher current density 

indicates the formation of EDLC in the system. 

Figure 3.11 Dependence of specific capacitance on current densities  

 

Figure 3.12 Cycle life test of CNSAC-2-700 at a current density of 10 Ag-1 

Cycling stability is a critical factor to be analysed for understanding the viability 

of electrode material for practical supercapacitor applications. 10000 cycles of 
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charging and discharging at a current density of 10 A g-1 were carried out to study the 

cycling stability of CNSAC-2-700. Figure 3.12 represents the cycling performance of 

CNSAC-2-700 over 10000 GCD cycles, with the first and last five charge-discharge 

cycles in the inset. The material retains a capacitance of 94% after 10000 charging and 

discharging cycles. The GCD curves in the inset are remarkably comparable, further 

confirming better capacitive retention of the material. The large surface area and 

microporous structure may be responsible for this. These factors facilitate rapid ion 

diffusion by creating an adequate electrode-electrolyte interface and increasing the 

accessible surface area for electrolyte ion transport.(27) The remarkable value of 

specific capacitance and excellent cycling stability are essential for an effective 

supercapacitor electrode material. All these results confirm the significant potential of 

CNSAC-2-700 for supercapacitor applications.  

Table 3.4. Comparison of electrochemical properties of different activated 

carbon materials. 

Precursor 
material 

Activation 
Specific 

capacitance 
[F g-1] 

Current 
density 
[A g-1] 

Electrolyte Ref. 

Corncob KOH 153 1 0.5 M H2SO4 (22) 

Rice husk H3PO4 176 0.05 6 M KOH (25) 

Sakura flower KOH 265.8 0.2 6 M KOH (28) 

Banana peel ZnCl2 74 0.02 1 M Na2SO4 (29) 

Green tea waste KOH 165 0.5 1 M H2SO4 (30) 

Coconut husk Steam 141 1 6 M KOH (31) 

Commercial AC - 60 1 1 M H2SO4 (32) 

Commercial AC - 200 0.05 1 M H2SO4 (33) 

Cashew nut shell KOH 214 1 1 M Na2SO4 
Present 
work 
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 The specific capacitance values of various AC electrode materials in different 

electrolyte systems are summarized in Table 3.4. Based on these references, the 

potential of CNSAC-2-700 for an efficient supercapacitor system is validated. The 

table also suggests remarkable specific capacitance value of the material in comparison 

with previously reported values.  

3.3.2.3 Electrochemical impedance spectroscopy (EIS) 

 EIS analysis was conducted to investigate the frequency response and 

capacitive behaviours in supercapacitor systems. The analysis was carried out in 1 M 

Na2SO4 aqueous solution for a frequency ranging from 10–2 to 105 Hz. The frequency 

response of CNSAC-X-Ys is represented as Nyquist plots, as shown in Figure 3.13. 

 

Figure 3.13 Nyquist plot for a frequency range 105 Hz to 10-3 Hz (the enlarged 
curves at a high frequency range are given as an inset)  

 The Nyquist plot of an ideal supercapacitor will be a vertical curve. However, 

for practical supercapacitors, the Nyquist plot generally consists of a semicircle in the 
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high-frequency region, followed by straight lines with a slope of 45⁰ and with a slope 

of more than 45⁰ in the low-frequency region. The semi-circle in the higher frequency 

region indicates the faradaic process of charge transfer occurring at the electrode-

electrolyte interface.(34) 

 

Figure 3.14 Equivalent circuit diagram of CNSAC-X-Ys 

 The EIS curve with a negligible semicircle in the higher frequency region 

reflects fast charge transfer in these systems. The frequency-dependent ionic diffusion 

in the electrolyte (Warburg element) is represented by the region after the faradaic 

region.(35) The longer straight line of slope close to 1 in the extreme low-frequencies 

in the Nyquist plot of CNSAC-2-700 validates a faster ion transfer rate in it. The lower 

intersection of the curve indicates the equivalent series resistance (ESR) of the 

system.(36) Figure 3.14 displays the equivalent circuit diagram of CNSAC-X-Ys. 

Table 3.5 gives the values of R1, R2, C1, C2 and W elements in the fitted equivalent 

circuit. 

Table 3.5 The values of elements in the equivalent circuit of CNSACs 

Sample R1 [Ω] R2 [Ω] C1 [F] C2 [μF] W [Ω.s-1/2] 

CNSAC-1-700 14.44 22.76 0.036 24.96 95.94 

CNSAC-2-700 16.77 23.24 0.089 41.86 69.88 

CNSAC-3-700 15.23 21.74 0.016 5.28 27.02 

CNSAC-2-600 18.63 20.01 0.097 2.5 232.9 

CNSAC-2-800 19.11 19.25 0.014 0.84 15.37 
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3.3.3 The electrochemical characterisations of symmetric supercapacitors (SSC-

Na2SO4, SSC-NaNO3) 

 The viability of CNSAC-2-700-based electrode material was evaluated using 

two-electrode configurations. SSCs were fabricated with 1 M Na2SO4, named SSC-

Na2SO4. CV analysis of SSC-Na2SO4 was carried out for a potential range of 0 to 1.2 

V at scan rates varying from 1 to 100 mV s-1. The CV curves of SSC-Na2SO4 are 

displayed in Figure 3.15. The nearly rectangular CV curves, with no redox peaks, are 

typical for EDLCs. The curves retain their quasi-rectangular shape, even at higher scan 

rates.  

 

Figure 3.15 CV curves of SSC-Na2SO4 at different scan rates (1 to 100 mV s-1) 

 The GCD studies of SSC-Na2SO4 were carried out by varying current densities 

across a voltage window of 0-1.2 V. Figure 3.16 shows GCD curves of SSC-Na2SO4. 

The curves are linear, symmetrical and triangular representing the reversibility of 

EDLCs. The specific capacitance of the discharge curve gives the measure of specific 

capacitance. 
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Figure 3.16 GCD curves of SSC-Na2SO4 at current densities from 1 to 5 Ag-1 

 

Figure 3.17 LSV curves with different concentrations of SSC-NaNO3 
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Figure 3.18 CV curves at different ESWs 

 NaNO3 WIS electrolyte was used to understand its potential to address the 

lower potential range of conventional aqueous electrolytes. The electrochemical 

performance of WIS electrolytes mainly depends on the concentration of salt in them. 

LSV at a scan rate of 5 mV s-1 was performed for different concentrations of NaNO3 (6 

m, 8 m, 10 m, and 12 m).  The optimum salt concentration of the WIS electrolyte was 

determined based on LSV results. Figure 3.17 shows the dependence of the 

electrochemical stability window (ESW) on the concentration of NaNO3 electrolyte. 

Stainless steel electrodes are used as working and counter electrodes. Ag/AgCl is 

employed as the reference electrode.(37) ESW was found to be maximum (0-2 V) for 

10 m NaNO3. SSC was fabricated using 10 m NaNO3 to ensure maximum performance 

and was denoted as SSC-NaNO3. 

The stability of the potential window is further demonstrated by CV curves at 

different potential ranges (Figure 3.18) with a scan rate of 50 mV s-1. These curves 

validate that the ESW of SSC-NaNO3 is 0- 2V. Figure 3.19 displays the variation in 

the cyclic voltammogram of as-fabricated SSC-NaNO3 at different scan rates ranging 
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from 1 to 100 mV s-1. The superior rate capability of SSC-NaNO3 is shown by the 

quasi-rectangular shape of its CV curve at higher scan rates.  

 

Figure 3.19 CV curves of SSC-NaNO3 at different scan rates (1 to 100 mV s-1) 

 

Figure 3.20 GCD curves of SSC-NaNO3 at current densities from 1 to 5 Ag-1 
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The GCD analysis of SSC-NaNO3 was performed for different current 

densities. The GCD curves in Figure 3.20 have a characteristic triangular shape, 

indicating an electrochemically reversible system. The capacitive behaviour and 

negligible internal resistance of SSC-NaNO3 is well demonstrated by ideal triangular 

pattern of the GCD curves and is consistent with the CV results.  

The performance of SSC-Na2SO4 and SSC-NaNO3 is compared using CV, 

GCD and EIS analysis. CV at a scan rate of 50 mV s-1 displayed in Figure 3.21. The 

CV curve of SSC-NaNO3 exhibit wider potential window and has a larger integral area 

indicating its higher specific capacity than SSC-Na2SO4. The enhanced specific 

capacity of SSC-NaNO3 can be attributed to the effect of increased conductivity.(38) 

 

Figure 3.21 CV curves of SSCs at a scan rate of 50 mV s-1 

Figure 3.22 represents the observations of GCD analysis carried out for a 

potential range of 0-1.2 V for SSC-Na2SO4 and 0-2 V for SSC-NaNO3 at a current 

density of 2 Ag-1. SSC-NaNO3 has a larger discharging time and a smaller IR drop. The 

larger discharge time indicates greater specific capacitance of SSC-NaNO3 as the 

discharge time in the GCD curve represents its specific capacitance value.  
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Figure 3.22 GCD curves of SSCs at the current density of 2 Ag-1 

The specific capacitance value is calculated using Equation 3.2. 

𝐶௦௣ =
ସ×ூ× ∆௧

௠×∆௩
         3.2 

In equation 3.2, Csp, ΔV, I, Δt, and m represent specific capacitance, voltage difference 

between the beginning and end of discharge curves, current, time taken for complete 

discharge, and the total weight of the two electrodes used, respectively.(39) The values 

of specific capacitance of SSC-NaNO3 and SSC-Na2SO4 are 110 Fg-1 and 90 Fg-1 

respectively at a current density of 1 Ag-1. Thus, an improved specific capacitance and 

a wider potential window of SSC confirm the superiority of WIS electrolytes over 

conventional SSCs.  

A decrease in specific capacitance values is observed for both SSCs as current 

density increases. Figure 3.23 reflects the dependence of specific capacitance on the 

value of applied current densities. GCD tests at a current density of 10 Ag-1 for 10000 

cycles are carried out to further evaluate the long-term cycle stability of SSCs, as shown 

in Figure 3.24. The capacitive retention of SSC-Na2SO4 and SSC-NaNO3 is found to 
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be 74% and 83% over 10000 cycles of charging and discharging. The greater capacitive 

retention of SSC-NaNO3 indicates better efficiency of the WIS electrolyte. 

 

Figure 3.23 Variation in the value of specific capacitance with current density 

 

Figure 3.24 Cycle test of SSCs at a current density of 10 Ag-1 for 10000 cycles 
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The Nyquist plots in Figure 3.25 are further used to explore the capacitive 

behaviour of both SSC systems. The curves are enlarged at higher frequency ranges, 

and the equivalent circuit diagram is shown as an inset. The EIS curves exhibit a 

characteristic straight line in the lower frequency region, confirming the presence of an 

electric double layer at the electrode–electrolyte interfaces. The vertical line in the 

Nyquist plot of the SSC-NaNO3 is significantly longer than that of SSC-Na2SO4, which 

could be related to the enhanced capacitive nature of SSC-NaNO3. The semicircle with 

a smaller diameter in the Nyquist plot of SSC-NaNO3 confirms the improved 

capacitance due to the WIS electrolyte.(40) The ESR value for the SSC-NaNO3 is 

found to be smaller than that of SSC-Na2SO4, which indicates an increase in 

conductivity of the material with WIS electrolyte. The values of components in 

equivalent circuits of SSCs are tabulated in Table 3.6. Impedance analysis results are 

also consistent with those of other electrochemical characterisations. 

 

Figure 3.25 Nyquist plots of SSC-Na2SO4 and SSC-NaNO3 (the inset shows the 

enlarged curves in a high frequency range and the equivalent circuit diagram). 
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Table 3.6. The values of elements in the equivalent circuit of two SSCs 

Table 3.7. Comparison of electrochemical properties of activated carbon 

electrode materials in various WIS-based SSC systems. 

The electrochemical performance of activated carbon in several WIS-based SSC 

systems is compared in Table 3.7. The table summarises the specific capacitance 

obtained with various WIS electrolytes. CNSAC has a supreme specific capacitance 

SSC ESR [Ω] R1 [Ω] R2 [Ω] C1 [F] C2 [µF] W2 [Ω.s-(1/2)] 

SSC-Na2SO4 1.30 1.54 3.453 0.07 24.51 24.84 

SSC-NaNO3 0.64 0.75 0.93 0.05 15.49 31.52 

Electrode Material 
Specific 

capacitance 
[Fg-1] 

Current 
density 
[Ag-1] 

WIS Electrolyte Ref. 

Ground grain hull-
derived AC 

59 0.5 17m NaClO4 (40) 

Commercial AC 32.68 1 12m NaNO3 (41) 

Rose petal-derived 
AC 

63 0.5 20m LiTFSI (42) 

Commercial AC 33  1 17m NaClO4 (43) 

Commercial AC 31.9 1 17m NaClO4 (44) 

Prosopisjuliflora 101 0.05 35M NaFSI+3M NaOAc (45) 

Commercial AC 27.8 1 21m LiTFSI/H2O/ACN (46) 

Cashew nut shell 110 1 10m NaNO3 
Present 
work 
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value, which is even better than the previously reported AC-based SSCs with WIS 

electrolytes. These results conclude the greater feasibility of SSC with CNSAC as 

electrode material and NaNO3 WIS electrolyte. 

3.4 Conclusion  

 The preparation of CNSAC was done using a cost-effective and 

environmentally friendly method. SEM, XRD, surface area analysis, adsorption-

desorption isotherms and FTIR studies validated the presence of hierarchical pore 

distribution in CNSAC, which facilitates fast ion transport in the system. The cyclic 

voltammogram displayed a reversible quasi-rectangular shape indicative of the 

formation of an electric double layer at the electrode-electrolyte interface. The highest 

specific capacitance value achieved for CNSAC-2-700 is 214 F g-1 at a current density 

of 1Ag-1. Based on these results, the optimal activation ratio and carbonisation 

temperature for preparing efficient CNSAC were found to be 1:2 and 700°C, 

respectively. The high specific capacitance and excellent capacitance retention are 

appropriate for practical supercapacitor applications. The SSC with CNSAC electrodes 

and WIS electrolyte demonstrates superior performance, achieving a high specific 

capacitance of 110 Fg-1. It offers a wider potential window (0- 2V) and excellent cycle 

stability, with 83% capacitance retention. Additionally, it features lower ESR 

compared to conventional aqueous electrolyte-based SSC systems. In conclusion, 

cashew nut shell waste has the potential to be developed into a highly valuable product 

for supercapacitor electrode applications, making it a sustainable choice for energy 

storage solutions. 
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4.1  Introduction 

Electrolytes are crucial in determining the electrochemical stability window 

of electrochemical double layer capacitors (EDLCs), directly affecting their energy 

density. Consequently, developing efficient electrolyte systems for high-performance 

EDLCs with increased energy densities has become a prominent research focus in 

recent years. Conventional liquid electrolytes that exhibit high ionic conductivity, high-

rate capability, and excellent electrode-electrolyte interfacial properties are commonly 

used in supercapacitors.(1) Nevertheless, electrolyte leakage, low energy and power 

densities, corrosion, and limited cycle life restrict the broader application of 

EDLCs.(2,3)  

Solid-state electrolytes, especially gel polymer electrolytes (GPEs), have 

recently received considerable attention owing to their advantages, such as a wide 

electrochemical window, relatively high ionic conductivity, ease of handling, high 

cycling performance, and safety.(4) Furthermore, flexible GPEs have the potential to 

fulfill the demand for flexible solid-state supercapacitors (FSCs) in the domain of 

portable and wearable electronics. GPEs generally consist of liquid electrolytes and 

polymer matrices, such as poly(vinyl alcohol) (PVA), poly(ethylene oxide), 

poly(methyl methacrylate), polyacrylonitrile, and poly(vinyl pyrrolidone).(5,6) PVA-

based aqueous GPEs are widely recognised owing to their considerable merits, 

including ease of fabrication, low cost, biodegradability, excellent flexibility, 

nontoxicity, high chemical stability, and high dielectric constant.(7) The addition of 

salts to the polymer can further enhance the ionic conductivity of GPEs because the 

free ions act as charge carriers.(8) 

Furthermore, an appropriate choice of electrode material can further improve 

the capacitance, which enhances the energy and power densities of FSCs.(9) The 

activated carbon (AC) derived from mahogany fruit shells can be a potential candidate 

for electrode applications in FSCs, owing to its well-defined mesoporous structure and 

unique surface properties.(10,11) In this study, the activation ratio and carbonisation 

temperature for the preparation of porous mahogany fruit shell-derived AC (MSAC) 

were optimised based on their structural and electrochemical properties. Subsequently, 

highly efficient FSCs were fabricated with MSAC-based electrodes and the rarely 
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investigated PVA|Na2SO4 GPE. The flexibility of the as-prepared FSCs was also 

validated in different bending conditions to ensure the feasibility of the fabricated FSCs 

for real-world applications.  

