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PREFACE 

In modern world, energy storage devices play a crucial role due to the growing demand for 

reliable and sustainable energy sources. These devices are essential for controlling the 

intermittency of renewable energy sources like solar and wind and allowing for the storage of 

surplus energy generated during peak times for use during periods of low output. This 

capability is crucial for balancing supply and demand on the grid, reducing dependency on 

fossil fuels, and eventually, addressing climate change. Furthermore, energy storage devices 

are essential for improving grid stability, allowing for the integration of electric vehicles, and 

providing backup power during outages, making them necessary components of modern energy 

systems. Due to these facts the energy storage systems such as battery, supercapacitor, fuel cell 

etc got more importance. 

Supercapacitors are essential in todayôs environment because of their quick energy delivery 

and storage capabilities, which addressing the growing demand for high-power applications. 

Unlike traditional batteries, supercapacitors can be charged and discharged quickly, making 

them ideal for use in gadgets that require frequent energy usage, such as in electric vehicles, 

renewable energy systems, and portable electronics. Additionally, supercapacitors also have a 

longer lifespan and higher efficiency than batteries, which makes them as an essential 

component in the transition towards more sustainable and efficient energy storage solutions, 

ultimately leading to a greener and more advanced society. 

Chapter 1. Introduction 

The first chapter provides an introduction to energy storage and its importance. The detailed 

discussion of supercapacitor, how it is working and the components and its peculiarities are 

descripted. This chapter discusses the potential of electrochemical energy storage methods and 

their advantages. The details of different materials, mechanism are discussed. The components 

of the electrochemical capacitor and its peculiarities are also discussed. The advantages of 



 

using VO2, MnO2 and Biomass derived carbons, CNF as electrode material is also described in 

this chapter. Through this chapter, the effectiveness of sol gel method, hydro-solvothermal and 

electrospinning techniques in producing nanostructures, activation during biomass carbon 

preparation that can be employed for synthesizing electrode material is explained. 

Chapter 2. Synthesis and Characterization Techniques 

The second chapter goes into details on the theory underlying the hydrothermal, sol gel and 

electrospinning processes. The detailed theory behind the different techniques used to 

characterize the synthesized materials is also covered. Various techniques are used to 

investigate the structural, morphological and surface aspects of the synthesized materials. The 

structural analysis was carried out using XRD, Raman spectroscopy, and XPS spectroscopy. 

SEM imaging was used to determine the size and morphology of the synthesized samples. BET 

surface area analyser was used to assess the porosity and surface area of synthesized metal 

oxides, porous carbon and CNFs. Electrochemical methods used to determine the capacity of 

material is detailed in this chapter. 

Chapter 3. Temperature Tuned Phase Selective Synthesis of VO2 (B) Nanosheet and Self-

Assembled Flower like Binary Hybrid  

The third chapter explores the hydrothermal synthesis of mesoporous VO2 (B) nanoparticles. 

The detailed analysis of synthesized samples utilising various techniques is also presented. This 

chapter explains how to tune the porosity and morphology of VO2 (B) nanoparticles by altering 

the hydrothermal temperatures. We observed an interesting nanosheets morphologies of VO2 

(B) during different hydrothermal temperature. These findings lead to control nanosheet 

transformation, porosity, specific surface area. which can enhance its applicability in 

electrochemical storage. Further enhancement in the energy storage can be improved by 

introducing reduced graphene oxide. This develops a flower like morphology with better 

storage property. 



 

Chapter 4. Porosity and Defect Tuned ŭ-MnO 2 Polymorph for Enhanced Electrical 

Conductivity  

This chapter explains the preparation of phase selective synthesis of -ɻMnO2 by simple 

chemical method. The synthesis carried out by adding reducing agents like citric acid and 

ammonium oxalate in the manganese precursor. By annealing samples under different 

conditions and changing reducing agent produce various morphology, specific surface area and 

point defects of selective samples is discussed. as well as their electrochemical analysis were 

described in this chapter. 

Chapter 5. Solvothermal Synthesis of Ternary Mesoporous Zincospiroffite (Zn2Te3O8) -

RGO Hybrid  

This chapter outlined the Zn2Te3O8, a ternary metal oxide synthesized through a solvothermal 

method. The enhancement of its electrical conductivity is achieved by making hybrid with 

graphene by the addition of graphene oxide during synthesis. Thus, produced hybrid material 

improves all energy storage parameter including specific capacitance, energy density and 

power density. 

Chapter 6. Synthetic and Biomass Derived Porous Carbon with     Redox Additive 

Electrolyte for Supercapacitor Application  

In Chapter 6, it is examined how carbon-based material act with redox additive electrolyte as 

energy storage and three carbon materials are detailed here. The first material discuss how 

carbonization in temperature affects the final characteristics of CNFs. In this study, PAN 

nanofibers are carbonized at temperatures of 500 °C, 700 °C and 900 °C, and the characteristics 

of the resultant CNFs are compared to find the ideal carbonization temperature, which is 

provided in this chapter. The second and third materials are biomass derived carbon. These are 

synthesized from saw dust and palm leaf sources. Initially the precarbonized samples are 

subjected to activation using ZnCl2 and followed by pyrolysis at high temperature yield highly 



 

porous carbon. 

Chapter 7. Conclusion and Scope of Future Work   

The present research study is summarized in chapter 7, along with potential areas for future 

application. The improved nanomaterials exhibit good storage property even though its storge 

capacities can improvise by changing electrolyte and its ionic contents. So, its application 

extended to other fields like K-ion storage, batteries etc.  



 

ĞŃŒĬě 

ĞĽŒľŐī ŖŇŏīƬś, ŊŐŋƗōľőńŊŒě ōŒǇŐŅŊŒŃŏń ĢƑƢ Ŗƕōŏĺǉǥīňǥŕĵ 

ŊƑƲŐƠǥŊŅŒƷ ĞŊŋƔě īŏŅĹě ĢƑƢ ōěłŅĹ ġĿīŅĹƟƓ ľŐƑĹŏńī 

Ŀƞś ŊŎŐƘŒƷŒ. ōŜŖŅŏƑƢě , īŏǁś ĺŒĵƟŐń ĿŒľŅŒĿŖńŏĭ ĢƑƢ 

Ŗƕōŏĺǉǥīŕň ğĵƄƘŐŕĵ ľŐńƕƳŐƘŒƷĺŐž Ġ ġĿīŅĹƟƓ 

ĝĺƔƳŏŖĿƚŐĺŃŏŹ. ĿőƘś ōŃńƟňŐƒ ġƒĿŏļŐƺŐƘŒƷ ŃŐƠ ĢƑƢě 

ōěłŅŐƠś īŒņƥ ġƒƺŏļľě ġǂ īŏŇĮƦƟňŐƒ ġĿŖńŏĭŐƘŒƷĺŐž 

ĝľŒŊļŐƘŒƷŒ. ƕĭŐķŐŕŇ ŊŐĺŅĹŊŒě ķŐŃŏƐķŒě ōƳŒŇŐĺŃŏƘŒƷĺŐľŒě 

ŖŀŏōŐƒ ğƶľƟňǥŕĵ ĞƕŋŐĺĺƗě īŒņƄƘŒƷĺŐľŒě ĨĵŒŊŐƒ īŏŇŏŊǇŏ 

ŊƔĺŐńŏľŕƬ ĝłŐōěŖŁŏĽľ ŕİǀǥƷĺŐľŒě Ġ īŉŐƊ ľŐƑĹŏńīŃŏŹ. 

īœĵŏŕĺ, ƕĭŐŷ ǇŐŅĺ ŕŃƠŕƺĵŒƬŒƷĺŐľŒě ŗŊļƔŒĺ ŊŏŎľƟňǥŕĵ 

ōěŖńŏĲľě ĝľŒŊļŐƘŒƷĺŐľŒě ĺĵǉōŃńƬś ŁŏƘƺś ĿŊƑ ľƒīŒƷĺŐľŒě 

ĝŊ ĞĽŒľŐī ĢƑƢ ōěŊŐĽŏľƟňǥŕĵ ĞŊŋƔŃŏń ĮĵīƟňŏƘŐ 

ŃŏǁǥƷĺŐľŒě ĢƑƢ ōěłŅĹ ġĿīŅĹƟƓ ĝĺƔƳŏŖĿƚŐĺŃŏŹ. Ġ 

ŊƍĺŒĺīƓ īŏŅĹě ĢƑƢ ōěłŅĹ ōěŊŐĽŏľƟňŏń ŁŏǁņŐ, ōœƺƑ 

īƺŏōŐǁƑ, ğƶľ ŕōƒ ĺŒĵƟŐńŊƄƘś īœĵŒĺƒ ƕĿŏĽŏľƔě ŇłŐƠǥ. 

ğƷŕƬ ĿŅŐĺǇŐĺŐńŐƒ ōœƺƑ īƺŏōŐǁņŒīƓ 

ĝĺƔƳŏŖĿƚŐĺŃŏŹ, īŏŅĹě ĝŊńŒŕĵ ƕļŒĺ ĢƑƢ ŊŐĺŅĹŊŒě ōěłŅĹ 

ŖŋŌŐńŒě ġńƑƷ ĿŊƑ ĞǕŐŖƘŌľŒīňǥŕĵ ŊƑƲŐƠǥŊŅŒƷ ĞŊŋƔīĺŕń 

ĝłŐōěŖŁŏĽľ ŕİǀǥƷŒ.ĿŅƾŅŏĭĺ ŁŏǁņŐīňŐƒ ľŐƷś ŊƔĺƔƍĺŃŏńŐ, 

ōœƺƑīƺŏōŐǁņŒīƓ ŖŊĭƬŐƒ İŏƑŲ ŕİǀŏľŒě ķŐƍİŏƑŲ ŕİǀŏľŒě 

īŉŐńŒě, ŗŊļƔŒĺ ŊŏŎľƟƓ, ĿŒľŅŒƒƺŏļŐƺŐƘŏŊŒƷ ĢƑƢ 

ōěŊŐĽŏľƟƓ, ŖĿŏƑƦŁŐƓ ğŇūŖƕĵŏĹŐūƍ ĺŒĵƟŐń ğĵƄƘŐŕĵ ĢƑƢ 

ġĿŖńŏĭě ĞŊŋƔŃŏńŐ ŊŅŒƷ ĭŏŷŕĲǁǥīňŐƒ ġĿŖńŏĭŐƘŏƐ ĝŊŕń 

ĝľŒŖńŏĲƔŃŏƘŒƷŒ. īœĵŏŕĺ, ōœƺƑīƺŏōŐǁņŒīƓƘś ŁŏǁņŐīŖňƘŏƓ 

ŗļƑĮƔŖŃņŐń ĞńŒǉǥě ġńƑƷ ƚŃĺńŒŃŒƨś, ğź īœĵŒĺƒ ōŒǇŐŅŊŒě 

īŏŅƔƚŃŊŒŃŏń ĢƑƢ ōěłŅĹ ĿŅŐŎŏŅƟňŐŖŇƘŒǂ ĿŅŐŊƑƬľƬŐŕŇ 

ĨŅŒ ƕĿĽŏľ ĮĵīŃŏńŐ ŃŏņŒƷŒ. ğź ĞĺƔƳŐīŃŏńŐ ŎŅŐĺŊŒě īœĵŒĺƒ 

ŊŐīōŐĺŊŒŃŏń ĨŅŒ ōŃœŎƬŐŖŇƘś ľńŐƘŒƷŒ. 
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1. Introduction  

One of the most pressing issues confronting the world's population is the energy crisis. Climate 

anomalies affect or have an impact on natural resources, which lessens reliance on them. The 

increasing cost of energy and the restriction of ongoing uses hasten the extraction of natural 

resources. Over the last few decades, fossil fuels have been a popular source of energy.[1] These 

fall under the category of non-renewable energy sources, their accessibility, and availability 

are declining these days. Frequent natural disasters that happened recently around the Globe 

throws an alarming treat on the aftermath of climate change. The contribution of academics or 

a researcher towards the reduction of the impact of these kinds of natural disasters on humanity 

values a lot. Major implication of the climate change is due to the global warming contributed 

by the amplified CO2 level in the atmosphere. Efficient energy management is very much 

important to handle the climate change due to global warming. This is why many research 

groups focuses on the tapping of energy from renewable energy resources using efficient 

materials or devices. Thousands of literatures can be seen published by the research groups on 

the harvesting of energy from renewable resources.  Analogous to this, the materials or devices 

for the efficient storage of this energy is also most important. The development of a sustainable 

society should place more emphasis on maximizing energy extraction from renewable energy 

sources and implementing efficient energy storage systems [2,3]. 

One of the major goals of maximizing the use of renewable energy on the grid is its capacity 

to store electricity for later use. Energy storage is simply the act of capturing energy once and 

storing it for later. The main methods of storing energy in various forms, such as thermal, 

kinetic, chemical, etc., and then converting it back to electricity when the need arose. In the 

current situation, it is necessary to transform energy coming from various sources or forms into 

electricity. This energy conversion primarily involves three processes; generation, 

transmission, and distribution. Another important factor is the ability to store energy and 

deliver it as needed.  

1.1 Electrochemical Energy Storage 

Electrochemical energy storage systems (EES) have gained popularity in recent years. As a 

result, EES systems, which include electrochemical capacitors, batteries, and fuel cells are 

more important. The EES must make a significant contribution to the implementation of 

sustainable energy systems. Flow cells, fuel cells, rechargeable batteries, and supercapacitors 

are attention-seeking EES systems (figure 1.1). Supercapacitors and batteries are used for both 
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transportation and electrification[2,3].  

 

Figure 1.1 Major electrochemical energy storage systems in our economy*  

Energy storage has traditionally relied on rechargeable batteries all over the world. The main 

focus of these studies is the lithium-ion battery. This type of battery is commonly used for 

recharging purposes and appropriate choice for the electrical vehicle market. Despite its high-

power density, this system has a low memory effect, which prevented overcharging, reducing 

its use in hybrid vehicles. In this situation, supercapacitors are the ideal capacitors to use for 

these applications. Supercapacitors are used in electrical circuits that allow fast charging and 

discharging [4,5]. Introducing supercapacitors meets the demand for large amounts of energy in 

the shortest time possible for hybrid vehicles. 