4.2 Experimental details  

4.2.1 Preparation of Mahogany Fruit Shell-derived Activated Carbon  

 MSAC was prepared through the chemical activation of mahogany fruit shells 

(MFS) using KOH as the activating agent. The MFS were cleaned and crushed into 

powder-like form before the activation process. The precursor was mixed with KOH at 

different activation ratios (weight ratio of MFS: KOH = 1, 2, and 3). Figure 4.1 

represents the detailed methodology used for electrode material preparation in FSC 

fabrication. Then carbonisation of these activated samples was carried out in a tubular 

furnace at various carbonisation temperatures (500 °C, 600 °C, 700 °C and 800 °C) 

with a heating rate of 5 °C min-1. The sample was carbonised for 1 h under continuous 

Ar (99.99%) supply (flow rate: 1 L min-1). The carbonised materials were washed with 

0.1 M HCl and dried overnight at 100 °C.(12,13) The prepared AC materials were 

accordingly denoted as MSAC-X-Y, where X denotes the corresponding activation 

ratio (1, 2, 3), and Y represents the carbonisation temperature (500, 600, 700, and 

800 °C). 

 

Figure 4.1 Schematic representation of methodology 

4.2.2 Conductivity studies of PVA|Na2SO4 GPEs  

PVA|Na2SO4 GPEs were prepared using various weight ratios of PVA and 

Na2SO4. The ionic conductivity of the PVA|Na2SO4 GPEs was measured using EIS 

analysis in the frequency range of 100–106 Hz at a signal amplitude of 10 mV. The 
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prepared GPEs were placed between two stainless steel plates of dimensions 1 × 1 cm2 

and subjected to this conductivity measurement. The ionic conductivities (σ) of the 

electrolytes were calculated using the following equation: 

𝜎 =
்

ோ×஺
         4.1 

where T is the thickness of the film (cm), R is the bulk resistance (), and A is the 

contact area of the symmetric electrodes (cm2). The x-intercept of the Nyquist plot 

gives the value of R.(14,15) 

4.2.3 Preparation of flexible solid-state supercapacitors (FSCs) 

The FSCs were fabricated using MSAC-2-700 as the electrode material and 

PVA|Na2SO4 GPE as the electrolyte. A homogeneous slurry was prepared by mixing 

MSAC-2-700, carbon black, and PVDF at a weight ratio of 8:1:1 in NMP with a 

magnetic stirrer. The slurry was then coated onto a flexible aluminum current collector 

using a tape-casting method with a mass loading of 2-4 mg cm-1. The PVA|Na2SO4 

GPE was sandwiched between prepared electrodes and was subjected to various 

electrochemical characterisation techniques to understand its electrochemical 

efficiency. 

4.3 Results and Discussions 

 The structural and electrochemical properties of MSACs are crucial in 

enhancing their performance as electrode material in FSCs. Their material properties 

are evaluated using various physicochemical characterisation techniques, including 

XRD, Raman spectroscopy, TEM, SEM, FTIR and TGA analyses. The electrochemical 

performance of these materials is further assessed using techniques such as CV, GCD, 

and EIS. The results obtained from these analyses help to optimise the preparation 

conditions for MSAC-X-Ys. Additionally, the potential of MSACs for practical 

wearable supercapacitor applications has been validated through the fabrication of FSC 

systems.  
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4.3.1 Material characterisations 

4.3.1.1 XRD analysis 

Figure 4.2 shows the XRD patterns of MSAC-X-Ys with two broad 

characteristic peaks at 2θ = 24° and 43° that were assigned to the (002) and (100) planes 

in the graphitic carbon structure, respectively. The XRD patterns obtained were 

compared with those in the ICDD catalog No. 01-075-1621.(13,16) The peaks at 24° 

indicate a better regularity of crystalline structure in the materials. However, the 

inconspicuous broad peak at 43° is related to interlayer condensation. These results 

confirm the evident graphitic nature and excellent surface cavities of MSACs.(17)  

Figure 4.2 XRD patterns of MSAC-X-Ys. 

Moreover, the broadness of these peaks suggests the amorphous nature of 

MSAC-X-Ys. The peak intensity increases initially and then decreases as the 

carbonisation temperature rises. The influence of the activation ratio on carbon 

structure formation is evident from the XRD patterns obtained.(18) Additionally, the 

XRD pattern of MSAC-3-700 does not show characteristic peaks associated with the 
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graphitic structure, which signifies the structural deformation occurring at higher 

activation ratios.(16) 

4.3.1.2 Raman Spectroscopy 

 Raman spectra of MSAC-X-Ys are shown in Figure 4.3. All spectra display 

two well-defined, broad peaks at approximately 1355 and 1580 cm−1. These peaks are 

attributed to the D (defect) and G (graphite) bands in graphitic carbon.(19) The D band 

is related to the A1g vibrational mode and represents the defective or disordered sites in 

carbon materials. In contrast, the G band is associated with E2g symmetric phonon 

vibrations of C–C bond stretching.(18) These results confirm the presence of crystalline 

graphite and disordered carbon in the samples.  

Figure 4.3 Raman spectra of MSAC-X-Ys 

The degree of graphitisation was evaluated from the intensity ratio of D and G 

bands (ID/IG), with a higher ratio indicating more defects in the graphitic structure. The 

ID/IG values for MSAC-1-700, MSAC-2-700, and MSAC-3-700 were 0.93, 0.96 and 

0.92, respectively. These values represent the presence of localised sp3 defects within 
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the sp2 (C=C) network, which can be related to incomplete graphitisation and 

deformation of the graphitic structure at lower and higher KOH activation ratios.(16) 

0.82, 0.92, 0.96 and 0.99 are the ID/IG values of MSAC-2-500, MSAC-2-600, MSAC-

2-700, and MSAC-2-800. These typical values of ID/IG reflect the increase in structural 

defects with an increase in carbonisation temperature.(20)  

4.3.1.3 TGA analysis 

The TGA curve shown in Figure 4.4 illustrates the mass degradation of pristine 

MFS across a temperature range of 0-1000 °C. The significant components in MFS, 

including hemicellulose, cellulose, and lignin, are prominently visible in the TGA 

curve. In this curve, the initial weight loss of 3% at approximately 120 °C is attributed 

to the evaporation of water and the breakdown of highly volatile compounds from 

pristine MFS.(5)  

 

Figure 4.4 TGA curve of pristine mahogany fruit shell  

The thermal mass degradation from 120 to 250 °C can be ascribed to the 

decomposition of hemicellulose. Cellulose, the primary component in lignocellulosic 

biomass, undergoes decomposition above 250 °C. Significant mass loss occurs between 

400 and 500 °C due to lignin degradation, which is thermally stable.(4) 
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4.3.1.4 SEM analysis 

SEM analysis was conducted to investigate the structural morphology of 

pristine MFS and MSAC samples. The SEM image of pristine MFS is shown in Figure 

4.5. The images suggest that the rigid and porous structure of MFS enhances its 

potential for the preparation of AC with a well-developed pore distribution. 

Figure 4.5 SEM images of pristine mahogany fruit shell at 5000 and 10000 X 
magnification, respectively. 

The well-distributed pores are visible in the SEM micrographs (Figure 4.6) of 

MSACs. These electrode materials typically exhibit an interconnected porous structure, 

which facilitates the rapid diffusion of the electrolyte and acts as an ion-buffering 

reservoir.(13) The porous structure can be attributed to the efficient KOH etching of 

the biomass waste. Comparing the SEM images of pristine MFS and MSAC-X-Ys 

confirms this. This unique porous structure is beneficial for increasing the accessible 

surface area and improving the electrochemical performance of electrode 

materials.(21) The SEM results confirm the significant impact of the activation ratio 

and carbonisation temperature on the structure formation of biomass-derived AC. The 

number of pores increased with an increase in the activation ratio, which, in turn, 

increased the surface area of the material. However, the SEM image of MSAC-3-700 

indicates the structural collapse associated with excessive addition of the activating 

agent.(12) Moreover, the pores became more defined and well-distributed as the 

carbonisation temperature increased from 600 to 700 °C. Although a high degree of 

porosity was observed for MSAC-2-800, this also results in the thinning of the 

structural walls of the MSAC.(22,23)  
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Figure 4.6 SEM images of (a, b) MSAC-1-700, (c, d) MSAC-2-700, (e, f) MSAC-
3-700, (g, h) MSAC-2-500, (i, j) MSAC-2-600, and (k, l) MSAC-2-800 at a 

magnification of 10000 and 20000 X, respectively. 
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EDAX was used to perform elemental analysis of the prepared electrode 

materials, and the results are consolidated in Table 4.1. In the samples, the ratio 

of carbon predominates over oxygen.  Compared to other MSAC-X-Ys, MSAC-2-700 

shows a higher carbon content. 

Table 4.1 Elemental analysis of MSAC-X-Ys 

4.3.1.5 Surface area analysis 

The surface area and pore size distribution of the electrode materials play a vital 

role in improving the performance of FSCs. As shown in Figure 4.7, MSAC-X-Ys 

exhibit the type-I nitrogen adsorption–desorption isotherms.(20,24) 

Figure 4.7 N2 adsorption–desorption isotherms of MSACs 

Weight 

percentage 

MSAC-

1-700 

MSAC-

2-700 

MSAC-

3-700 

MSAC-

2-500 

MSAC-

2-600 

MSAC-

2-800 

C 85.1 92.4 89.3 83.6 86.1 90.3 

O 14.9 7.6 10.7 16.4 13.9 9.7 
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The type-I isotherm shows a sharp increase in the volume adsorbed at a relative 

pressure of approximately 0.01, followed by a relatively flat region in the higher 

relative pressure values.(25) These isotherms are usually associated with the 

micropores present in the electrode materials. The availability of micro pores can be 

ascribed to the intercalation and deintercalation of metallic K during chemical 

activation and carbonisation, respectively. In addition, the H4-type hysteresis loop in 

the curves is usually associated with the mesopores in the samples.(26) The largest 

hysteresis loop of MSAC-2-700 suggests that it has the largest surface area among all 

the MSAC-X-Ys. 

Table 4.2 Pore structure parameters of MSAC-X-Ys 

Sample Name 

Surface area [m2g−1] Pore volume [cm3g−1] 
Diameter 

(nm) 
Micro 

pores 

Meso 

pore 
Total 

Micro 

pores 

Meso 

pore 
Total 

MSAC-1-700 761 338 1072 0.462 0.328 0.726 3.15 

MSAC-2-700 103 202 1022 0.397 0.101 0.376 8.35 

MSAC-3-700 341 161 429 0.586 0.2018 0.896 1.47 

MSAC-2-500 846 195 1028 0.693 0.365 0.913 3.55 

MSAC-2-600 515 279 807 0.291 0.471 0.686 3.40 

MSAC-2-800 526 213 898 0.405 0.266 0.707 2.70 

The Brunauer–Emmett–Teller (BET) method is employed for calculating 

surface areas of all the samples, which were summarised in Table 4.2. The surface area 

of the materials increases with an increase in the activation ratio from 1 to 2, followed 

by a slight decrease as the activation ratio increases from 2 to 3. However, the surface 

area of MSAC rises as the carbonisation temperature increases up to 700 ℃. A further 

increase in the carbonisation temperature to 800 °C reduces the surface area, which can 

be attributed to the structural collapse at higher temperatures.(20)  
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Figure 4.8 Pore size distributions of MSACs (the inset shows the enlarged curves 

at smaller pore diameters)  

Figure 4.8 shows the pore size distribution in MSACs. The Barrett–Joyner–

Halenda (BJH) method is used to understand the pore distribution in MSACs. The 

enlarged curves at smaller pore diameters are shown in the inset. The values of 

corresponding pore volumes are also tabulated in Table 4.2. The results confirm the 

largest surface area of MSAC-2-700 and the availability of both micropores and 

mesopores in its structure. This may be associated with the effective etching using 

KOH activation. These results align with all other characterisations and indicate the 

material's potential for efficient electrochemical charge storage.(20,24)   

4.3.1.6 FTIR analysis 

 FTIR spectra displayed in Figure 4.9 represent the functional groups present 

in MSACs. All the samples show similar peaks around 1055, 1200, 1593, and 3461 

cm–1. These are characteristic peaks associated with the graphitic structure in the 

materials.(27) C–H bending vibrations are related to the peaks at 1055 cm–1. The band 

near 1593 cm–1 is associated with C=C stretching vibrations, whereas the broad band 

around 3461 cm–1 can be ascribed to O–H vibrations. C–O stretching vibrations present 
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in the material are suggested by the absorption peak at 1200 cm–1.(28) These functional 

groups are advantageous for enhancing charge storage, specific capacitance and other 

surface properties in MSAC-based FSC electrodes.(29) 

 

Figure 4.9 FTIR spectra of MSAC-X-Ys 

 The reduction in the intensity of peaks with the rise in carbonisation 

temperature indicates the formation of a more tightly packed graphitic structure with 

fewer functional groups. The spectra further validate the effect of activation ratio in 

improving the functional groups in the materials.(28)  

4.3.1.7 TEM analysis 

The porous distribution of ACMS-2-700 was further validated using high-

resolution TEM analysis. Figure 4.10 shows structural micrographs of ACMS-2-700 at 

different resolutions. A well-defined pore distribution in the material with micropores 

(< 2 nm), mesopores (2-50 nm), and macropores (> 50 nm) is visible from the TEM 

images.(20)  
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Figure 4.10 TEM images of the MSAC-2-700 at various magnifications showing 

porous structures with micro, meso, and macropores. 