1.2 Supercapacitors 

The capacitors contain mainly two conductive electrodes. An insulated dielectric material is 

sandwiched between the two conducting electrodes. When voltage is applied, opposite charges 

are accumulated on the surface of the electrode material. The charge is separated by the 

dielectric medium and an electric field is produced.  That allows the storage of energy in the 

capacitor. The capacitance C is defined as equation (1), 

ὅ
ὗ

ὠ
                      ρ 

Where óQô is, the charge and óVô is the voltage applied. 

The capacitance of a conventional parallel plate capacitor is defined as equation (2), 

ὅ
‐ ‐ὃ 

Ὀ
             ς 

Where óŮoô is the dielectric constant of the free space; óŮrô is the dielectric constant of the 
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material, óAô is the area of the electrode material and óDô is the distance between the two 

electrodes. Capacitors are classified mainly into three; they are electrolytic, non-electrolytic, 

and supercapacitors[2]. 

Supercapacitors are generally known as ultra-capacitors which behave extremely differently 

from the existing conventional capacitors. Whereas conventional capacitors are made up of 

two metallic plates separated by a thick ceramic coating or plastic film. There is no dielectric 

region of this type in supercapacitors, instead a paper or other thin material soaked in an 

electrolyte act as a separator. Also, these are storing more energy per mass release and store 

more energy quickly. Supercapacitors have several advantages over traditional energy storage 

systems. The supercapacitor consists of a thin dielectric layer with  high surface area and the 

porous nature enhances the storage ability[6]. These characteristics make supercapacitors highly 

applicable in variety of fields such as aviation, electronics, the medical sector and 

transportation and figure 1.2 illustrates the diverse applications of supercapacitors. 

 

Figure 1.2 Illustration of various applications of supercapacitor* 

Supercapacitors can be broadly classified into mainly three categories based on the mechanism 

of charge storage. These are electrical double layer, pseudocapacitive and hybrid capacitor. In 

electrical double layer capacitors (EDLCs), storage occurs non-faradically or statically. In 

pseudocapacitive systems, the energy is stored by faradic process, where redox reactions in the 

system responsible for the charge storage. The hybrid combines both EDLCs and 

pseudocapacitive mechanisms, depending on their specific arrangements. 

The electrical double-layer mechanism belongs to the carbonaceous materials. It is possible to 
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achieve the goal of having an energy system that can store high energy and generate high output 

power by combining advanced materials possessing multifunctional properties with smart 

designs. Supercapacitor turns out to be one of the near-best alternatives compared to batteries. 

Supercapacitors are distinguishable from batteries due to their high-power density, and the 

ability to charge and discharge rapidly. So, this related application requires a high-power intake 

supply and delivery and pulsed energy[1,7 ,8]. The structure of a supercapacitor involves a 

cathode (positive electrode), anode (negative electrode), separator, and electrolyte mainly and 

available in different types based on various purpose and uses shown in figure 1.3. The 

separator between the electrodes is used to prevent an electric short circuit. The electrolyte 

inside the supercapacitor acts as an ion reservoir and is mainly classified into three. Which 

includes aqueous, organic, and ionic electrolytes. Applying an external bias, the electrons 

migrate from the negative electrode to the positive electrode. At the same time, the cations and 

anions move to positive and negative electrodes respectively due to generated driving force 

from the electric field between the two electrodes. The electrons move from the positive 

terminal through the external load to the negative terminal. 

 

Figure 1.3 Supercapacitor arranged in different types based on their application and usage* 

1.3 Classification of Supercapacitors 

Electrochemical capacitors or supercapacitors or ultracapacitors are very attractive power 

sources for portable electronic systems. Supercapacitors are also used in automotive system. 

Due to its high specific power, surface area, stability, and long durability, it serves as a power 

source by itself or in combination with other systems or devices.  

The energy density of the supercapacitor is several times higher than that of the conventional 

capacitors. The energy density and power density are related to the embedded charge storage 

mechanism in each system. Mainly two mechanisms, electric double layer and 

pseudocapacitive, were responsible for the storage capacity of the supercapacitor [6]. The main 
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classification based on the charge storage is shown in figure 1.4. 

 

Figure 1.4. The main classification of supercapacitors based on the energy storage mechanism 

1.3.1 Electric Double Layer Capacitance Mechanism 

The basic principle underlying in this mechanism is the adsorption of ions at the electrode 

surface. Which is similar to the working mechanism of the dielectric capacitor. The basic 

concept in theoretical electrochemistry like the Gouy-Chapman-Stern theory explains the 

formation of double layers by the polarization at the electrode-electrolyte interface. The 

electrostatic potential and the decay of the ionic charge distribution occur at the Debye length 

of 1-10 nm range. The double layer of the electrode material stores the charge by a true 

capacitance effect i.e., without any charge transfer at the electrode-electrolyte interface. The 

surface charge generation takes place by the dissociation of the surface atoms and adsorbed-

ions from the electrolyte and crystal defects of the electrode material used. The excess or 

deficiency of charge generation leads to electroneutrality at the electrode-electrolyte interface. 

The thickness of the double layer is affected by the concentration and ionic size and is 

approximately 5-10 Ao for highly concentrated electrolytes[7]. 

There are different double-layer models introduced. Among these Helmholtz's model of charge 

storage states that two layers of opposite charges are simultaneously formed at the electrode-

electrolyte interface and their separation is equal to atomic distance. Further modification done 

in the Helmholtz model done by Gouy and Chapman, introduces the diffusion layer concept 

that a continuous charge distribution layer is formed along the electrolyte layer. In this concept, 

the electric double-layer, capacitance formed is inversely proportional to the separation 

distances. So, there is a probability to get high specific capacitance at the electrode's outer 

surface. A further modification was put forward by Stern who combine the Helmholtz model 
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and the Gouy-Chapman model. The stern layer is introduced in this concept, and the ions 

sturdily adhered to the electrode. The factor determining the EDLC is the binary layer formed 

at the electrode-electrolyte interface, which is smaller compared to the thickness of the 

separator between the two electrodes[1].    

The structure of the EDLC contains two electrodes differentiated with a separator and a suitable 

electrolyte given in Figure 1.5. The separator should be an ion-permeable membrane. The 

principle behind the EDLC is the formation of the electrical double layer to store energy. When 

voltage is applied, charges get accumulated on the surface of the two electrodes. The ions of 

the electrolyte diffuse through the membrane and reach the electrode surface. This will create 

a double-layer charge on the electrode surface. The EDLC consists of two capacitors, but each 

electrode will be a single capacitor. If these are connected in a series fashion, the total 

capacitance C can be calculated by using the equation (3). 