The availability of mesopores and micropores is advantageous for fast ion 

transport and facilitates the capacitive properties of AC, which are favourable for 

electrode applications.(29) 

4.3.2 Electrochemical characterisation of MSAC-X-Ys 

 Electrochemical performance of MSAC-X-Ys was evaluated using a three-

electrode configuration, including a working electrode, a reference electrode and a 

counter electrode with 1 M KOH as the electrolyte. 
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4.3.2.1 Cyclic voltammetry (CV) 

CV was carried out at different scan rates over a potential window from −1 to 

0 V. Figure 4.11 illustrates the CV response of MSAC-X-Ys at a scan rate of 1 mV s−1. 

The CV curves show no redox peaks, even at low scan rates, indicating the formation 

of an ideal electric double layer in the supercapacitor systems. Additionally, these 

reversible curves indicate a fast electrochemical response of the materials.(17,30) 

 

Figure 4.11 CV curves of MSAC-X-Ys at a scan rate of 1 mV s−1 

Activation ratio and carbonisation temperature significantly affect the CV 

response. The CV curve area of MSAC-2-700 was higher than that of all other electrode 

materials, reflecting its higher specific capacitance and electrochemical 

performance.(31) The CV curves of MSAC-2-700 obtained at various scan rates are 

shown in Figure 4.12. At lower scan rates, the CV curves of MSAC-X-Y are quasi-

rectangular, suggesting the suitability of MSAC-2-700 as a supercapacitor material. In 

contrast, the distorted CV curves at higher scan rates indicate that the electrolyte 
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diffuses inefficiently into the internal pores of the electrode material, resulting in 

reduced charge accumulation on the electrode surface.(18) 

 

Figure 4.12 CV curves of MSAC-2-700 at different scan rates 

4.3.2.2 Galvanostatic charge-discharge (GCD) 

GCD measurements were performed at different current densities to further 

evaluate the electrochemical properties of the as-prepared electrode materials. GCD 

response of these electrode materials at a current density of 1 A g−1 is compared in 

Figure 4.13. The curves are almost triangular and symmetrical, indicating the reversible 

behaviour of the electrode material.(23) In addition, the negligible voltage drop in the 

discharge curves reflects low internal resistance and reasonable electrical conductivity 

of the electrode materials. MSAC-2-700 has a longer discharge curve, suggesting its 

better capacitive properties and a faradaic efficiency of >100%. 

The value of specific capacitance was calculated using the following equation: 

𝐶௦௣ =
ூ×∆௧

∆௏×௠
         4.1 
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where Csp is the specific capacitance, I is the current density, △t is the discharge time, 

△V is the potential window, and m is the mass of the active material in the electrode. 

(32,33) 

Figure 4.13 GCD curves of MSAC-X-Ys at a current density of 1 A g−1 

The specific capacitance values of the electrode materials are listed in Table 

4.3. MSAC-2-700 has the highest specific capacitance value among all MSAC-X-Ys. 

The results signify the effect of the accessible surface area on the electrochemical 

capacitance and are consistent with the SEM and surface area analysis results. The 

improvement in the capacitance values is attributed to the rapid ion diffusion and 

effective electrolyte ion transport inside the electroactive material. 

Table 4.3 Specific capacitance values of MSAC-X-Ys. 

Sample  
MSAC-

1-700 

MSAC-

2-700 

MSAC-

3-700 

MSAC-

2-500 

MSAC-

2-600 

MSAC-

2-800 

Csp [F g−1] 144 267 129 142 234 112 

IR drop [mV] 1.68 0.24 1.65 0.62 1.26 5.17 



Efficient solid-state supercapacitor with mahogany. . .  

Synthesis of activated carbon from biomass waste and study of its suitability for applications in electrochemical systems  .                                     136    . 

Figure 4.14 shows the GCD curves of MSAC-2-700 at different current 

densities ranging from 1 to 5 A g−1. The GCD curves are straight and symmetrical at 

low current densities of 1 and 2 A g−1, indicating the reversible electrochemical 

behaviour and high coulombic efficiency of MSAC-2-700.(31) The discharge time and 

specific capacitance of MSAC-2-700 decreased with an increase in the current density.  

Figure 4.14 GCD curves of MSAC-2-700 at various current densities 

Figure 4.15 displays the variation in the specific capacitance and IR drop with 

an increase in current density for MSAC-2-700. A small IR drop observed at higher 

current densities confirms the significant capacitive nature of the material.(32,33) The 

stability of MSAC-2-700 was studied by performing 10,000 charging and discharging 

cycles at a current density of 20 A g−1 (Figure 4.16). The material showed high 

capacitance retention of approximately 97%. The specific capacitance values of various 

biomass-derived AC electrode materials are listed in Table 4.4. The specific 

capacitance of MSAC is comparable to or even higher than those reported in previous 

studies. 
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Figure 4.15 Dependence of specific capacitance and IR drop on the current 

density for MSAC-2-700 

The specific energy density (E) and power density (P) of MSAC-2-700 were 

calculated using equations 4.2 and 4.3: 

𝐸(𝑊ℎ𝑘𝑔ିଵ) =
଴.ହ× ஼ೞ೛×௏మ

ଷ.଺
        4.2 

𝑃 (𝑊𝑘𝑔ିଵ) =
ଷ଺଴଴×ா

௧
       4.3 

where Csp is the specific capacitance (F g−1), V is the voltage change during the 

discharge after the reduction of the IR drop (V), and t is the discharge time (s).(34) 

Figure 4.17 shows the Ragone plot for MSAC-2-700 that represents the variation 

in energy density depending on the power density of the electrode material. The power 

density and energy density of various biomass-derived AC electrode materials are 

illustrated in the figure. The Ragone curve further validates the potential of MSAC-2-

700 for FSC applications as it displays high energy density and remarkable power 

density, which are ideal for highly efficient electrode material.(35–39) 
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Figure 4.16 Cycle life of MSAC-2-700 at a current density of 20 A g−1 for 

10,000 cycles with the first and last five charge–discharge cycles in the inset 

 

Figure 4.17 Ragone plot of MSAC-2-700 compared with various biomass-derived 

AC electrode materials 
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Table 4.4 Comparison of specific capacitance of different biomass-derived AC 

materials. 

 

4.3.2.3 Electrochemical impedance spectroscopy (EIS) 

The charge transfer and ion diffusion properties of the MSAC-X-Ys were 

evaluated using EIS analysis. Figure 4.18 illustrates the Nyquist plot of the MSAC-X-

Precursor 
Material 

Activatin
g agent 

Specific 
capacitanc
e [F g−1] 

Current 
density 
[A g−1] 

Electro
lyte 

Energy 
density 
[W h 
kg-1] 

Power 
density 
[W kg-

1] 

Cycle Test 
@ 10 A g−1 

Ref. 

Cashew 
nutshell 

KOH 194 1 
0.5 M 
Na2SO

4 
-- -- 

94 % 
after 10000 

cycles 
(12) 

Coconut 
coir pith 

NaOH 120  1 
1 M 

H2SO4 
18 271 ---- (20) 

Pine cone KOH 185 0.5 
1 M 

H2SO4 
16 454 

96 % 
after 10000 

cycles 
(22) 

Sakura 
flower 

KOH 231 1 
6 M 
KOH 

-- -- 
95 % 

after 5000 
cycles 

(30) 

Corn cob KOH 299 1 
6 M 
KOH 

-- -- 
90 % 

after 2000 
cycles 

(33) 

Banana 
peel 

H3PO4 199 1 
1 M 
KOH 

23 342 
90 % 

after 11000 
cycles 

(34) 

Soybean 
protein 

ZnCl2 210 1 
6 M 
KOH 

16 844 
93 % after 

10000 
cycles 

(36) 

Wood KOH 175 0.05 
6 M 
KOH 

22 900 
76% after 

20000 
cycles 

(37) 

Chitin NaOH 227 0.5 
1 M 

H2SO4 
8 1200 

98 % after 
10000 
cycles 

(38) 

Cucumis 
melo fruit 

peel 
KOH 245 0.5 

1 M 
KOH 

29 279 
91 % 

after 10000 
cycles  

(40) 

Pomelo 
peels 

KOH 103 1 
1 M 

Na2SO

4 
20 500 

99 % after 
4000 cycles 

(41) 

Mahogan
y fruit 
shell 

KOH 267 1 
1 M 

KOH 
27 990 

97 % after 
10000 
cycles 

Present   
work 
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Ys in the high-frequency region. The Nyquist plots of MSAC-X-Y show a semicircle 

in the high-frequency region and a straight line in the low-frequency region.  

 

Figure 4.18 Nyquist plot of the electrode materials (the enlarged curves at the 

high-frequency range and equivalent circuit diagram are shown in the insets) 

The EIS curves were fitted to the equivalent circuit (as inset) consisting of 

internal resistance (Rs), charge transfer resistance (Rct), double-layer capacitance (Cdl), 

and Warburg resistance (Zw). The value of the equivalent series resistance (ESR) can 

be found from the value of the lower intersection of the semicircle in the high-

frequency region of the Nyquist plot. The value of Rs consists of the contact resistance 

between the current collector and active material, solution resistance, and the intrinsic 

resistance of the electrode material. The vertical line may be attributed to the low 

diffusive resistance associated with the fast ion transport in the system.(42,43) Table 

4.5 lists the values of Rs, Rct, Cdl, and Zw. The ion diffusion resistance between the 
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electrolyte and active material is represented by Rct. Zw and Cdl are associated with the 

electrochemical reaction rate and the charge accumulation at the interface, respectively. 

Table 4.5 Fitted values of components in equivalent circuit derived from the EIS 

curves for MSAC-X-Ys. 

 

4.3.3 Electrochemical analysis of gel polymer-based flexible solid-state 
supercapacitors (FSCs) 

Figure 4.19 CV curves of the FSC at different scan rates from 1 to 100 mV s−1 

Sample Name Rs [Ω] Rct [Ω] Cdl [µF] W [Ω.S−1/2] 

MSAC-1-700 5.12 ± 0.37 7.31 ± 0.39 7.15 ±1.78 150.6 ± 0.06 

MSAC-2-700 6.02 ± 0.21 8.74 ± 0.12 4.81 ± 0.34 250.7 ± 1.18 

MSAC-3-700 5.65 ± 0.38 7.23 ± 0.91 9.46 ± 0.21 454.5 ± 0.05 

MSAC-2-500 5.68 ± 0.44 5.60 ± 0.39 13.11 ± 3.93 124.8 ± 0.46 

MSAC-2-600 8.21 ± 0.30 20.94 ±0.45 17.61 ± 1.06 291.5 ± 0.06 

MSAC-2-800 6.47 ± 0.34 14.93 ±0.39 10.55 ± 1.18 239.7 ± 0.05 
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The ionic conductivity of the gel polymer plays a crucial role in determining 

the electrochemical performance of the FSC system.(14) Conductivity studies of the 

as-prepared GPEs were carried out to identify the optimal ratios of PVA and Na2SO4 

for preparing PVA|Na2SO4 GPEs. The ionic conductivity values were calculated using 

the bulk resistance () obtained from EIS analysis. The as-prepared GPE with 10 

weight percent PVA and 0.1 M Na2SO4 had the maximum ionic conductivity of 1.2468 

mS cm−1. FSCs were fabricated using GPEs with the composition mentioned above. 

 

Figure 4.20 GCD curves of the FSC at current densities from 1 to 5 A g−1 

The CV tests were carried out at different scan rates (1, 2, 5, 10, 20, 25, 50, 75, 

and 100 mV s−1) over a larger potential window of 0–2 V (Figure 4.19). The almost 

rectangular CV curves underpin the formation of a perfect double layer resulting from 

the high reversibility of both charging and discharging curves at a pseudo-constant rate 
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without the presence of any redox element. The CV curves were slightly distorted at 

higher scan rates, which is typical for EDLCs. (17)  

 

Figure 4.21 Dependence of specific capacitance and IR drop on the current 

density of FSC 

Figure 4.22 Cycle life of the FSC at a current density of 20 A g−1 for 2,000 cycles 

with the first and last five charge–discharge cycles in the inset 
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Figure 4.20 represents the GCD curves of FSC obtained for different current 

densities. The curves are triangular and electrochemically reversible, representing the 

pure capacitive behaviour of FSC. As expected, the discharge time and specific 

capacitance of the FSC decreased with increasing current density.(23) The specific 

capacitance of the FSC was calculated using equation (4.4): 

𝐶௦௣ =
ଶ×ூ×∆௧

∆௏×௠
          4.4  

where Csp is the specific capacitance, I is the current density, Δt is the discharge time, 

ΔV is the potential window, and m is the total mass of the active electrode material in 

FSC.(26) The FSC exhibited a high specific capacitance of 121 F g−1 at a current 

density of 1 A g−1.  

 

Figure 4.23 Ragone plot of the FSC in comparison with previously reported 

values 

Figure 4.21 illustrates a reduction in specific capacitance and an increase in IR 

voltage drop as current density rises, which are typical characteristics of EDLCs. In 

addition, as shown in Figure 4.22, FSC exhibits capacitance retention of 78% after 

2,000 cycles at 20 A g−1. The energy and power densities of FSC were calculated using 
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equations 4.2 and 4.3, which were comparable to or even better than the values reported 

earlier, as shown in the Ragone plot (Figure 4.23). 

 

Figure 4.24 Nyquist plot of the FSC (the equivalent circuit diagram is shown as 

an inset) 

The Nyquist plot of the FSC (Figure 4.24) is similar to the characteristic curve 

of an ideal supercapacitor and was further analysed using equivalent circuits. The 

values of Rs, Rct, Cdl, and W were determined to be 21.5 Ω, 179 Ω, 0.57 µF, and 66.07 

Ω.S─1/2, respectively. These results indicate the viability of FSC fabrication employing 

MSAC as the electrode material and PVA|Na2SO4 GPE as the electrolyte.(37,41) 

The major application of FSC lies in the field of wearable devices. So, to 

confirm the feasibility of FSC for practical applications has to be evaluated. The 

fabricated FSC was subjected to bending from 0° to 180°. CV curves of FSC at various 

bending angles are displayed in Figure 4.25. The CV curves show only a slight shift in 

bending, indicating considerable flexibility and ease of bending at different angles 

without compromising its electrochemical performance. 
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Figure 4.25 CV curves of FSC subjected to bending at various angles; scan rate: 

20 mV s−1 (inset displays the bending angle) 

4.4 Conclusion  

 Different MSACs were prepared via the low-cost KOH chemical activation 

method. The optimal activation ratio of mahogany fruit shell waste to KOH and 

carbonisation temperature for preparing highly porous MSACs with a large surface 

area were determined to be 1:2 and 700 °C (MSAC-2-700), respectively. Based on the 

results obtained from electrochemical characterisation, MSAC-2-700 also exhibited the 

highest specific capacitance of 267 F g−1 at a current density of 1 A g−1 and excellent 

stability with capacitance retention of 97% over 10,000 charge–discharge cycles. The 

applicability of MSAC-2-700 as an electrode material in the FSC was further validated 

by fabricating a GPE-based FSC. The as-prepared FSC exhibited a high specific 

capacitance of 121 F g−1 at a current density of 1 A g−1 with significant capacitance 

retention of 78% over 2,000 charge–discharge cycles. The improved potential window 
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with a high specific capacitance of the GPE-based FSC suggests its excellent energy 

and power densities. This study confirms the potential of MSACs as electrode materials 

for supercapacitors and the superiority of the fabricated FSC over conventional FSCs. 
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SUITABILITY OF NUTMEG SHELL-
DERIVED ACTIVATED CARBON FOR 

APPLICATIONS IN Li-ION BATTERIES 
AND SUPERCAPACITORS  

 

Some of the contents of this chapter have been published in 

I. M. Pulikkottil, R.R. Baby, A. Seema, Impact of the Stable Solid–

Electrolyte Interphase in Sustainable and High‐Performance Lithium‐Ion 

Battery Anodes, Batteries & Supercaps, (2025) 2500228.  
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5.1  Introduction 

The demand for supercapacitors and lithium-ion batteries (LIBs) is 

continually increasing as they drive the transition toward a greener future in 

transportation. However, conventional electrode materials have limitations, such as 

high costs, limited resources, and environmental concerns. (1,2) Activated carbon (AC) 

is a widely recognised sustainable alternative to address these issues. The unique 

combination of high surface area, tunable porosity, and excellent electrical conductivity 

makes biomass-derived activated carbon (BDAC) an ideal platform for enhancing the 

electrochemical performance of these energy storage devices, as they determine key 

aspects such as energy density, power density, and cycle life.(3,4) Motivated by this, 

the present study aimed to develop a versatile electrode material using BDAC, 

particularly nutmeg shell, for applications in supercapacitors and LIBs.  

In this work, the nutmeg shell waste was used as the precursor for the 

preparation of BDAC due to its inherent lignocellulosic nature. The shells contain 

lignin (50–59%), cellulose (11–28%), and hemicellulose (9–16%) in their total dry 

weight. This specific composition is advantageous for producing BDAC with a well-

developed pore distribution.(5–7) Thus, this nutmeg-derived AC (ACNM) has better 

structural properties, which are beneficial for electrode applications in supercapacitors 

and LIBs.(8–10) Additionally, ACNM offers a sustainable and environmentally 

friendly approach to utilising nutmeg waste material and a cost-effective alternative to 

commercially available AC, which is often derived from non-renewable sources.(9)  

Nevertheless, the structural properties of anode materials are crucial in 

forming and stabilising the solid electrolyte interface (SEI) on the surface of the anode 

material in LIBs. A stable SEI ensures long-term cycling stability, minimal active 

material loss, improved safety, and enhanced performance of LIBs.(10–12) Anode 

materials with high surface areas often result in thicker and nonuniform SEI layers due 

to an increased availability of active sites for electrolyte decomposition. Consequently, 

large surface area and high porosity in AC often result in a thicker SEI during the initial 

charging and discharging cycles.(13) This limitation can be addressed by optimising 

the porous distribution and surface area in the AC-based anode material. A controlled 
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porous structure in AC-based anodes can limit excessive formation of SEI, reduce 

initial capacity loss, and enhance the cycle life of LIBs.(14) 

In the following sections, we shall discuss the development of porous ACNMs 

and insights into their remarkable material and electrochemical properties. Further, 

emphasis is given to optimising the activation ratio and carbonisation temperature to 

prepare ACNM and ensure efficient performance as an electrode in supercapacitors and 

LIBs.  

5.2 Experimental details  

5.2.1 Preparation of Nutmeg Shell-derived Activated Carbon  

 In this study, the KOH-based chemical activation of nutmeg shell waste is 

done at various activation ratios (weight% of nutmeg shells: KOH = 1, 2, and 3). The 

activated samples were carbonised in a tubular furnace at temperatures of 500 °C, 

600 °C, 700 °C and 800 °C for one hour. Continuous Ar (99.99%) supply was provided 

throughout carbonisation. 0.1 M HCl and distilled water were used to wash the 

carbonised samples to maintain a neutral pH of the prepared samples.(15–17) The as-

prepared ACNM samples were dried overnight at 100 °C and labeled as ACNM-1-700, 

ACNM-2-700, ACNM-3-700, ACNM-2-500, ACNM-2-600, ACNM-2-800, where (1, 

2, 3) represents the activation ratio and (500, 600, 700, and 800 °C) represents 

carbonisation temperature. 

 

Figure 5.1 Methodology for preparing ACNM-based sustainable electrodes 
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5.2.2 Preparation of ACNM-based electrode material  

The active electrode material was prepared by mixing ACNM-X-Y, carbon 

black, and PVDF at an 8:1:1 weight ratio in the solvent NMP, where X denotes the 

activation ratio and Y denotes the carbonisation temperature. The active material 

loading on the modified glassy carbon electrode was maintained at 10-20 mg cm-2.  

The anodes for LIBs were prepared using the homogeneous slurry mentioned 

above. The slurry was applied to the copper current collector (40 μm) employing the 

tape casting method. The casted anode tape was punched into a circular shape with a 

mass loading of 2 mg cm−2.  

5.2.3 Half-cell preparation and performance testing 

The anode half cells were prepared by assembling lithium foil of thickness 45 

μm and ACNM as the electrodes in the coin cell of type CR2025. Solupor® separator 

soaked in the electrolyte 1.0 M LiPF6 in a 1:1 (V/V) mixture of ethylene carbonate 

(EC) and dimethyl carbonate (DMC) is also used in the fabrication to ensure constant 

contact between electrode and electrolyte. The assembling of half cells was carried out 

inside a glovebox filled with argon gas. This precise fabrication method ensures that 

the anode half-cells are correctly fabricated and optimised for subsequent 

electrochemical evaluation.  

5.3 Results and Discussions 

 The structural and electrochemical properties of ACNMs are evaluated using 

various physicochemical characterisation techniques, including XRD, Raman 

spectroscopy, TEM, SEM, FTIR, XPS, and TGA analyses. The electrochemical 

performance of these materials is further assessed using techniques such as CV, GCD, 

and EIS. The results obtained from these analyses help to optimise the preparation 

conditions for ACNM-X-Ys. Additionally, the interface studies with scanning 

electrochemical microscopy (SECM) highlight the formation of the SEI layer on the 

anode surface and its subsequent impact on battery performance. Overall, these studies 

provide insights into the potential of ACNMs for practical applications in 

supercapacitor and LIB systems.  
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5.3.1 Material characterisations 

5.3.1.1 XRD analysis 

XRD spectra of ACNMs are displayed in Figure 5.2. All the samples exhibit 

identical XRD patterns, indicating the presence of a graphitic nature alongside 

remarkable surface cavities. The spectra contain two broad peaks around 2θ = 24° and 

43°. These characteristic peaks represent (002) and (100) planes of carbon as 

referenced in the ICDD database (ICDD PDF No: 01-075-1621).(17,18) These planes 

indicate interlayer condensation and a significant regularity in crystalline structure, 

respectively. These features suggest the suitability for supercapacitor electrode 

applications.  

 

Figure 5.2 XRD patterns of ACNM-X-Ys. 

Additionally, this structure contributes positively to the formation of a stable 

SEI. However, the broadness of these peaks is related to the amorphous nature of the 

as-prepared AC, which provides a large surface area and active sites for electrolyte 

decomposition. This may lead to the formation of a heterogeneous SEI layer. Since 
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ACNM-2-700 has the lowest FWHM value, it is more likely to develop a stable SEI 

layer than the other ACNM-X-Ys.(19,20) 

5.3.1.2 Raman Spectroscopy 

Figure 5.3 shows the Raman spectra of developed ACNMs that provide 

essential insights into the structural characteristics of as-prepared AC. All spectra are 

identical and display characteristic peaks corresponding to graphitic carbon. The peak 

around 1355 cm−1 represents the D band corresponding to the disordered sites in the 

sample. Whereas, the E2g symmetric phonon vibrations can be identified from the G 

band around 1580 cm−1. Raman spectra of ACNMs represent the availability of 

graphite and disordered carbon structures.(21,22)  

 

Figure 5.3 Raman spectra of ACNM-X-Ys 

The intensity ratios (ID/IG) for ACNM-1-700, ACNM-2-700, and ACNM-3-

700 were 0.94, 1.05, and 1.11, respectively. The rise in ID/IG ratio indicates that the 

activation ratio is responsible for defects in the graphitic structure. ACNM-2-500, 
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ACNM-2-600, ACNM-2-700, and ACNM-2-800 have ID/IG values of 0.87, 0.98, 1.05, 

and 1.01, respectively, that represent the incomplete graphitisation at lower 

temperatures and distorted graphitic structure at higher carbonisation 

temperatures.(23,24)  This structure is related to the limited atomic mobility of carbon 

atoms at lower temperatures and the rapid movement of carbon atoms at higher 

temperatures. Ultimately, this structure leads to a higher concentration of disordered 

sites.(8) These available defects are desirable to improve the number of active sites and 

accessible surface area in the ACNM-based electrode material for supercapacitors.  

The presence of defects and disordered sites in AC significantly influences the 

performance of LIB systems, with the ID/IG ratio serving as a key quantitative indicator. 

A higher ID/IG ratio represents a higher level of disorder that may lead to capacity fading 

during cycling and reduced rate capability. In contrast, a lower ID/IG ratio is related to 

an ordered structure, which may limit the storage capacity. Therefore, a moderate ID/IG 

value can offer additional lithium storage, sufficient capacity and a stable cycle life.(25) 

Moreover, a higher ID/IG is typically associated with the chances of forming a thick and 

unstable SEI layer. ACNM-3-700 and ACNM-2-800 exhibit large ID/IG ratios, 

indicating thicker SEI layer formation and irreversible loss in capacity when used as 

anodes in LIBs.(26,27) These results suggest the potential of ACNM-2-700 as an anode 

material with an optimum ID/IG value. 

5.3.1.3 TGA analysis 

The pristine nutmeg shells (NMS) were subjected to TGA-DTA analysis to 

explore thermal degradation with the temperature rise. TGA-DTA curves shown in 

Figure 5.4 represent three distinct portions of mass loss stages, indicating the presence 

of hemicelluloses, lignin, and cellulose in NMS.(9,28) Around 120 °C, highly volatile 

compounds undergo breakdown along with water evaporation and cause initial weight 

loss. The thermal decomposition of hemicellulose occurs in the temperature range of 

120 to 250 °C. For a temperature above 250 °C, cellulose undergoes decomposition. 

The most significant mass loss occurs between 360 °C and 550 °C, which represents 

the degradation of lignin.(16,29)   
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Figure 5.4 TGA curve of pristine nutmeg shell 

5.3.1.4 SEM analysis 

The surface morphology of ACNMs was identified using SEM analysis. The 

interconnected porous structure was evident from the SEM images shown in Figure 

5.5. This well-distributed porous structure improves the accessible surface area, 

enabling rapid electrolyte diffusion. Consequently, this increases the electrochemical 

efficiency of the electrode material.(30,31) The SEM images demonstrate the 

significant effect of activation ratio and carbonisation temperature on the formation of 

pore structure during the synthesis of ACNM. In addition, the porous distribution 

became more defined with the rise in carbonisation temperature.(21,32) However, 

further increases in temperature above 700 °C cause a high degree of porosity along 

with thin structural walls.(28)  

Energy dispersive spectroscopy (EDS) was performed for elemental analysis 

of ACNMs, and results are presented in Table 5.1. In all the ACNMs, the ratio of carbon 

predominates over that of oxygen. 
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Figure 5.5 SEM images of (a) ACNM-1-700, (b) ACNM-2-700, (c) ACNM-3-
700, (d) ACNM-2-500, (e) ACNM-2-600, and (f) ACNM-2-800 at 20,000 X 

magnification. 

Table 5.1 Elemental analysis of ACNM-X-Ys 

Weight 

percentage 

ACNM-

1-700 

ACNM-

2-700 

ACNM-

3-700 

ACNM-

2-500 

ACNM-

2-600 

ACNM-

2-800 

C 88.3 91.7 92.3 82.5 90.2 91.3 

O 11.73 8.3 7.7 17.5 9.8 8.7 
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5.3.1.5 Surface area analysis 

The pore distribution in electrode materials determines their energy storage 

efficiency for supercapacitor and LIB applications. The nitrogen adsorption-desorption 

isotherms were studied to identify the porous structure in ACNMs, which is displayed 

in Figure 5.6. All the materials show type-I isotherms, indicating the microporous 

nature of the electrode materials. In the lower relative pressure region, the volume 

adsorbed rises sharply and remains unchanged in the higher relative pressure region. 

The development of micropores in ACNMs may be due to the intercalation and 

deintercalation of potassium. The H4-type hysteresis loop in the isotherms can be 

related to the availability of mesopores in their structure.(33,34) 

 

Figure 5.6 N2 adsorption–desorption isotherms of ACNMs 

Figure 5.7 represents the distribution of the pores in ACNMs. The surface 

areas and pore volume of ACNMs were tabulated in Table 5.2. These data confirm that 

lignin content in precursor material significantly contributes to the micropores in 

ACNMs. The surface area of ACNM-X-Y increases as the activation ratio rises from 1 

to 3. The carbonisation temperature also plays a superior role in determining the 

porosity of these materials. The surface area of the as-prepared AC rises with 
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carbonisation temperature up to 700 °C, and beyond this temperature, the surface area 

is reduced.(15,35) The carbonisation temperature aids in the surface area till the 

temperature reaches 700 ℃.  

 

Figure 5.7 Pore size distributions of ACNMs (the inset shows the enlarged curves 

at smaller pore diameters)  

As the carbonisation temperature further increases, the surface area of the as-

prepared AC reduces.(15,36) This indicates hierarchical pore structure formation 

followed by structural collapse at higher temperatures. The results show that ACNM-

3-700 has the largest surface area, primarily due to its microporous structure. However, 

the availability of micropores and mesopores in ACNM-2-700 facilitates the accessible 

surface area and improves electrochemical charge storage.(37) All these unique 

characteristics help improve the electrochemical performance of ACNMs. 

Additionally, the surface area analysis of anode material is a highly reliable 

tool for predicting the feasibility of SEI formation in LIBs.  The micropores available 

in the anode material can lead to excessive SEI formation and electrolyte 
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decomposition. Meanwhile, the presence of mesopores creates a more stable and 

uniform SEI.(13,38)  

Table 5.2 Pore structure parameters of ACNM-X-Ys 

Sample Name 

Surface area [m2g−1] Pore volume [cm3g−1] 
Diameter 

(nm) 
Micro 

pores 

Meso 

pore 
Total 

Micro 

pores 

Meso 

pore 
Total 

ACNM-1-700 170 20 230 0.073 0.028 0.126 2.18 

ACNM-2-700 851 50 1011 0.239 0.770 0.960 3.24 

ACNM-3-700 1092 9 1177 0.426 0.023 0.486 1.65 

ACNM-2-500 123 3 256 0.101 0.004 0.160 2.50 

ACNM-2-600 691 19 764 0.262 0.026 0.318 1.66 

ACNM-2-800 342 35 432 0.173 0.047 0.224 2.06 

Even though the large surface area and pore volume improve lithium-ion 

intercalation, they can also lead to extensive SEI layer formation and capacity loss.(11) 

On comparing the as-prepared anode materials, ACNM-2-700 shows the highest 

contribution of mesopores, which benefits lithium storage efficiency due to its high 

surface area and helps minimise excessive SEI formation.(39) This observation is also 

consistent with Raman spectroscopy and XRD analysis of ACNMs. 

5.3.1.6 FTIR analysis 

 FTIR spectra of ACNMs displayed in Figure 5.8 illustrate the available 

functional groups in the materials. All the spectra exhibit similar peaks around 1055, 

1200, 1593, and 3461 cm–1. These peaks indicate the graphitic structure in the 

materials.(40) The peaks at 1055 cm–1 can be ascribed to the C–H bending vibrations 

in the materials. The broad bands near 1593 cm–1 and 3461 cm–1 are associated with 

C=C stretching and O–H vibrations. The absorption peak at 1200 cm–1 is related to the 

C–O stretching vibrations present in them.(28) These functional groups are 

advantageous for enhancing charge storage, specific capacitance and other surface 

properties in MSAC-based FSC electrodes.(41) 
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Figure 5.8 FTIR spectra of ACNM-X-Ys 

 The reduction in the intensity of peaks with the rise in carbonisation 

temperature indicates a more tightly packed graphitic structure with fewer functional 

groups. The spectra further validate the effect of activation ratio in improving the 

functional groups in the materials.(28)  

5.3.1.7 XPS analysis 

 The XPS survey spectrum (Figure 5.9 (a)) identifies elements such as oxygen 

and carbon. Figures 5.9 (b) and (c) show the C1s and O1s spectra of ACNMs. The C 

1s spectrum displays three characteristic peaks at approximately 284.6 eV, 285.68 eV, 

and 288.8 eV. These peaks correspond to the C–C bond, the C–O bond, and the O=C–

O bond, respectively. The highest intensity of the C–C bond suggests that most of the 

carbon atoms in ACNM are arranged in a conjugated honeycomb structure.(42)  
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Figure 5.9 (a) XPS Survey spectrum, (b) C 1s spectrum, and (c) O 1s spectrum of 

ACNM. 