ὅ
ὅ ὅ

ὅ ὅ
                   σ 

C1 and C2    are the capacitance of individual capacitors.   The capacitance measured is using 

equation (4) 

ὅ
ὃ ‐

Ὠ
                    τ 

Where óCô is capacitance in Farad, óAô is surface area, ódô is the Debye length, and óὑoô is the 

permittivity of the free space. The electrostatic attraction between the ions at the electrode and 

electrolyte is responsible for energy storage[7,8]. 

 

Figure 1.5. Structure of EDLC supercapacitor 

1.3.2 Faradic or Pseudocapacitive Storage Mechanism 

It is completely non-electrostatic and capacitance is contributed by faradic reactions at the 
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electrode-electrolyte interface. The charge transfer between the electrode and electrolyte leads 

to higher energy density than EDLC. By applying a suitable potential, the faradic current is 

generated from electro-sorption or redox reactions from the pseudocapacitive materials like 

metal oxide or conducting polymers. Due to the occurrence of redox reactions, the 

pseudocapacitor has a shorter life cycle and power density and the schematic representation is 

given in figure 1.6.  

The voltammetric response of active material peak current at varying sweep rates is given by 

equation (5) 

Ὥ ὥὺ                  υ  

óiô is the current at a fixed potential of sweep rate (v), where Ὥ ὲὊὃὅz

ὈȢὺȢ ‌ὲὊὙὝ
Ȣ“Ȣ cὦὸ. The a and b are adjustable parameters, if b value is 1 denote 

the capacitive process whereas b value is 0.5 denotes the current is controlled by diffusion 

limited process. 

 

Figure 1.6. Structure of pseudocapacitor 

In case of pseudo capacitance, the capacitance is due to reversible faradic reduction and charge 

separation. Along with the reversible redox reaction the intercalation and electro-sorption on 

the electrode surface are responsible for the pseudo capacitance. The energy densities of 

devices based on pseudo-capacitance are greater than those on electrical double-layer 

capacitance. The phase changes in the pseudo-capacitance materials limit their lifetime and 

power densities due to the faradic reaction. In EDLC phase changes are not observed and have 

a long lifetime. There are two electrode materials to store charge in pseudocapacitors. One is 

conducting polymer and the other is a metal oxide. The common conducting polymers used are 

polyaniline, polythiophene, polypyrrole, poly (3,4-ethylene dioxythiophene) (PEDOT), and 

other ˊ-conjugated conducting polymers. Sometimes these materials exhibit specific 



 

8 
 

Chapter 1  

capacitance greater than that of the metal oxides[9].  

Metal oxides like manganese oxide, ruthenium oxide, iron oxide, nickel oxide, etc. are used as 

electrode materials. Conducting polymer shows high capacity and conductivity but low cost 

compared to carbon-based electrode materials. Metal oxides are also conductive so it will 

improve the performance of the capacitor. Ruthenium oxide is the most explored metal oxide 

and gives a good result. In some cases, its performance is greater than that of EDLC and 

conductive polymers.  The performance of the supercapacitor can be increased by combining 

the mechanism of the EDLC and pseudocapacitors; this will generate the third class of the 

supercapacitor known as the hybrid supercapacitor[5]. 

1.3.3 Hybrid Supercapacitors 

Hybrid supercapacitors consist of the mechanism of both EDLC and pseudocapacitors. It is 

also known as the asymmetric capacitor. It contains asymmetric electrodes, one electrode 

contains EDLC and the second one will follow pseudocapacitance.  Hybrid supercapacitors 

exploit the faradic and nonïfaradic processes. Here the faradic electrode is responsible for 

energy storage and nonïfaradic or capacitive electrodes enable power storage and depicted in 

figure 1.7. According to the electrode configuration hybrid supercapacitors are classified into 

three[8] and  these are (a) composite, (b) asymmetric, and (c) battery types given in figure 1.8. 

 

 

Figure 1.7 Schematic Representation of hybrid supercapacitor 
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Figure 1.8 Classification of hybrid supercapacitor based on electrode configuration 

1.3.3.1 Composite Electrodes              

Composite hybrid electrode contains both carbon-based material and metal oxide or a 

conductive polymer. It incorporates both EDLC and pseudocapacitance in a single electrode 

for charge storage. The carbon-based material provides an electrical double-layer charge, a 

nonïfaradic mechanism workout in this type. Also, it provides a high surface area, which is 

an important factor in charge storage it increases the capacitance. Whereas the metal oxide 

component contributes the faradic mechanism of the pseudocapacitance that facilitates 

enhancement in total specific capacitance.  

1.3.3.2 Asymmetric Electrodes 

 An asymmetric hybrid capacitor is formed by the coupling of the two types of electrodes such 

as EDLC and pseudocapacitance. The coupling of the carbon-based negative electrode and 

conducting polymer-based positive electrode. Generally, the conducting polymer-based 

electrode has lower resistance than carbon-based electrodes. Asymmetric hybrid 

supercapacitors can achieve high energy and power density with comparable electrical double-

layer capacitors. It shows high cyclic stability compared with normal pseudocapacitors. 

1.3.3.3 Battery Type Electrodes 

The structure of battery-type supercapacitors is also similar to that of asymmetric hybrid 

capacitors. Two different electrodes are coupled with each other in these types of 

supercapacitors. That is a supercapacitor electrode combined with a battery-type electrode. It 

is the combination of the high-energy batteries, high power, and cyclic stability of 

supercapacitors. Carbon-based materials are widely used for supercapacitor applications[10]. In 

the present work, the carbon-based material to be selected is graphene. This is derived from 

graphite; it is one of the allotropes of carbon. 

1.4 Designing of Supercapacitor 

 The components of supercapacitors are similar to conventional systems it contains (a) current 
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collector, (b) active electrode material, (c) electrolyte, (d) separator, and (e) sealants as shown 

in figure 1.9. The basic form of the supercapacitor consists of two identical electrodes, which 

are sandwiched using the electrolytes and separator.  

 

Figure 1.9 Schematic representation of supercapacitor components 

1.4.1 Current Collectors 

Itôs a transporting medium of current from an external source to electrode material. It is capable 

to charge and discharge and withstand the heat generated inside the cell. The material should 

resist chemical corrosion due to electrolytes and commonly available current collectors are 

shown in figure 1.10. The active material makes better contact with the current collector and 

minimizes the resistance while experimenting. The current collectors withstand long-term 

charge-discharge cycling tests. The common current collectors used are aluminum sheets, iron, 

stainless steel sheets, nickel foam, nickel mesh, carbon cloth, etc. To tackle the adhesion 

problem of active material, polymer binders like Nafion, polytetrafluoroethylene, 

polyvinylidene fluoride, carboxy methyl cellulose, etc are used. 

 

Figure 1.10 Images of various commercially available current collectors for supercapacitor fabrication 

like nickel foam, copper sheet, carbon cloth, graphitic plate, stainless steel and glassy carbon electrode*  
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1.4.2 Electrolyte 

Electrolytes play an inevitable role in supercapacitor applications. The operating potential 

window varies with the nature of the electrolyte. The electrolyte is classified mainly into 

aqueous, organic, and ionic liquids and depicted in figure 1.11. The square nature of the voltage 

window depends on the ionic resistivity and has an inverse correlation. Also, the energy density 

and power density are directly proportional to voltage window and electrolyte conductivity. 