 Figure 5.9 (c) shows the O 1s spectra, which display two deconvoluted peaks 

at 530.2 eV and 531.33 eV. These peaks indicate the presence of various oxygen-

containing functional groups and oxygen vacancies, respectively.  The aromatic 
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structure present in the lignin may be responsible for these oxygen-containing 

functional groups. These functional groups are favourable for increasing the number of 

active sites. In addition, these groups can lead to more reactive sites for electrolyte 

decomposition and result in a thicker or less stable SEI layer. However, these groups 

can also enhance the surface wettability of the anode material and adhesion of the 

electrolyte, which is advantageous for improving ion transport and SEI uniformity.(43) 

These results are also consistent with the observations made in the Raman spectra. 

5.3.1.8 TEM analysis 

The structural micrograms obtained from high-resolution TEM are shown in 

Figure 5.10, illustrating the disordered porous structure present in the material. 

 

Figure 5.10 TEM images of the ACNM-2-700 at various magnifications showing 

porous structures with micro, meso, and macropores. 

The availability of micropores and mesopores over the surface of the anode 

material is beneficial for extensive charge storage capacity.(42) Additionally, an 

adequate distribution of mesopores is visible from the TEM images, facilitating better 

electrolyte wetting and ion transport. The availability of mesopores and micropores is 

advantageous for fast ion transport and facilitates the capacitive properties of AC, 
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which are favourable for supercapacitor electrode applications.(41) Furthermore, such 

a pore distribution is also favourable for the development of a stable and uniform SEI 

in the anode material. The TEM images are consistent with the surface area analysis 

and suggest the feasibility of ACNM for anode applications in LIBs.(43) . 

 

5.3.2 Electrochemical characterisation of ACNM-X-Ys 

The electrochemical efficiency of ACNM-X-Ys was evaluated using a three-

electrode configuration, including a working electrode, a reference electrode and a 

counter electrode. The counter and reference electrodes were platinum and calomel 

electrodes, respectively. 1 M KOH was used for electrochemical analysis over a 

potential window ranging from -1V to 0V.  

5.3.2.1 Cyclic voltammetry (CV) 

CV was performed at different scan rates from 1 to 100 mV s−1 over a potential 

window from −1 to 0 V. CV curves of ACNMs at a scan rate of 1 mV s−1 are compared 

in Figure 5.11. The CV curves are quasi-rectangular in shape and reversible in nature, 

indicating fast electrochemical response of the electrode materials. 

 

Figure 5.11 CV curves of ACNM-X-Ys at a scan rate of 1 mV s−1 
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The activation ratio and carbonisation temperature have a significant role in 

the formation of pores that facilitate efficient charge transport in the system. The CV 

curves also validate the effect of these parameters on the specific capacitance of the as-

prepared electrode materials. The larger CV curve area of ACNM-2-700 than that of 

all other electrode materials, indicating its higher specific capacitance and better 

electrochemical performance.(15)  

 

Figure 5.12 CV curves of ACNM-2-700 at different scan rates 

Figure 5.12 displays the influence of scan rate on the value of ACNM-2-700's 

specific capacitance. The quasi-rectangular shape of the CV curves is maintained even 

at higher scan rates, which indicates effective diffusion of the electrolyte into the 

internal pores of the ACNM-2-700 electrode material.(44,45) This further validates its 

potential as an effective electrode material for energy storage applications. 
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5.3.2.2 Galvanostatic charge-discharge (GCD) 

GCD analysis was performed at different current densities to explore the 

charging and discharging behaviour of the electrode materials. The charging-

discharging characteristic of ACNMs at a current density of 1 A g−1 is displayed in 

Figure 5.13.  

Figure 5.13 GCD curves of ACNM-X-Ys at a current density of 1 A g−1 

The triangular and symmetrical nature of the GCD curves indicates the 

reversible behaviour of the electrode material with low internal resistance and 

reasonable electrical conductivity.(46,47) By showing a longer discharge curve, 

ACNM-2-700 demonstrates superior faradaic efficiency compared to other electrode 

materials. This makes it a potential choice for applications where performance and 

reliability are paramount.  

The GCD curves of MSAC-2-700 (Figure 5.14) at different current densities 

show a reduction in the discharge time and specific capacitance with an increase in 

current density. This is ideal for a perfect EDLC system. 
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Figure 5.14 GCD curves of ACNM-2-700 at various current densities 

The specific capacitance of the materials was calculated using the equation: 

𝐶௦௣ =
ூ×∆௧

∆௏×௠
         5.1 

 where Csp is the specific capacitance, I is the current density, △t is the discharge time, 

△V is the potential window, and m is the mass of the active material in the 

electrode(48).  

The specific capacitance values of the electrode materials are displayed in 

Figure 5.15. ACNM-2-700 exhibits the highest specific capacitance of 314 Fg-1. 

Moreover, it shows a better rate capability than other ACNMs. These observations 

confirm that ACNM-2-700 has the most accessible surface area among all ACNMs, 

further validating the predictions from the SEM and surface area analyses. The better 

capacitance values can be assigned to the availability of porous distribution that 

consists of both micropores and mesopores, which facilitate rapid ion diffusion and 

effective electrolyte ion transport in an electrochemical system(49). 
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Figure 5.15 Dependence of specific capacitance on the current density  

Ten thousand charging-discharging cycles at a current density of 20 A g−1 

were carried out to understand the cycle stability of ACNM-2-700. Figure 5.16 displays 

the capacitive retention for 10,000 cycles with the first and last ten charging and 

discharging cycles as an inset. The capacitance retention of the electrode material is 

found to be approximately 96%. The state-of-the-art specific capacitance values of 

various BDAC electrode materials are listed and compared with the present ACNM-2-

700 in Table 5.3. The satisfactory specific capacitance value of as-prepared ACNM 

shows its potential as an electrode material for supercapacitor applications.  

Equations 5.2 and 5.3 were used for calculating the specific energy density (E) and 

power density (P) of ACNM-2-700. 

𝐸(𝑊ℎ𝑘𝑔ିଵ) =
଴.ହ× ஼ೞ೛×௏మ

ଷ.଺
       5.2 

 

𝑃 (𝑊𝑘𝑔ିଵ) =
ଷ଺଴଴×ா

௧
        5.3 
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where Csp is the specific capacitance (F g−1), V is the voltage change during the 

discharge after the reduction of the IR drop (V), and t is the discharge time (s) (50).  

Figure 5.16 Cycle life of ACNM-2-700 at a current density of 20 A g−1 for 10,000 

cycles with the first and last ten charge–discharge cycles in the inset 

 

Figure 5.17 Ragone plot of ACNM-2-700 compared with various BDAC 

electrode materials 
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Table 5.3 Comparison of specific capacitance of different BDAC materials. 

Precursor 

Material 

Activati

ng agent 

Specific 

capacitanc

e [F g−1] 

Current 

density 

[A g−1] 

Electroly

te 

Energy 

density 

[Wh 

kg-1] 

Power 

density 

[W kg-

1] 

Cycle Test @ 

10 A g−1 
Ref. 

Coconut 

coir pith 
NaOH 120  1 

1 M 

H2SO4 
18 271 ---- (37) 

Pine cone KOH 185 0.5 
1 M 

H2SO4 
16 454 

96 % after 

10000 cycles 
(31) 

Pomelo 

peels 
KOH 103 1 

1 M 

Na2SO4 
20 500 

99 % after 

4000 cycles 
(51) 

Chitin NaOH 227 0.5 
1 M 

H2SO4 
8 1200 

98 % after 

10000 cycles 
(52) 

Cashew 

nutshell 
KOH 194 1 

0.5 M 

Na2SO4 
-- -- 

94 % after 

10000 cycles 
(16) 

Mahogany 

fruit shell 
KOH 267 1 

1 M 

KOH 
27 990 

97 % after 

10000 cycles 
(15) 

Wood KOH 175 0.05 
6 M 

KOH 
22 900 

76% after 

20000 cycles 
(53) 

Cucumis 

melo fruit 

peel 

KOH 245 0.5 
1 M 

KOH 
29 279 

91 % after 

10000 cycles 
(54) 

Sakura 

flower 
KOH 231 1 

6 M 

KOH 
-- -- 

95 % after 

5000 cycles 
(55) 

Banana peel H3PO4 199 1 
1 M 

KOH 
23 342 

90 % after 

11000 cycles 
(56) 

Soybean 

protein 
ZnCl2 210 1 

6 M 

KOH 
16 844 

93 % after 

10000 cycles 
(57) 

Nutmeg 

shell 
KOH 314 1 

1 M 

KOH 
43 519 

96 % after 

10000 cycles 

Present   

work 
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The Ragone plot of various BDAC electrode materials (Figure 5.17) shows 

that the prepared electrode material has a high energy density with remarkable power 

density, which is ideal for highly efficient electrode materials in EDLCs. 

5.3.2.3 Electrochemical impedance spectroscopy (EIS) 

The EIS technique was used to explore the charge transfer and ion diffusion 

properties of the ACNMs. The EIS was done for a frequency range from 10−2 to 105 

Hz with an AC perturbation of 10 mV. The Nyquist plots of ACNM-X-Y (Figure 5.18) 

have a semicircle in the high-frequency region, followed by a straight line in the low-

frequency region.  

 

Figure 5.18 Nyquist plot of the electrode materials (the enlarged curves at the 

high-frequency range and equivalent circuit diagram are shown in the insets) 

The Nyquist plots were further analysed using a fitted equivalent circuit with 

components such as internal resistance (Rs), charge transfer resistance (Rct), double-

layer capacitance (Cdl), and Warburg resistance (Zw) (19,35). The intersection of the 

semicircle in the high-frequency region of the Nyquist plot gives the value of the 

equivalent series resistance (ESR), Rs. The vertical line in the low-frequency region 

can be assigned to the low diffusive resistance associated with the fast ion transport in 
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the electrochemical system. Table 5.4 lists the values of Rs, Rct, Cdl, and Zw. The element 

Rs represents the sum of contact resistance between the current collector and active 

material, solution resistance, and intrinsic resistance of the electrode material.  Whereas 

Rct is associated with the ion diffusion resistance between the electrolyte and active 

material. The electrochemical reaction rate and the charge accumulation at the interface 

are given by Zw and Cdl, respectively (3,31). 

Table 5.4 Fitted values of Rs, Rct, Cdl, and Zw derived from the EIS curves for 

ACNM-X-Ys. 

 

5.3.3 Study of the suitability of ACNMs as LIB anode material  

Anode half-cells were fabricated with lithium metal and ACNMs as cathode 

and anode material, respectively. The fabricated half-cells were then subjected to 

various electrochemical analyses to understand the lithium storage properties of 

ACNMs in LIBs. CV measurements at a scan rate of 0.1 mV s-1, for a potential window 

of 0-3 V vs. Li+|Li, were carried out to evaluate the capacity of the fabricated anode 

half-cells. Galvanostatic cycling tests were also performed at various C rates for the 

same voltage range. The suitability of ACNM electrodes in LIBs was subsequently 

studied by combining the CV and GCD measurements. EIS is carried out from 10 mHz 

to 100 kHz, with a voltage of 10 mV.  

Figure 5.19 represents the cyclic voltammograms of ACNM-based anode half-

cells at a scan rate of 0.1 mV s-1 in the potential window of 0-3 V vs. Li+|Li. The CV 

Sample Name Rs [Ω] Rct [Ω] Cdl [µF] W [Ω. S−1/2] 

ACNM-1-700 11.63 ± 0.25 24.98 ± 0.23 13.16 ±2.94 127.60 ± 1.84 

ACNM -2-700 9.88 ± 0.11 19.96 ± 0.12 39.04 ± 0.43 43.06 ± 1.78 

ACNM -3-700 11.31 ± 0.20 20.29 ± 0.21 12.99 ± 0.12 34.90 ± 3.40 

ACNM -2-500 11.26 ± 0.39 19.4 ± 0.39 9.93 ± 1.11 145.60 ± 23.3 

ACNM -2-600 11.66 ± 0.41 27.02 ± 0.48 3.29 ± 1.19 124.60 ± 3.46 

ACNM -2-800 13.36 ± 0.42 24.97 ± 0.96 8.96 ± 0.93 38.38 ± 7.10 
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scan is repeated for five cycles, which resembles that of traditional amorphous carbon 

materials.(58) The curves are irreversible and the first cycle shows a significant 

difference from the subsequent cycles, which is a typical characteristic of the carbon-

based anodes in LIBs.(59) The first cycle shows a broad peak extending below 1.0 V 

vs. Li+|Li and a small signal at about 0.7 V followed by a tilted line extending to 0.01 

V vs. Li+|Li. This irreversible nature of the first cycle can be assigned to the partial 

electrolyte decomposition and SEI layer formation at the electrode/electrolyte 

interphase.(58,60) The irreversible reduction peaks observed in the first cycle of CV 

measurement demonstrate the formation of SEI and the loss of lithium ions associated 

with it.(61) 

 

Figure 5.19 Cyclic voltammogram of anode half-cell at a scan rate of 0.1 mV s-1 

The subsequent cycles are reversible and have a progressively overlapping 

profile with peaks around 0.01 V vs. Li+|Li as the SEI has already formed. 

Additionally, the diminishing peaks in these subsequent cycles indicate the 

intercalation and deintercalation of the lithium ions into the disordered carbon along 
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with lithium plating/stripping into the pores present in the active materials without 

further SEI formation.(13,26) A slight shift and broadening of redox peaks may be 

ascribed to the increased resistance at the SEI layer. These overlapping cycles further 

indicate the irreversible electrolyte decomposition and the presence of a well-formed 

SEI in the half-cell.(62) The absence of additional irreversible processes in subsequent 

CV curves also validates the stability of the SEI formed. This stability trend further 

demonstrates that the anode material's high surface area and well-defined porous 

structure make it ideal for LIBs, as it offers sufficient sites for insertion of lithium 

ions.(63,64)  

 

Figure 5.20 The charge-discharge profile of the half-cell at a current rate of 0.1C 

The specific capacity of the anode cells is calculated using the equation given 

below. 

𝑄 (𝑚𝐴ℎ𝑔ିଵ) = ∫ 𝑖(𝑉)𝑑𝑉
௏భ

௏మ
(2 × 3.6 × 𝑚 × 𝑣)ൗ                     5.4     

where Q is the specific capacity (mAhg-1), ∫ 𝑖(𝑉)𝑑𝑉
௏భ

௏మ
 is the total charge storage, m 
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and v represent the mass of active material and scan rate respectively. The capacity of 

a system is directly related to the area under the CV curve. When the CV curve area 

decreases after the first cycle, it can lead to significant capacity loss. This initial 

capacity loss further validates the formation of SEI. After the first cycle, the CV curves 

overlap, indicating a stable system with perfect reversible capacity, even though there 

is a considerable irreversible capacity loss in the first cycle.(63,65) The value of 

specific capacity calculated from CV is tabulated in Table 5.5. 

Table 5.5 Values of specific capacity of ACNMs. 

Figure 5.21 GCD profile of the half-cell at various current rates 

Sample name 
Capacity (mAh) Specific capacity (mAhg-1) 

From CV From GCD From CV From GCD 

ACNM-1-700 0.80 0.92 333 383 

ACNM -2-700 1.32 1.52 574 610 

ACNM -3-700 0.96 1.31 291 397 

ACNM -2-500 1.17 1.44 344 422 

ACNM -2-600 0.52 0.67 326 416 

ACNM -2-800 0.48 0.65 302 404 
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ACNM-based half-cells were further investigated galvanostatically at different 

current rates. The GCD cycling was carried out over the voltage range 0-3.0 V vs. 

Li+|Li. The charge-discharge profile of fabricated half-cells, at a current rate of 0.1C, 

is displayed in Figure 5.20. ACNM-2-700 shows the highest capacity of 610 mAh g-1 

at a C rate of 0.1C. This remarkable reversible capacity value can be attributed to the 

well-developed porous structure and excellent surface area in the anode material. 

Table 5.6. Specific capacity values of sustainable AC anode materials 

The values of specific capacity of all samples from GCD analysis were 

consolidated in Table 5.5. The presence of SEI significantly influences the GCD 

characteristics of an anode half-cell. The lithium loss occurred during the formation of 

SEI is evident from the higher discharge capacity in the first GCD cycle than that in 

subsequent cycles. The state of art specific capacity values of previously reported 

BDAC materials are compared with the present ACNM-2-700 and represented in the 

Precursor 

Material 

Activating 

agent 

Specific 

capacity 

[mAh g−1] 

Current 

rate 
Cycle Test Ref. 

Jute fiber ZnCl2 534 0.2 C 
79 % @ C/5 

after 100 cycles 
(1) 

Pine cone KOH 370 0.1 C 
83 % @ C/3 

after 100 cycles 
(13) 

Cherry pits KOH 320  0.1 C 
84 % @ C/3 

after 200 cycles 
(62) 

Rice husk NaOH 477 0.2 C 
68 % @ C/5 

after 100 cycles 
(66) 

Coffee waste Air 359 0.2 C 
72 % @ C/5 

after 100 cycles 
(52) 

Pistachio shell KOH 317 0.1 C 
85 % @ 2C 

after 500 cycles 
(67) 

Nutmeg shell KOH 610 0.1C 
84 % @ 2C 

after 200 cycles 

Present   

work 
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Table 5.6. These values confirm the remarkable capacity of the ACNM-based LIB 

system. 

Figure 5.22 Variation in capacity during rate capability test 

Further stability tests show that the anode half-cell shows excellent rate 

capability and cycling stability. The relationship between the capacity values of the 

fabricated half-cell and the current rate is displayed in Figure 5.21. The capacity value 

exhibits a consistent decreasing trend with an increase in the current rate.  

The rate capability test of the half-cell is carried out at different current rates 

for 10 cycles each. Figure 5.22 represents the capacity at current rates of 0.1 C, 1 C, 2 

C, 3 C, 4 C, 5 C, and 0.1 C. The reversible capacities are 610 mAhg−1, 307 mAhg−1, 

211 mAhg−1, 186 mAhg−1, 169 mAhg−1, and 557 mAhg−1 respectively. The capacity 

retention is found to be 91% after the rate capability test. The decrease in cell capacity 

at higher current rates is likely due to restricted lithium-ion diffusion through SEI, as 

the increased resistance from the SEI typically results in a significant capacity drop. 

However, the remarkable capacity retention observed here suggests efficient ion 

transport, indicating the presence of a well-formed SEI.(68)  
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Figure 5.23 Cycling performance of the anode half-cell at a current rate of 2C 

for 200 cycles  

A stable SEI facilitates regular charging and discharging without electrolyte 

decomposition, which in turn improves the cycle stability of LIBs and ensures better 

capacity retention and slower capacity loss during cycling. Figure 5.23 represents a 

cycle test of the system at a current rate of 2 C for 200 cycles. The cycling performance 

is also very impressive, as the capacity value of 200 mAhg-1 is maintained even after 

200 cycles. However, the value of specific capacity gradually decreases until the 33rd 

cycle. This may be due to the irreversible surface reactions and the hierarchical porous 

nature of the material.(69)  

The volume of the material expands as lithium ions are embedded during the 

cycling process, and slightly subsides when the ions are released. Compared to bulk 

material, the structural collapse of hierarchical porous material occurs more frequently. 

In subsequent cycles, the material stabilises and maintains discharge capacity. This can 

also be attributed to a stable SEI layer formed at the interface between the anode and 

the electrolyte.(70) 
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Figure 5.24 Nyquist plot of ACNM-2-700 based anode half cells before and after 

cycling with higher frequency region and equivalent circuit as inset 

The Nyquist plot (Figure 5.24) is used to study the formation of SEI and other 

electrochemical behavior of fabricated LIBs. The higher frequency region of the 

Nyquist plot reflects electrolyte resistance in the fabricated system. The deeply 

convoluted semicircle in the middle-to-high frequency reflects resistance associated 

with charge transfer resistance and the SEI layer present in the electrode/ electrolyte 

interface of the LIB half-cell. Warburg element represented by a tilted line with a slope 

around 45˚ in the low-frequency indicates the semi-infinite diffusion.(39) The curve 

contains a semicircle with a small diameter, indicating lower SEI resistance and 

suggesting a well-formed SEI. This stable SEI enhances the performance of LIB. The 

curves can be related to an equivalent circuit consisting of elements such as Rb, RSEI, 

CSEI, Rct, CELE, and W. Where Rb represents the bulk resistance. The resistance due to 

charge transfer is given by Rct. The resistance and capacitance of SEI are given by RSEI 
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and CSEI. The values of CELE and W are related to the double-layer capacitance and 

lithium-ion diffusion on the anode material, respectively.   

Table 5.7 Components in the equivalent circuits of the anode half-cell 

Table 5.7 contains the values of these components before and after cycling 

experiments. The lower Rb and Rct values demonstrate the formation of a stable SEI. 

Moreover, the reduction in ohmic and activation polarization during 

lithiation/delithiation processes is evident from these values. The effect of cycling is 

also clear from these Nyquist plots. A slight increase in Rb value suggests the ageing 

of LIB over prolonged cycling. The smaller diameter of the semicircle after cycling 

may be ascribed to the decrease in charge transfer resistance. In the Nyquist plots, the 

Warburg element of the anode half cell after cycling decreases, also confirming the 

presence of a thin SEI.(71,72) These observations are consistent with those of CV and 

GCD. 

5.3.4 Mapping of SEI layer on the surface of anode with SECM  

SECM is used to study the formation of SEI on ACNM-based anode 

electrodes. SECM analysis was performed on pristine and cycled (after the first cycle 

and after 200 cycles) anode electrodes with an ultramicroelectrode of diameter ~15 μm 

in a three-electrode configuration. Fe(CN)6
3−/Fe(CN)6

4− is employed as a redox 

mediator for the analysis. Figure 5.25 represents the schematic illustration of the SECM 

experimental setup. 

Here, the SECM area scan is used to investigate the surface of anodes and 

understand the changes associated with the formation of SEI. The information related 

to the surface is obtained from the tip current, which is a function of the tip position. 

The approach method was employed to identify the closest distance for receiving 

 Rb [Ω] CSEI [µF] RSEI [Ω] Rct [Ω] CELE [µF] W [ΩS−1/2] 

Before 

cycling 
2.12±0.1 3.84±0.2 79.50±0.2 5.03±0.2 2.14±2.9 79.98±1.8 

After 

cycling 
2.42±0.2 1.05±0.1 108.60±0.1 5.77±0.1 21.1±0.4 18.30±1.7 
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current feedback, and the z-position was fixed before starting the area scan in the x-y 

direction. The current profile obtained reflects the surface of the anode under study and 

is associated with the electrochemical behaviour of the surfaces. This data is 

represented as a colour pattern, with each colour corresponding to the respective current 

value.(73,74)  

 

Figure 5.25 (a) Schematic illustration of SECM experimental setup, SECM area 

scan measurement of (b) pristine anode, (c) after the first cycle, and (d) after 200 

cycles of charging and discharging 

The SECM was recorded in positive feedback mode in an area scan of 250 

μm×250 μm. Figure 5.25 (b)-(d) illustrates the area scan of pristine anode, after the 

first cycle and after 200 cycles, respectively. These figures reveal a randomly 

distributed SEI layer, which may be attributed to the high surface area and porosity in 

the anode material.(75) The pristine anode (Figure 5.25 (b)) has a relatively uniform 



Suitability of Nutmeg Shell-derived Activated Carbon .....  

Synthesis of activated carbon from biomass waste and study of its suitability for applications in electrochemical systems  .                                     184    . 

current profile with minor variations corresponding to the local topography. However, 

after cycling, SEI is randomly distributed across the electrode surface.(14) Figure 5.25 

(c) displays the heterogeneous evolution of the interface on the anode after the first 

cycle. The SECM image obtained for cycled anode material (Figure 5.25 (d)) indicates 

insulating SEI regions, which are unevenly distributed across the surface.(76) 

Significant reductions in the current profile after cycling further confirm the formation 

of a well-defined SEI. The SECM analysis is also consistent with the electrochemical 

behavior of the obtained CV curves. The irreversible capacity loss associated with the 

first cycle charging and discharging is also validated from the observations of SECM 

analysis.(77) Overall, ACNM has demonstrated remarkable performance in terms of 

specific capacity, cyclability, availability of well-formed SEI, and rate capability, 

making it a promising anode material for LIBs. 

5.4 Conclusion  

In conclusion, we have developed AC with an enhanced surface area and 

hierarchical porous structure from nutmeg shell waste through chemical activation 

using KOH, followed by carbonisation. By fine-tuning the activation ratio and 

carbonisation temperature, a total of 6 samples were prepared, in which sample 

ACNM-2-700 ended up with a large surface area of 1011 m2g−1 and pore volume of 

0.960 cm3g−1. The observations from physicochemical analyses suggest a hierarchical 

pore distribution that facilitates effective ion transport and improves charge storage in 

ACNM-based electrodes. Additionally, the availability of mesopores and micropores 

in ACNM-2-700 is beneficial in effective lithium storage as well as the formation of 

stable SEI. The hierarchical porous structure yielded into highly efficient electrode 

material with a specific capacitance of 314 Fg−1 at a current density of 1 Ag−1. It has 

also showcased excellent capacitance retention of 96% over 10000 charge-discharge 

cycles, suggesting the developed ACNM is a promising candidate for supercapacitor 

electrode application. 

Anode half cells were fabricated using all electrode materials to assess their 

suitability for LIB applications. A high specific capacity of 610 mAhg−1 at a current 

rate of 0.1 C was obtained for the ACNM-2-700-based anode. Moreover, the material 

displayed better stability over 200 cycles for a current rate of 2 C. The rate capability 
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test further validated the efficiency of the anode material for LIBs. SECM scanning of 

the pristine and cycled anodes validated the effective formation of SEI in a fabricated 

half-cell. The results of structural and electrochemical characterisations are in 

agreement. All the reported approach for fabricating electrode material is a 

straightforward and cost-effective route and thus offer great promise for future energy 

storage applications.  
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6.1  Introduction 

Accurate detection of urea is essential for ensuring quality and safety in 

critical areas such as medical diagnostics, environmental monitoring, and agricultural 

applications.(1,2) Conventional measurement techniques have several drawbacks, such 

as high cost, complex instrumentation, and time-consuming sample pretreatments.(3) 

Additionally, they are not suitable for on-site monitoring of urea levels. In this context, 

electrochemical sensors have received considerable attention for the quantitative 

measurement of urea, as they effectively address the limitations of conventional 

methods. Moreover, these sensors provide unique advantages such as higher 

sensitivity, affordability, quicker response times, and simplicity.(4)  

Electrochemical sensors usually employ enzymatic or non-enzymatic 

approaches for urea detection. However, owing to their stability and resistance to 

environmental factors like temperature and pH, non-enzymatic electrochemical sensors 

have gained more interest than enzymatic sensors. Despite this, the wide application of 

non-enzymatic urea sensors is limited by several challenges that can affect their 

performance. One major limitation is the selectivity of these sensors in distinguishing 

between urea and interfering substances, which is crucial for ensuring their efficiency. 

Additionally, the factors such as sensitivity, reproducibility, and repeatability are 

relevant for the practical feasibility of these sensors.(5)  Furthermore, the real-world 

applicability of these sensors poses a significant challenge, as most research has been 

conducted in laboratory settings. These challenges can be addressed by implementing 

surface modifications in the electrode materials to enhance selectivity, sensitivity, and 

durability.(6)  

NiO is a widely used electrode material for sensing applications owing to its 

chemical stability, good conductivity, and high surface area. The redox activity of 

Ni²⁺/Ni³⁺ facilitates urea oxidation and is employed for urea sensors. The availability 

of NiO also enhances electron transfer at the interface during urea detection. However, 

the intrinsic catalytic efficiency of NiO may limit the detection of low urea 

concentrations in real-world samples.(7,8) Materials such as activated carbon (AC), 

which possess well-defined porous structures and high surface areas, can enhance the 

active sites for sensing applications involving NiO.(9) Furthermore, the porous 
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structure improves both the adsorption of urea molecules on the surface and the stability 

of the sensor. Additionally, AC offers an efficient pathway for electron transport during 

the analysis and enhances the mass transport of urea and hydroxide ions.(10) Overall, 

AC/NiO composite-based electrodes for urea sensing offer significant advantages. The 

high surface area of AC enhances the effective adsorption of urea, while the presence 

of NiO increases the number of active sites for interaction. These characteristics of 

AC/NiO composites make them suitable candidates for urea sensors, offering high 

sensitivity, low detection limits, and enhanced stability.(11) 

In this study, the coprecipitation method is adopted for the preparation of 

AC/NiO composites. This technique ensures a uniform distribution of NiO 

nanoparticles on the AC surface, enhances surface characteristics such as area and the 

number of active sites, thereby improving the reactivity and overall performance of the 

electrode material. Moreover, the process is scalable, cost-effective, and simple, 

making it suitable for large-scale applications.(12,13)  The prepared composite 

materials were then subjected to various material and structural characterisations. The 

urea sensing capability of the AC/NiO composite was assessed using different 

electrochemical analysis techniques with 0.1 M KOH as supporting electrolyte. The 

lower detection limits, improved limit of quantification, and a wider linear detection 

range of the prepared material demonstrate a strong response to urea sensing. 

Additionally, this work highlights the feasibility of the electrode material for real-life 

applications by providing insights into selectivity, repeatability, and reproducibility.  

6.2 Experimental details  

6.2.1 Synthesis of AC/NiO composites  

The AC/NiO composite is prepared through the co-precipitation method and 

is schematically represented in Figure 6.1. The AC derived from nutmeg shell waste 

was used in this study.(14–16) Initially, AC and Ni(NO3)2 solution were mixed in a 

beaker to form a homogeneous dispersion, followed by NaOH in Ni(NO3)2: NaOH=1:2 

weight ratio. The mixture is then washed and dried in an air oven at 120 °C. These 

samples were subjected to calcination in a tubular furnace at temperatures of 300 °C, 

400 °C, and 500 °C for one hour, with a continuous supply of Ar (99.99%). The as-

prepared AC/NiO composites were then ground into fine powder and used for further 
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studies. Various AC/NiO composites were prepared having AC: NiO ratios of 70:30, 

80:20, and 90:10. The prepared electrode material were named ACNiO_7:3_400, 

ACNiO_8:2_400, ACNiO_9:1_400, ACNiO_8:2_300, and ACNiO_8:2_500 where 

(7:3, 8:2, 9:1) represents the ratios of AC to NiO and (300, 400, and 500 °C) indicate 

the temperature at which calcination was carried out.  