The electrolyte functions as a conductive medium and acts as a route for dissociation. The 

factors which affect the performance of the electrolyte are the adsorption rate of the anion and 

cation, formation of a double layer, equivalent series resistance, and conductivity of the 

electrolyte. To perform in a better way the extent of the contact between electrode and 

electrolyte is to attain maximum surface. The concentration of the electrolyte is depending 

upon the degree of dissociation óŬô.   

The aqueous electrolyte belongs the different pHs like acid, neutral, and alkaline. HCl, H2SO4, 

NaCl, Na2SO4, KNO3, KCl, KOH, NaOH, etc belongs to these categories. The enhancement in 

specific capacitance probability is high in aqueous electrolytes. The ionic conductivity is very 

high compared to other types and is low cost and abundance. The restriction arises due to the 

0 V-1.2 V of voltage window and further increment leads to the decomposition of the water 

and thus collapses the working of the cell.  

 

Figure 1.11. Classification of electrolytes in supercapacitor application 

The higher potential window of 0 V- 2.7 V suggests organic electrolyte is better than aqueous 

one. A higher operating potential window enhances the specific capacitance of the cell. The 
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energy density considerably lifts due to the wider operating voltage window than that of an 

aqueous one. The most commonly used organic electrolyte are acetonitrile and propylene 

carbonate. However, the toxicity and highly flammable nature resists its use though it has lower 

ionic resistivity. 

In the case of ionic liquids, they are inflammable and non-toxic. The operating voltage window 

of ionic liquids is 0 V- 5 V.  It is a liquid form of solvent-free molten salts, the insufficient 

ionic conductivity, compared to the organic and aqueous electrolyte, is due to the presence of 

large ions in ionic liquids[1]. 

1.4.3 Separator 

It is an inevitable part and functions as a barrier between two electrodes and also avoids short 

circuits. The material should be non-conductive, easily wettable, induce minimum ionic 

resistance, less intrinsic resistance due to the chemicals used, and resist the volume and 

pressure change. The commonly used separators are paper, glass ceramics, polymers like 

polyethylene, propylene carbonate, polyamide, polyvinylidene fluoride polypropylene, etc, and 

a few of them are shown in figure 1.12. The other required features are it should be low cost, 

abundant, have mechanical strength, and chemical resistance. These have a role in determining 

the specific capacitance. 

 

Figure 1.12 Commercially available separators for the fabrication of supercapacitors* 

1.4.4 Sealants 

It is a material used to prevent the escape of a substance from inside the cell. In a 

supercapacitor, it acts as a protective shield for the electrodes and prevents the leakage of 

electrolytes. These block from the outside contaminants like water, chemicals air, etc, and other 

factors which causes the degradation of electrolyte. The proper sealing condition is always a 

hemetic seal which prevents water and gas in the cell.  There are various types of sealants can 

be used. Silicone, epoxy, and polyurethane[2]. The choice of sealants depends on the factors 

such as the type of electrolyte used, the operating conditions of the supercapacitor, and the 

desired level of protection. 
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1.5. Active Electrode Materials  

Active materials exist in numerous numbers so it is broadly classified into three EDLCs, pseudo 

and hybrid. The EDLC materials are generally carbon-based materials with high surface area.  

pseudocapacitive material belongs to metal oxide and conducting polymer[11]. Other materials 

like metal nitride, sulfides, chalcogenides, and carbides are also belonging to this class and are 

categorized in figure 1.13. The hybrid materials are the combination of the above two which 

include carbon-metal oxide-composite, redox asymmetric and battery-capacitor combination, 

etc. 

 

Figure 1.13 Different types of electrode material used in supercapacitor* 

1.5.1 Metal oxides 

Metal oxides act as an alternative in supercapacitor electrode material, due to the high specific 

capacitance and specific power transition. Considering transition metal oxides, Ruthenium 

oxide (RuO2) exhibit high theoretical specific capacitance in the range of ~1300 F/g. Even 

though RuO2 has high theoretical capacitance its use is reduced due to the high cost and toxicity 

as well as its limited availability. Searching for low-cost, conducting material ended up with 

other transition materials like Fe2O3, TiO2, MnO2, Co3O4, SnO2, VO2, V2O5, etc. Considering 

these materials MnO2 has a theoretical specific capacitance close to the RuO2 and fulfilling the 

conditions like low cost, conductivity, and ease of availability. Other transition metal oxides 

show supercapacitive properties and can be enhanced by making composites with other metal 

oxide or carbonaceous materials[7]. 

1.5.1.1 Manganese Oxide (MnO2) 

Manganese oxide has enough natural abundance without any toxic effects. The satisfactory 

specific capacitance of MnO2 made it as a promising candidate. The charge storage mechanism 
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in MnO2 has mainly based on redox reaction-based pseudocapacitive nature and the charge 

storage mechanism is represented in an equation (6) below. 

ὓὲὕ ὼὃ ώὌ ὼ ώὩ ᴾὓὲὕὕὃὌ               φ 

MnO2 is regarded as a viable candidate for electrode material in electrochemical capacitors due 

to its low cost, non-toxicity, abundance, straightforward and simple synthesis, environmental 

friendliness, and strong theoretical specific capacitance, i.e between 1100 F/g to 1300 F/g [12,13]. 

Goodenough and Lee[14] did extensive research on this and published the first report on the 

MnO2 pseudocapacitor behavior in 1999. They assess MnO2
ôs pseudo-capacitive behavior in a 

2M KCl aqueous electrolyte solution. MnO2 micro-powders and micrometer-thick films 

exhibit 150 F/g in neutral aqueous electrolyte solutions with a voltage window of 1V, taking 

into account its energy storage properties. In comparison with other metal oxides, RuO2 
[15] 

exhibits higher theoretical specific capacitance. Even though crystalline MnO2 exists in various 

crystal structures, like Ŭ, ɓ, ɔ, and ŭ depicted in figure 1.14, based on their preparation methods 

[16,17]. Depending on the method of preparation, different phase formations lead to variations in 

specific capacitances. The specific capacitance of the electrode material is determined by 

factors such as specific surface area, morphology, thickness, mass of the electrode coating, and 

type and nature of the electrolyte. 

 

Figure 1.14 Different crystalline phases of Manganese dioxide  

Considering a few results of MnO2, in an aqueous neutral electrolyte solution, Ŭ-MnO2 shows 

specific capacitance ranging from 265 F/g to 320 F/g [18]. When compared to the other 

crystalline phases of MnO2 like ɓ, ɔ, and ŭ [17], the ŭ-MnO2 has higher capacitive nature due to 

its layered structure, which is similar to graphene[19]. One of the most important elements in 

determining the specific capacitance of a synthesized material is its morphology. For MnO2, 

different morphologies, such as nanosheets, nanoflowers, nanowires, nanobelts, nanoneedles, 

nanowhiskers, and nanospheres[13] are possible. Its unique surface area, which is between 20 

m2/g and 150 m2/g, also influences the performance. The large specific surface area of MnO2 

shortens the transport or diffusion path lengths [20,21] for both ions and electrons, resulting in 
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faster kinetics and thus higher charge-discharge capacities. As a result, nanowires on smaller 

diameter electrodes have a higher specific capacitance (350 F/g) than nanorods (243 F/g) [21]. 