 

Figure 6.1 Schematic representation of the preparation of the AC/NiO composite 

 

6.2.2 Analysis of the electrochemical performance of AC/NiO for sensing 
applications 

A modified glassy carbon electrode (MGCE) was utilised to evaluate the 

electrochemical performance of as-prepared AC/NiO composites. A homogenous 

slurry was prepared with AC/NiO composite and PVDF in a 90:10 weight ratio. NMP 

was used as a solvent with a loading of 20%. This active material was then coated onto 

the glassy carbon electrode using a micropipette and dried with an infrared lamp. The 

mass loading of active material on MGCE is kept between 5 and 10 mg cm-² to ensure 

optimal efficiency and performance. A three-electrode configuration comprising the 

MGCE, an Ag/AgCl, and a platinum rod as the working electrode, reference electrode, 

and counter electrode, respectively, was used for this study. Different electrochemical 

analyses were performed using 0.1 M KOH as the supporting electrolyte for a potential 

window of 0-0.8 V for various scan rates. The calibration curve was derived from the 

variation in peak current with different concentrations of urea added to the supporting 

electrolyte. 
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6.3. Results and Discussions 

 The structural properties of AC/NiO composite materials have a significant 

impact on the performance of urea sensors. In this study, various physicochemical 

characterisation techniques were employed, including XRD, Raman spectroscopy, 

TEM, SEM, XPS and TGA. The effectiveness of these materials for urea sensing 

applications was further evaluated using different electrochemical methods. 

Additionally, the potential of the prepared composite materials was discussed, 

emphasising their feasibility for use in real-world samples. 

6.3.1 Material characterisations 

6.3.1.1 TGA analysis 

TGA analysis was performed under nitrogen flow to study the NiO content of 

the AC/NiO composite. The TGA curve obtained for ACNiO_8:2_400 is represented 

in Figure 6.2.  

Figure 6.2 TGA curve of AC/NiO   

The initial weight loss observed at the lower temperature (up to ~200 °C) can 

be ascribed to the desorption of moisture and other volatile compounds. The mass loss 
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in the temperature range from 200 °C to 400 °C indicates the decomposition of 

functional groups on the surface of AC.(17) As the temperature increases above 500 

ºC, a significant mass loss occurs, which is associated with a reduction reaction that 

produces nickel metal and releases gases such as CO and CO2.(18) Stable NiO is 

formed at 400°C, minimising carbon decomposition, which confirms that this is the 

optimal calcination temperature for preparing the AC/NiO composite. The residue 

value, approximately 30%, mainly represents the remaining NiO content. The curve 

also illustrates the predicted compositions of AC and NiO. (13,19) 

6.3.1.2 XRD analysis 

Figure 6.3 shows that all composite materials show similar XRDs with 

characteristic peaks corresponding to AC and NiO. The AC material exhibits a wide 

peak around 2θ=26⁰ representing (002) diffraction planes (ICDD No. 01-075-1621), 

which is also present in all the composite materials. The presence of this peak suggests 

the availability of disordered carbon in the structure and highlights the porous nature 

of these materials.(11,20)  

Figure 6.3 XRDs of AC/NiO composite materials 
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These materials also show intense peaks around 2θ=37.2⁰, 43.3⁰, and 62.9⁰ 

corresponding to (101), (012), and (110) diffraction planes, respectively. These 

characteristic peaks indicate the presence of NiO in the composites and are matched 

with the ICDD card No. 01-071-6721. The intensities of these peaks increase with 

higher NiO composition and calcination temperature.(6,10) These observations from 

XRDs are consistent with previous studies. 

6.3.1.3 Raman Spectroscopy 

The Raman spectra of prepared AC/NiO composite materials are shown in 

Figure 6.4. All the curves exhibit two broad characteristic peaks at 1346, 1600, and 

2895 cm-1, representing D, G, and 2D bands of the AC structure, respectively.(7) The 

band around 498 cm-1 indicates the presence of NiO in the material. This peak is 

particularly prominent in the ACNiO_7:3_400 sample, as it contains a higher ratio of 

NiO than the other samples.(21) 

  

Figure 6.4 Raman spectra of AC/NiO composite materials 
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6.3.1.4 SEM analysis 

SEM micrographs of AC/NiO composites are displayed in Figure 6.5. These 

images reveal the hierarchical porous structure present in them. The NiO particles were 

grown as clusters of heterogeneous particle sizes on the walls of these pores in the 

materials.(12) These clusters provide a larger active surface area, which enhances urea 

adsorption and increases the number of oxidation sites. Additionally, these porous NiO 

clusters improve the sensitivity and reaction kinetics of the electrodes by facilitating 

reactant diffusion and reducing charge transfer resistance.  

 

Figure 6.5 SEM images of (a) AC, (b) ACNiO_9:1_400, (c) ACNiO_8:2_400, (d) 

ACNiO_7:3_400, (e) ACNiO_8:2_300, and (f) ACNiO_8:2_500 at 15,000 X 

magnification. 
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The remarkable effect of calcination temperature and AC to NiO composition 

in determining the morphology of the composites is visible from the SEM images. This 

porous structure is beneficial in facilitating easy electrolyte access during the redox 

reaction, which in turn improves the sensitivity of the electrode material for 

electrochemical sensing applications.(8) 

Table 6.1 Elemental analysis of AC/NiO composites 

The EDAX values in Table 6.1 further confirm the presence of NiO in the 

materials, and these values align with those reported in the literature. Among these 

composite materials, ACNiO_8:2_400 has optimum C content and a higher Ni mass 

fraction. The elemental analysis indicates that the Ni mass fraction increases initially 

and then decreases with rising calcination temperature. Furthermore, from these results, 

the optimum calcination temperature for preparing the AC/NiO composite is identified 

as 400 °C. The SEM analysis and EDAX results indicate that AC/NiO is suitable for 

sensing applications due to its highly active NiO content and well-developed porous 

structure.  

6.3.1.5 Surface area analysis 

Figure 6.6 illustrates the nitrogen adsorption-desorption isotherms of the 

prepared composite materials. The isotherm of AC reflects the typical type I isotherm, 

indicating the availability of a well-defined porous structure with a majority of 

micropores.(12) Whereas, the isotherms corresponding to the composite material 

exhibit a combination of type I and type IV isotherms, confirming the existence of 

Sample Name 

Elemental analysis 
[Wt%] 

C O Ni 

ACNiO_7:3_400 49.6 24.0 26.4 

ACNiO_8:2_400 38.6 22.9 38.5 

ACNiO_9:1_400 80.9 13.7 5.4 

ACNiO_8:2_300 71.9 19.3 8.8 

ACNiO_8:2_500 53.6 24.1 22.3 

AC 91.7 8.3 - 
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mesopores and micropores.  

 

Figure 6.6 N2 adsorption-desorption isotherms of AC/NiO composite materials  

Table 6.2 Pore structure parameters of AC/NiO composites 

The reduction in surface area and pore volume with the incorporation of NiO 

Sample Name 
Surface area [m2g−1] Pore volume [cm3g−1] 

Diameter 
[nm] Micro 

pores 
Meso 
pores 

Total 
Micro 
pores 

Meso 
pores 

Total 

ACNiO_7:3_400 27 68 109 0. 117 0.218 0.241 8.81 

ACNiO_8:2_400 218 47 280 0.112 0.108 0.210 3.00 

ACNiO_9:1_400 422 47 513 0.204 0.112 0.311 2.42 

ACNiO_8:2_300 386 49 465 0.155 0.098 0.274 2.35 

ACNiO_8:2_500 226 18 226 0.092 0.695 0.721 1.27 

AC 1026 26 1111 0.403 0.048 0.187 1.75 
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in the AC is visible in the figure, which can be ascribed to the blocking effect of NiO 

particles on active sites in the AC.(22,23) The values of various structural parameters 

of the materials are consolidated in Table 6.2. These readings are in agreement with 

observations of isotherms. The surface area of the composite materials increases with 

an increase in NiO, while it decreases as the calcination temperature rises. These 

observations are consistent with previous reports and suggest the surface area of 

prepared materials is significant for sensing applications. In ACNiO_8:2_400, the 

contributions from micropores and mesopores to the total pore volume are equal, which 

indicates the presence of more active sites and accessible area suitable for sensing 

applications. 

6.3.1.6 XPS analysis 

Detailed elemental information and the oxidation state of the composite 

material ACNiO_8:2_400 were obtained through XPS analysis. The XPS survey 

spectrum is displayed in Figure 6.7 (a), identifying the elements such as nickel, oxygen, 

and carbon present in the sample.  

Figure 6.7 XPS spectra of ACNiO_8:2_400: (a) Survey spectrum, (b) Ni 2p, (c) O 

1s (d) C 1s. 
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Figure 6.7 (b)-(d) represents Ni 2p, O 1s, and C 1s spectra respectively. In the 

Ni 2p spectrum, two edge splits due to spin-orbital coupling are visible. The spectrum 

shows 2 p3/2 main peaks and their satellites around 854 eV and 861 eV, respectively. 

Meanwhile, the peaks around 872 eV and 879 eV reflect the 2 p ½ main peak and its 

satellite. These characteristic peaks confirm the presence of NiO in the sample.(24) 

Furthermore, the C 1s spectrum displays two characteristic peaks that reveal 

the C-C bond associated with sp2 hybridized carbon around 284.7 eV and the other 

corresponding to the C=O bond in carboxyl or ketone groups around 288.9 eV. The 

spectrum suggests the presence of a carbon network which enhances the accessible 

surface area of the electrode material, promoting effective adsorption of analytes. 

Additionally, the O 1s spectrum confirms the presence of various oxygen-containing 

bonds, with two peaks at approximately 529.5 eV and 531.3 eV. These peaks are 

ascribed to O-Ni²⁺ bonds, corresponding to pure stoichiometric NiO, and O-Ni³⁺ bonds, 

which relate to defects in NiO.(25) 

6.3.1.7 TEM analysis 

Figure 6.8 TEM images of the AC/NiO composites at various magnifications  
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The surface morphology of ACNiO_8:2_400 was further validated using 

high-resolution TEM analysis. Figure 6.8 presents TEM images of the electrode 

material at various resolutions. Well-dispersed NiO nanoparticles are evident in the 

TEM micrographs. The material also shows mild agglomeration throughout its 

structure. This agglomeration may have resulted from several factors, including heat 

generated during the combustion process and the subsequent formation of gas, low 

density, weak interparticle forces, and magnetic interactions among the particles.(26) 

The porous structure of the carbon is also clearly visible in the TEM images. The 

availability of mesopores and micropores is advantageous for fast ion transport and 

facilitates the urea adsorption, which is favourable for electrochemical sensor 

applications.(27) The observations in TEM structural analysis align well with the SEM 

images obtained for the composites.  

6.3.2 Electrochemical investigation of urea with AC-NiO-based sensors 

The electrochemical performance of the as-prepared AC/NiO composites was 

studied using CV analysis at a scan rate of 20 mV s-1 for a potential window of 0-0.8 

V. The measurement was carried out with a glassy carbon working electrode modified 

with as-prepared composite materials with 0.05 mM urea in 0.1 M KOH (pH=13). The 

counter and reference electrodes were platinum and Ag/AgCl electrodes, respectively. 

Figure 6.9 CV curves of AC/NiO composite materials at a scan rate of 20 mV s−1 
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The OH⁻ ions in the supporting electrolyte (KOH) are essential reactants for 

the electrochemical generation of the active NiOOH phase from Ni(OH)₂, and they are 

consumed during the overall reaction. Equations 6.1 to 6.3 outline the complete 

mechanism for urea sensing.(28) KOH provides the alkaline medium that oxidises Ni²⁺ 

to Ni³⁺, as described in Equation 6.1. The highly reactive Ni³⁺ then oxidises urea and is 

reduced to Ni²⁺ during the reverse scan (Equation 6.2). Equation 6.3 describes the 

overall reaction. 

Ni (OH)2 + OH- ↔ NiOOH + H2O + e-       6.1 

CO(NH2)2 + 6 Ni (OOH) + H2O → N2 + 6 Ni (OH)2 + CO2     6.2 

CO(NH2)2 + 6 OH- → N2 + CO2 + 5 H2O + 6 e-     6.3 

The reduction peak observed in the CV curve (Figure 6.9) indicates the 

electrochemical activity of various composite electrode materials. Additionally, the 

cyclic voltammograms illustrate how the optimal ratio of AC to NiO influences the 

electrochemical performance of the composite materials. The value of peak current 

density increases and then decreases with increasing AC concentration and calcination 

temperature.(1) The CV curve indicates that the electrode material ACNiO_8:2_400 

exhibits better electrochemical efficiency than other composite materials. 

Figure 6.10 Nyquist plots of AC/NiO electrode materials 
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The electrochemical performance of the prepared materials was further 

evaluated using EIS. The charge transfer resistance (Rct), determined by analyzing the 

data from the Nyquist plot (Figure 6.10) and fitting it to an equivalent circuit, indicates 

the resistance to electron flow at the electrode-electrolyte interface during a Faradaic 

(redox) reaction. The circuit elements are tabulated in Table 6.3. Lower Rct values 

signify faster electron transfer during these reactions. Among the prepared electrode 

materials, the ACNiO-8:2_400 exhibited the lowest Rct value, indicating that it is the 

best-performing material. This finding aligns with the results obtained from the CV 

analysis. Consequently, ACNiO_8:2_400-based electrode is utilized in further studies 

to assess its viability as an electrode material for urea sensors.(39) 

Table 6.3 Fitted values of Rs, Rct, Cdl, and Zw derived from the EIS curves 

 

The performance of urea sensors is significantly influenced by pH levels. The 

CV curves obtained at various pH values (pH = 10, 11, 12, and 13) of the supporting 

electrolyte are shown in Figure 6.11. These CV curves reveal that the generation of the 

active NiOOH species is highly dependent on pH. A strongly alkaline environment (pH 

= 13) is crucial for the efficient operation of the urea sensor, as it provides the necessary 

OH⁻ as reactants, facilitating the formation of active NiOOH.(36) 

Figure 6.12 illustrates the dependence of scan rate on the efficiency of the 

electrochemical process occurring at the electrode surface. The CV analysis was 

performed at various scan rates: 10, 20, 25, 50, 75, 100, 150, and 200 mV s-1, with 0.05 

mM urea in the supporting electrolyte. The CV curves illustrate that the reduction peak 

current increases with increasing scan rate. The variation in peak current and the square 

Sample Name Rs [Ω] Rct [x 10-6 Ω] Cdl [x10-3 F] W [Ω. S−1/2] 

ACNiO_7:3_400 142.4 80.5 5.344 1163 

ACNiO_8:2_400 73.27 52.4 21.96 375.4 

ACNiO_9:1_400 137.2 67.69 151.8 514.4 

ACNiO_8:2_300 523 75.59 4.914 741.2 

ACNiO_8:2_500 212.2 138.3 3.345 2210 
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root of the scan rate is depicted in Figure 6.13. The curve displays strong linearity, 

suggesting diffusion-controlled mass transport. The R² value is calculated as 0.9937.(2) 

Figure 6.11 CV curves at various pH values of the supporting electrolyte  

Figure 6.12 CV curves of ACNiO_8:2_400 at different scan rates with enlarged 

anodic peak as an inset 
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Figure 6.13 Variation of anodic peak current with scan rate. 

 

Figure 6.14 CV curve with varying urea concentrations 

The CV curves were recorded at various concentrations of urea with a scan 

rate of 20 mV s-1, as displayed in Figure 6.14. As the concentration of urea increased 

from 0.1 mM to 1.5 mM, the peak current exhibited a gradual increase. Figure 6.15 
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shows the dependence of peak current on the concentration of urea. This calibration 

curve indicates a linear relationship between the redox peak current and urea 

concentration, with an R² value of 0.9953. The separation between the oxidation and 

reduction peak potentials appears to be relatively constant (0.3 V), which is greater than 

the theoretical 59 mV for a perfectly reversible, one-electron transfer system. This 

suggests the system is quasi-reversible, indicating fast electron transfer kinetics. 