To improve and promote electrical conductivities, create a carbon composite or dope it with 

another suitable material or create some anionic and cationic vacancies. When it comes to 

carbon composites with MnO2, pure MnO2 in composites with activated carbon, graphene, 

CNTs, and other materials provides better results. With the aqueous neutral electrolyte, MnO2 

composites with CNT gives 700 F/g in a total potential window of 1V [22]. Similarly, doping 

some transition metal oxides such as Ni, Co, and Fe makes them better. For instance, the Co-

doped MnO2 exhibits a specific capacitance of 377 F/g [23]. Making some vacancies in the 

action, such as oxygen or metal ion vacancies, is another method of enhancing the performance 

of MnO2. The presence of vacancies or defects improves the activity of oxide systems. Chen 

et al. note this improvement in Ŭ-MnO2, which after chemical preparation has a high 

capacitance of 736.60 F/g and a specific surface area of 119.50 m2/g [24].  Yang et al. chemically 

prepared doped MnO2 with various cations, such as Cu2+, Co2+, and Ni2+ ions [23]. The induced 

defect in the crystalline systems causes the doping with metal ions to alter the intrinsic 

conducting properties. When compared to the other two metal cations, the Ni2+ doped MnO2 

measured with a high specific capacitance of 234 F/g at 8 A/g. In ŭ-MnO2 prepared by 

electrostatic self-assembly, Gao et al. introduce surface Frenkel defects involving metal ion 

vacancy, which result in nanosheets with porous morphology and specific surface areas of 150 

m2/g with specific capacitances of 306 F/g at 0.2 A/g [25].  The defect-induced MnO2 materials 

are used for optical and catalytic studies in addition to supercapacitor research. Reenu et al. 

investigated the optical properties of coprecipitated and hydrothermally synthesized Ŭ-MnO2 

that contained Mn vacancies. The effect of surface defects on the system is well-studied using 

photoluminescence spectroscopy [26]. In another case, MnO2 with a surface oxygen vacancy 

that is active toward the catalytic combustion activity of o-xylene was created by Wu et al. 

using a wet chemical method [27]. 

1.5.1.2 Vanadium Oxide (VOx) 

Vanadium exists as a partially filled 3d orbital in electronic configuration, which leads to 

different oxides such as VO, V2O5, V2O3, VO2, V4O7, V6O13, etc. These variety of vanadium 

oxides are classifieds into different series like Magneli (Vn O2n-1) and Wadsley (V2n O5n-2). It is 

a well-studied system because of its first-order reversible phase transition from the 

semiconductor to the metallic state at its critical points of 68 oC. This transformation alters the 

electronic structure as well as the optical properties of vanadium oxide.  

VO2 exists in a rutile hexagonal structure above the transition temperature and below its 
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transition temperature exist as the monoclinic system. This is where the metal-to-

semiconductor conversion is taking place and is in an invertible transition state. Vanadium 

dioxide is a significant binary compound, it exists in five crystalline phases, the most stable of 

which are rutile type VO2(R), as well as monoclinic VO2(M), metastable VO2(B), tetragonal 

VO2(A) and VO2(C) and few of them are shown in figure 1.15. 

 

Figure 1.15 Crystalline structures of different polymorphic phases of vanadium dioxides 

From the previous literature it is known that, the VO2(R) and VO2(M) exhibit fully reversible 

metal-semiconductor phase transitions (MST) at the critical temperature of 68 oC. Meantime, 

there is a clear transformation in the electrical resistivity and optical transmittance of magnitude 

around 104-105. Among previously mentioned phases, VO2(A) is a meta-stable phase and 

possess a three-dimensional network of VO6 octahedron. The VO2(B) is a metallic phase 

consisting of distorted octahedrons which share corners and edges. VO2(B) is one of the 

promising cathode materials in Li-ion batteries as well as supercapacitors due to its reversible 

structural switch between crystalline and amorphous phases under high pressure[28]. Among 

other metal oxides vanadium oxides shows theoretical capacitance of 1000 F/g -2000 F/g. The 

few literature reports of vanadium oxides as supercapacitor application are given. Chen et al 

studied VO2@CC give 78.8 at 10 A/g at 1.65V in aqueous electrolyte system. Lv et al prepared 

VO2 nanobelt/reduced graphene oxide composite for flexible supercapacitor gives 353 F/g at 

1A/g. Zhang et al prepared VO2 (B) hollow spheres and solid spheres provide specific 

capacitance of 336 F/g and 272 F/g at 2 mA/cm2 respectively. Ren et al prepared VO2 

nanoparticle on edge-oriented graphene foam. The areal capacitance of 119 mF/cm2 obtained 

for VO2/EOGF (edge-oriented graphene foam) in supercapacitor application and 144 mAhg-1 

at 20 A/g for Li-ion battery studies. 

Numerous synthesis methods, including Pulsed Laser Ablation, Magnetron Sputtering, 

Chemical Vapour Deposition, Sol-Gel synthesis, Wet Chemical methods, Thermolysis, and 

Hydrothermal synthesis, are used to produce VO2(B). Hydrothermal synthesis is one of the 



 

17 
 

Chapter 1  

better options because of its lower temperature, green reaction conditions, simplicity of 

operation, and low cost. Furthermore, morphology and porosity tuning can be accomplished 

by varying surfactants, templates, and solvents[28]. 

The monoclinic VO2(B) was first explored for the Li+ intercalation in the reversible 

electrochemical reaction. The VO2(B) of various nanostructures, such as 0D, 1D nanobelts, 

nanorods, nanotubes and nanobelts, 2D nanosheets, nanowires, nanobelts, and 3D nanoflowers, 

is achievable with different synthesis selection and reaction circumstances[28,29]. 

1.5.2 Ternary Metal Oxide 

Recently, there has been extensive exploration of advanced functional materials to meet the 

urgent need for faster and more efficient energy storage systems. Among the various electrode 

materials, ternary metal oxides have garnered significant attention due to their low cost, 

environmental benignity, multiple oxidation states, and high theoretical specific capacitance. 

Ternary metal oxides exist in different forms such as AB2O4, ABO2/3/4, and A3B2O8, with a 

general formula of AxByO2. The ternary or metal oxide systems (AxByOx) are generated by the 

addition of an extra metal ion to the binary metal oxide system. The combination of these 

metals enhances the conductivity of all systems. In a ternary metal oxide, both metal elements 

have lower and higher oxidation states. One of the cations in the binary metal oxide was 

replaced/ doped/substituted/ exchanged to form ternary systems. For example, combinations of 

metal ions like Zn, Ni, Cu, Co, Mn, Fe etc. Ternary metal oxides can exhibit various 

morphologies, including 0D, 1D, 2D and 3D nanostructures. These materials can be 

synthesized using a variety of methods, such as chemical precipitation, sol gel synthesis, 

electrodeposition, molten salt, hot injection, electrospinning, hydrothermal and solvothermal 

techniques. The properties like surface area, ionic conductivity, electronic conductivity, 

mechanical conductivity and chemical stability make ternary oxide as a good candidate for 

energy storage application. 