Figure 6.15 Calibration curve of anodic peak current against the concentration 

of urea 

The effectiveness of the prepared electrode material for urea sensing 

applications was further validated at micromolar concentrations of urea. Differential 

pulse voltammetry (DPV) was carried out for various concentrations of urea ranging 

from 10 to 80 μM, as illustrated in Figure 6.16. As expected, the peak current increased 

linearly with the increase in urea concentration.(42) Additionally, Figure 6.17 shows 

the linear relationship between peak current and urea concentration within the 

measurement range. 

The fitted curve can be used to predict the lower limit of detection (LOD), 

limit of quantification (LOQ), and sensitivity of the sensor. Equations 6.3, 6.4, and 6.5 

are utilised for these calculations. 
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𝐿𝑂𝐷 =
ଷ×ௌ

௠
         6.3 

𝐿𝑂𝑄 =
ଵ଴×ௌ

௠
         6.4 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
௠

஺
        6.5 

where S is the standard deviation of the response, m is the slope of the calibration plot, 

and A is the surface area of the GCE.(29,30)  

 

Figure 6.16 DPV curves for different concentrations of urea (10–80 µM) 

The values of LOD, LOQ, and sensitivity are calculated as 2.9 µM, 9.6 µM, 

and 1620.1 µA mM-1 cm-2, respectively. The performance of the prepared AC/NiO 

composites was compared with similar works previously reported in the literature. The 

details of these studies are summarised in Table 6.4, which suggests the significant 

potential of AC/NiO composite material for urea sensing applications. 

Repeatability tests are essential for ensuring the long-term stability of 

electrodes used for urea sensing. The sensor’s performance over time was validated by 

carrying out CV analysis for 25 cycles at the scan rate of 20 mV s-1. The current 
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responses obtained are illustrated in Figure 6.18. The CV curves are nearly overlapping, 

with only a slight deviation observed throughout the analysis. Moreover, the reduction 

peak current remains nearly constant throughout the twenty-five cycles, confirming the 

stability of the fabricated sensor.(41) 

Figure 6.17 Variation in the reduction peak current against concentration 

Table 6.4 Comparison of various electrodes used for urea sensing. 

Electrode material 
LOD  

(μM) 

Linear range  

(mM) 

Sensitivity  

(µA mM-1 cm-2) 
References 

NiO-MWCNT 160 0.2-1.2 436.3 (31) 

NiO-Carbon paste 26.7 0.2-5.8 392 (32) 

NiO/GCE 22 0.1-5 13.9 (33) 

Graphene-PANi/GCE 8.8 0.01-2 226.9 (34) 

Ni@NiMn 18.7 1-9 - (35) 

CuO/MWCNT/GCE 160 2-8 - (36) 

Ni-MOF nanobelts 2.23 0.01-7 118.7 (37) 

NiO 10 0.1-1.1 - (38) 

NiS/GO/MGCE 3.79  0.1–1.0 - (39) 

NiO nanoflakes 20 1–9 - (40) 

AC-NiO 2.9 0.1-1.5 1620.1 Present work 
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Figure 6.18 CV curves obtained with a 0.1 mM urea in the presence of 0.1 M 

KOH for 25 repetitive cycles at a scan rate of 20 mV s-1 

Figure 6.19 CV curves at various pH values of the supporting electrolyte 

The reproducibility of the urea sensor across multiple fabricated electrodes is also 

crucial for its feasibility for various environmental monitoring and biological 

applications. The detection of an equal concentration of urea (100 µM urea in 0.1 M 

KOH) was conducted with six different electrodes that were prepared following the 

same optimized protocol. The variation in reduction peak current for each electrode is 



High-performance Non-enzymatic Urea Sensor . . .  

Synthesis of activated carbon from biomass waste and study of its suitability for applications in electrochemical systems  .                                     212    . 

represented in Figure 6.19. Upon analyzing the results, the variation in the current 

response of urea is very low, with a mean current of 0.58± 0.01 mA, corresponding to 

a relative standard deviation (RSD) of 1.5 % (n=6). This low RSD value demonstrates 

excellent inter-electrode reproducibility of the modified working electrode using the 

AC/NiO composite material for urea detection.(42) 

Figure 6.20 CV curves obtained for urea with different interfering species 

Figure 6.21 Relative response of interferents 
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The influence of interfering molecules is crucial for the performance of 

electrochemical sensors. To evaluate the selectivity of AC/NiO composite towards urea 

sensing applications, analysis at a scan rate of 20 mV s-1 with 0.1 mM of urea in the 

presence of various interfering molecules. In this work, the selectivity test was 

conducted using equimolar concentrations of potential interfering molecules such as 

uric acid, glucose and ascorbic acid. Figure 6.20 displays the CV curve obtained for 

different interfering molecules and the findings are shown in Table 6.5. No significant 

variation in the current profile was found across all cases. The relative response of all 

molecules is shown in Figure 6.21. The observations indicate negligible interference 

from other ions, demonstrating the high selectivity of the prepared electrode material 

for urea. These results confirm that the prepared electrode material is suitable for 

monitoring urea in real samples.(26) 

Table 6.5 The influence of other interfering species on the detection of urea. 

Interference Concentration (mM) Change in Current (%) 

Ascorbic Acid 1 5.9 

Glucose 1 10.5 

Uric Acid 1 0.8 

Table 6.6 Real sample analysis of urea 

The suitability of these sensors for real sample applications was examined using 

tap water with varying concentrations of urea. The urea recovery data is summarised 

in Table 6.6. The percentage of urea recovery ranges from 100.8-102.5%. These 

significant recovery values indicate that the electrode material is suitable for real 

sample applications, with minimal interference from the various impurities present in 

Concentration of Urea 

(µM) 

Recovered Concentration 

(µM) 

Percentage of recovery 

(%) 

100 102.5±2.0 102.50 

200 203.9±1.4 101.96 

500 505.6±3.7 101.12 

1000 1008±4.5 100.80 
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these samples.(42) This work can be further expanded to the biological samples, 

including blood, urine, serum, etc. 

6.4. Conclusion  

This study focused on the preparation of activated carbon (AC) and nickel 

oxide (NiO) composites using a cost-effective coprecipitation method. The efficiency 

of these materials for urea sensing applications was evaluated through cyclic 

voltammetry and differential pulse voltammetry analysis. This non-enzymatic sensor 

demonstrated a characteristic linear dependence on the scan rate. The performance of 

the prepared material for urea sensing was validated across various concentrations of 

urea. It exhibited a sensitivity of 1620 μA mM⁻¹ cm⁻², which is superior to previously 

reported values. The values of the limit of detection and limit of quantification were 

obtained as 1.69 μM and 9.6 µM, respectively. These values further highlight the 

performance of the prepared electrode material for urea sensing applications. 

Additionally, the significant recovery percentage of urea in tap water samples indicates 

the practicality of using the prepared electrodes in real-world applications. This study 

can be further expanded for effective urea detection in biological samples. The 

electrode also demonstrated excellent selectivity against other interfering species, a 

wide linear range for urea detection, and good reproducibility, with a high recovery 

percentage for real samples ranging from 100.8% to 102.5%. Overall, the AC/NiO 

composite shows remarkable efficiency and sensitivity making it a promising, cost-

effective material for urea sensing applications in various fields, including dairy 

industries, clinical diagnostics, and environmental monitoring. 
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Conclusions 

The summary and conclusions of the present study on the synthesis of 

activated carbon from biomass waste and the study of its suitability for applications in 

electrochemical systems are as follows: 

This thesis describes the potential of biomass-derived activated carbon 

(BDAC) for electrode applications in various electrochemical systems, including 

supercapacitors, lithium-ion batteries (LIBs), and electrochemical sensors. The study 

highlights a cost-effective and environmentally friendly method for preparing BDAC-

based electrode materials that possess unique structural and electrochemical properties.   

In this research, biomass waste materials such as cashew nut shells, mahogany fruit 

shells, and nutmeg shells were used as precursors. The prepared BDAC samples are 

respectively named as CNSAC, MSAC, and ACNM. Their structural properties were 

evaluated using various physicochemical characterisation techniques. 

All the BDAC materials exhibit remarkable surface areas with well-developed 

pore distributions. The formation and distribution of micropores, mesopores and 

macropores in the prepared materials are significantly influenced by the composition 

of organic polymers such as cellulose, hemicellulose, and lignin in their pristine form. 

The highest values of surface area for the electrode materials CNSAC, MSAC, and 

ACNM are obtained as 835 m2g−1, 1072 m2g−1, and 1011 m2g−1, respectively. The 

microporous nature of these materials is attributed to the lignocellulosic nature of their 

precursors, along with the effects of KOH activation during the preparation process. 

Additionally, the presence of mesopores in MSAC and ACNM contributes 

significantly to enhancing their electrochemical efficiency as electrode materials. 

This study systematically investigates the electrochemical performance and 

charge storage capabilities of prepared electrode materials. Among these, ACNM 

displayed a superior specific capacitance of 314 F g⁻¹ at 1 A g⁻¹. This remarkable 

capacitive behaviour is attributed to its hierarchical pore structure, which include 

significant micro- and mesopores. This porous structure facilitates rapid ion transport 

and provides abundant active sites for charge accumulation. The other electrode 

materials, MSAC and CNSAC, also demonstrated competitive specific capacitances of 

267 F g⁻¹ and 214 F g⁻¹ at the same current density of 1 Ag-1, respectively. The variation 
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in their performance may be attributed to differences in surface area and pore size 

distribution. Ragone plots of different BDAC materials illustrate the exceptional 

balance between energy and power density values of ACNM. Furthermore, all prepared 

BDAC materials demonstrate outstanding cycling stability and capacitive retention of 

over 95% after 10,000 charge-discharge cycles at a current density of 20 A g⁻¹, 

confirming their structural stability and electrochemical reliability.  

The successful fabrication of symmetric supercapacitors (SSCs) and flexible 

supercapacitors (FSCs) further validates the practical viability of these materials. The 

SSC with CNSAC electrodes and water-in-salt electrolyte demonstrates superior 

specific capacitance of 110 Fg-1 over a wider potential window (0- 2V). It also exhibited 

excellent cycle stability, with 83% capacitance retention. Moreover, it demonstrated a 

lower equivalent series resistance compared to conventional aqueous electrolyte-based 

SSC systems. The FSC fabricated with gel polymer electrolyte and MSAC electrodes 

achieved a high specific capacitance of 121 F g−1 at a current density of 1 A g−1, 

maintaining a capacitance retention of 78% over 2,000 cycles of charging and 

discharging. The wider potential window of 2V with a high specific capacitance of FSC 

suggests excellent energy and power densities. Furthermore, the scalability of these 

FSC systems in wearable devices are validated by studying their capacitive properties 

at different bending angles. These findings provide valuable insight into pore structure 

engineering and surface chemistry in optimising supercapacitor performance while 

highlighting the potential of sustainable biomass precursors as low-cost alternatives to 

conventional carbon materials.  

The suitability of BDAC materials for LIB applications was studied using 

ACNM. The fabricated anode half-cell exhibited a remarkable specific capacity of 610 

mAhg-1 at a current rate of 0.1 C and excellent stability over 200 cycles at a current rate 

of 2 C. The rate capability test further validated its efficiency as an anode material in 

LIBs. The large surface area of the anode material benefits lithium intercalation and 

deintercalation, enhancing the capacity of the LIBs. However, this may facilitate the 

formation of the solid electrolyte interface (SEI) and lead to irreversible capacity loss. 

This issue can be effectively addressed by optimising the structural properties of the 

anode material. This study highlights the impact of the structural and electrochemical 

properties of the anode on the formation of a stable and well-developed SEI. 
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Additionally, it includes insights from scanning electrochemical microscopy analysis, 

validating the effective formation of SEI in the fabricated half-cells.  

The efficiency of ACNM is further examined in detecting the urea from real-

world samples. The electrode material used in this work is composite materials 

containing ACNM and NiO prepared through the cost-effective coprecipitation 

method. The efficiency of these materials for urea sensing applications is evaluated 

using different electrochemical analysis techniques. It exhibited a sensitivity of 1620 

μA mM⁻¹ cm⁻², with superior values of the limit of detection and limit of quantification 

of 1.69 μM and 9.6 µM, respectively. The efficiency of the prepared electrode material 

was confirmed by the significant recovery percentage of urea in tap water samples. The 

materials also demonstrated excellent selectivity against other interfering species, a 

wide linear range for urea detection, and good reproducibility. Overall, the AC/NiO 

composite is a promising, cost-effective material for urea sensing applications in 

various fields, including dairy industries, clinical diagnostics, and environmental 

monitoring.  

In summary, this research confirms that BDACs can compete with or even 

surpass conventional carbon materials in terms of performance, offering a green 

alternative for energy storage and sensing technologies. Additionally, the study 

emphasises the potential of BDACs for a wide range of applications beyond those 

currently explored. By connecting fundamental understanding with scalable fabrication 

strategies, this research provides practical insights for the industrial adoption of 

sustainable carbon materials in next-generation electrochemical devices. 
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8.1 Future works 

This work emphasises the promising electrochemical properties of activated 

carbon derived from biomass waste (BDAC) in various electrochemical systems. This 

extensive study holds significant potential for future research and plays a critical role 

in sustainable development. The application of BDAC is not confined to the areas 

discussed but extends to other fields that support sustainable development and the 

circular economy. 

This thesis successfully demonstrated the application of BDAC electrodes in 

supercapacitors, lithium-ion battery (LIB) systems, and electrochemical sensors. 

However, there is still considerable potential for further exploration and optimisation 

of BDAC in these fields. Based on the material and electrochemical performance of 

BDAC, several key recommendations can be made to guide future research efforts, 

ensuring ongoing advancements in material design and application. 

The structural and electrochemical characteristics of the prepared materials, 

such as their high surface area, well-defined pore distributions, enhanced capacitance, 

and improved capacity, contribute to their effectiveness in various electrochemical 

applications. However, further enhancements can be achieved by refining the synthesis 

techniques and material composition. For instance, implementing advanced doping 

strategies that involve incorporating heteroatoms and exploring alternative synthesis 

methods could provide better control over the morphology and crystallinity of BDAC, 

improve ion transport kinetics, and result in superior electrochemical performance. 

The BDAC-based materials are highly versatile, allowing for applications 

beyond supercapacitors, LIBs and urea sensors. One promising direction is their 

integration into sodium-ion batteries, which can serve as a more cost-effective and 

sustainable energy storage solution compared to LIBs. Additionally, their sensing 

capabilities can be expanded to detect other biomolecules and environmental 

pollutants. This would extend their applications to medical diagnostics and 

environmental monitoring. 

The efficiency of various BDAC-based electrochemical systems is validated 

on a laboratory scale through this work. However, the large-scale fabrication of these 
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systems is essential for their practical implementation. To ensure this transition, future 

studies focusing on cost-effective and environmentally friendly synthesis and 

fabrication techniques are mandatory.  Additionally, the integration of these materials 

into portable and wearable electronics should be explored to meet the increasing 

demand for lightweight energy storage and sensing devices.  

The materials based on BDAC developed in this study show significant 

potential for various electrochemical applications, including energy storage and 

sensors. Their advantages, such as cost-effectiveness, environmental friendliness, and 

ease of handling, support the widespread use of BDAC materials. The application of 

BDAC can be further enhanced by employing optimised synthesis methods, expanding 

its applications, and ensuring scalability.  
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