Ternary metal oxide-based supercapacitor studies are seen in the literature, Perera et al reported 

Co3 Mnx O4 material, exhibit 173.6 F/g. Wang et al reported a simple ion-adsorption-annealing 

method for porous ZnCo2O4 shows exhibit remarkable specific capacitance. Li et al reported 

multi-shelled hollow microspheres NiCoxOx shows high specific capacitance of 1884 F/g at 3 

A/g with excellent rate capability. Ishaq et al studied the MeFe2O4/RGO with polypyrrole 

shows specific capacitance of 232 F/g. These studies demonstrate that the ternary metal 

composites exhibiting superior energy storage properties.  

1.5.3 Carbon-Based Materials 

Carbon-based materials are the most commonly used electrode material for electric double 
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layer capacitors (EDLCs) due to their electrical conductivity, chemical stability, high specific 

surface area. These materials are existed in a variety of shapes and sizes. The commonly used 

carbon electrodes include carbon nanofiber[30], carbon spheres[31], carbon nano-onions[32], 

carbon hydrogel[33], carbon nanotubes[34], graphene[34], activated carbons[35], graphite and 

highly porous carbon, details given in figure 1.16.  This thesis focuses on studying the 

electrochemical activity of porous carbon (or activated carbon derived from biomass sources), 

graphene and carbon nanofiber in a supercapacitor structure.  

 

 

Figure 1.16 Various carbon-based materials in energy storage applications* 

Porous carbon has properties such as high specific surface area, conductivity, tunable porosity, 

chemical stability, and long shelf life, making it an attractive choice to be an electrode material 

in supercapacitors and other energy storage systems. There are various sources from which 

activated carbon can be produced using a variety of techniques[36ï39]. Porous carbon can be 

synthesized from agricultural waste materials like different parts of the plants like, leaf, root, 

stem, flower, husk, bark, peel, shell, etc and such formed carbon is known as biomass derived 

carbon. These biowastes include or are composed of compounds like starch, protein, sugar, 

hydrocarbons, cellulose, hemicellulose, water, lipids, lignin, and several other functional 

groups. The advantages of biomass-derived carbon are depicted in figure 1.17. The porous 

carbon preparation from biomass mainly carried out through activation and pyrolysis step, 

where the activation method includes chemical as well as physical methods.  
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Figure 1.17 Advantages of biomass-derived carbon in energy storage*  

In the physical activation method, the activating gas causes the formation of pores. The gases 

used are steam, carbon dioxide, hydrogen, nitrogen, air, or a combination of these[40]. In 

chemical activation, the raw material impregnated with activating a strong oxidizing agent or 

strong dehydrating agent under an inert atmosphere generated porous nature to the material. 

These activating components are also known as porosity-enhancing agents (PEA), which fall 

into the categories of acid, base, and neutral. The classification of the porosity-enhancing 

activating agents is listed in Table 1.1. This allows the raw material to be penetrated, subjected 

to additional thermal processing, and produce high specific surface area. The porosity will aid 

in the rapid passage of electrolyte ions into the pores.  

Reagents Examples 

Acidic H3PO4, H2SO4 

Basic KOH, NaOH, K2CO3, Na2CO3 

Metal salt ZnCl2, AlCl3 

Table 1.1 Porosity enhancing activating agents with examples 

Graphene is two-dimensional material of a single layer of carbon hexagons consisting of sp2 

hybridized carbon bonds including ́-bonding or electron clouds. They have interesting 

physical and chemical properties with promising applications. The unique properties like high 

mechanical strength, fast electron transport, good biocompatibility and high surface area make 

graphene more application-oriented. It consists of honeycomb lattice and it possesses van der 

Waals interactions, which may lead to wrinkling and restacking. The importance of graphene 

in supercapacitors is to have optimum porosity and pore size distribution that give access to 
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the electrolyte more easily[41]. Various methods exist for the synthesis of graphene like, thermal 

exfoliation, Hummerôs method, green synthesis, etc. According to the synthesis technique the 

properties are varied. 

The carbon nanofiber is a promising electrode material in supercapacitor application due to 

their unique properties. It exhibits high electrical conductivity, mechanical stability, surface 

area and chemical stability. The carbon nanofibers are easily formed by electrospinning 

technique. Based on the precursors used, experimental conditions, viscosity, applied voltage 

etc, the carbon nanofibers show various properties and morphologies. Also, its high aspect 

ratio, interconnected network structure, better ion transport and high specific surface area make 

it a better candidate for energy storage. In addition to that, controlled synthesis process with 

tunable porosities and surface functionalities enhances its electrochemical properties. The 

carbon-based materials mentioned above exhibit exciting conducting properties, making them 

a suitable candidate for energy storage applications. 

1.6  Objective and Scope of the Work 

This research focuses on various electrode materials used for supercapacitor applications, 

specifically investigating surface-tuned binary and ternary metal oxides, as well as carbon 

nanostructures, which exhibit pseudocapacitive and electric double-layer mechanisms 

respectively.  Binary metal oxide like Vanadium oxide-VO2(B) and Manganese oxide- ŭ-MnO2 

will be used because they are readily available and exhibit excellent electrochemical 

characteristics. A novel ternary metal oxide, Zinc tellurium oxide -Zn2Te3O8, as electrode 

material will be checked for the performance efficiency. The carbon nanostructures like carbon 

nanofibers and highly porous carbon derived from natural sources also will be investigated. 

Chemical approaches like sol-gel and hydrothermal methods are adopting for the synthesis of 

binary (VO2(B) and ŭ-MnO2) and ternary metal oxide (Zn2Te3O8). Optimization of morphology 

of VO2(B) will be controlled hydrothermally at different temperatures and by adding graphene 

oxide during synthesis, its graphene hybrids can be prepared, to increase the electrochemical 

activity. Morphological variations, surface area, porosity, and electrochemical characteristics 

will also be investigated. Vacancy tailoring can be achieved in ŭ-MnO2 by sol-gel method to 

improve electrochemical characteristics. Two reducing agents like citric acid and ammonium 

oxalate are chosen to tailor the defect density in ŭ-MnO2. Properties like surface area, porosity 

and conductivity can be further controlled by changing the heating environment and annealing 

rate. The solvothermal approach will be used to synthesize ternary metal oxide Zn2Te3O8 and 

its reduced graphene oxide hybrids. Three different hybrids, prepared by altering the volume 
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of graphene oxide will be used as electrode material for super capacitor application. The 

changes in surface area, porosity, and electrochemical characteristics are correlated. 

This work proposes to prepare various carbon-based materials by adopting different synthetic 

approaches. Carbon nanofibers can be prepared by electrospinning of Poly Acrylo Nitrile 

(PAN). Carbon nanofibers with different diameters are planned to be prepared by altering the 

annealing temperature to 500 °C, 700 °C, and 900 °C. In addition, highly porous carbon 

materials can be prepared readily from available biomass sources (Saw dust-Ailanthus Triphysa 

and leaf-Palmyra Palm) followed by ZnCl2 activation and carbonization. Physical property 

tuning of the carbon nanostructures can be achieved by changing carbon: ZnCl2 mass ratio as 

1:0, 1:2, 1:4, and 1:6. 

The physicochemical properties of the prepared electrode materials are planned to be studied 

using various methods. X-ray Diffraction (XRD), Raman spectroscopy, and X-ray 

photoelectron spectroscopy (XPS) will be used to characterize the structure and chemical 

composition. Fourier Transform Infrared spectrometer (FTIR) will be used analyse Chemical 

structure and functional groups. Morphology can be obtained from field emission scanning 

electron microscopy (FE-SEM) analysis. BET (Brunauer Emmet Teller) analysis is used to 

determine surface area and porosity. Wettability analysis will be carried out by contact angle 

measurement. Electrochemical analysis, such as cyclic voltammetry (CV), galvanostatic 

charge-discharge analysis (GCD), electrochemical impedance analysis (EIS), and cyclic 

stability tests, are used to investigate supercapacitor applications. Symmetric and asymmetric 

supercapacitors will be prepared with synthesized materials with an aqueous neutral electrolyte 

(Sodium Sluphate-Na2SO4). The carbon materials are also examined with a redox additive 

electrolyte, which is made by adding potassium iodide (KI) into the sodium sulphate.  

*****  
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2.  Synthesis and Characterization Techniques 

2.1 Synthesis Methods 

The particle dimension goes smaller and smaller and reaches the nanometer scale, its properties 

changed drastically and will influence both physical and chemical properties. In 

nanotechnology, synthesis methods of materials got much attention due to the dependence on 

various properties like morphology, crystallinity, electronic states, shape, phase, structure, etc. 

The mode of synthesis and its reaction condition affect the properties of the nanomaterial. 

Several techniques are available for the synthesis and a few of them are sol-gel, hydrothermal, 

solvothermal, electrochemical, sonochemical, physical vapour deposition and chemical vapor 

deposition[1,2]. 

The synthesis of the nanomaterials depends on the mode and its reaction parameters such as 

molarity, dilution, the ratio of the reactants, temperature, pressure, etc. The sol-gel method is 

one of the easy and simple and low-cost experimental methods from which the morphology 

and properties of the nanomaterial could be easily tuned by maintaining a proper reaction 

atmosphere. Likewise, solvothermal or hydrothermal methods offer a simple and green method 

that needs a very lower crystallization temperature, sometimes with no need for further 

calcination or sintering step. In addition to that one- dimensional nanofibers can easily be 

prepared by electrospinning technique. It is the simplest method of fabricating nanofiber with 

the assistance of polymer matrix. 

2.1.1 Sol-gel Synthesis 

Sol-gel synthesis is a simple, low-cost experiment at a mild or low temperature. It is possible 

to generate different structures of nanomaterials with the same precursor by varying the 

experimental conditions. Another advantage of this method is repeatability, simplicity, and 

reliability during the liquid phase synthesis. The properties of the nanomaterial can be easily 

changed by doping, where precise control can be done over this method. The formation of the 

sol is caused by the metal oxide present in the system by hydrolysis and condensation[3], 

represented by following equations (1-3). 

╜▄◄╪■ ▬►▄╬◊►▼▫►╡▄▀◊╬░▪▌ ╪▌▄▪◄▼
╣▄□▬▄►╪◄◊►▄
ựựựựựựựự ╬▫■■▫░▀▼ ▫█ □▄◄╪■ ▫●░▀▄ ▫► ▐◐▀►▫●░▀▄ 

╣▄□▬▄►╪◄◊►▄
ựựựựựựựự    ╒▫■■▫░▀▼ ▫█ □▄◄╪■ ▫●░▀▄ ▫► ▐◐▀►▫●░▀▄▼             ρ 

ḳὓ ὢ ὕὌ έὶ Ὄὕ
╗◐▀►▫■◐▼░▼
ựựựựựựự ḳὓ ὕὌ  ὢ                                   ς 

ḳὓ ὕὌ ὕὌ ὓḳ
╒▫▪▀▄▪▼╪◄░▫▪
ựựựựựựựựự ḳὓ ὕ ὓḳ  Ὄὕ                 σ  

These chemical transformations make some gel formation. The evaporation rate and 
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evaporation methods make xerogel, aerogel, etc (figure 2.1). Sol-gel is a technique that 

dissolves a compound in liquid and resolidifies it in a controlled manner. The compounds of 

multi-components can easily be prepared with controlled stoichiometry by mixing the sols of 

different compounds. Also, it prevents the inhomogeneity, that generates in coprecipitation 

reaction. In addition to that it enables atomic-level mixing, which results in small particles 

which are easily sinterable. This technique is used to prepare a variety of materials with various 

shapes including thin fibers, porous structures, and dense powders[3,4]. Among different 

methods, the sol-gel method got much attention due to the aforementioned reasons. 

 

Figure 2.1 Representation of sol-gel technique 

2.1.2 Hydrothermal or Solvothermal Technique 

The hydrothermal technique is an established niche in nanomaterial synthesis. This technique 

is one of the lower-temperature synthesis methods also used to generate highly homogeneous 

and monodispersed nanomaterials. The heterogeneous chemical reaction is carried out in the 

presence of an aqueous or non-aqueous medium by maintaining the temperature above ambient 

condition and pressure > 1 atm in a closed system. The reactions are carried out in a particular 

experimental setup called an autoclave (figure 2.2). Care should be taken that the aqueous or 

non-aqueous solvents are maintained near supercritical or supercritical conditions. 

 

Figure 2.2 (a) A photograph of stainless-steel autoclave with teflon liner used for the hydro/ 

solvothermal process and (b) representation of metal oxide synthesis using hydrothermal method 
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Based on the solvents used, it can be represented as hydrothermal (water), alcothermal 

(alcohol), glycothermal (glycol), ammonothermal (ammonia), etc. The precursor used is 

commonly metal salts (inorganic materials) with suitable solvents. The other changing 

parameters that affect the property of the product are temperature, pressure, volume, the 

concentration of the reactants, reaction time, etc[2]. These conditions affect the crystal structure, 

size, shape, composition of the samples, etc. The advantages of these are cost-effectiveness, 

environmentally safe closed system conditions, expects higher purity products, metastable 

products are formation etc.  

2.1.3 Electrospinning Technique 

Electrospinning is a versatile method used for making ultrafine fibers with sizes ranging from 

nanometers to micrometers. In this process high voltage is applied to a polymer solution or 

melt, causing a charged jet to be ejected from a spinneret. Once the electrostatic repulsion 

overcomes the surface tension of the polymeric solution, it is ejected from the tip of the 

needle[5]. Electrostatic repulsion causes the jet to whip, resulting in quick evaporation of the 

solvent or cooling of the polymer melt [5ï7]. The fibers are solidifying and meantime it gets 

deposited over the grounded metallic collector. The grounded collector is kept at a particular 

distance from the metallic capillary needle[8]. The final product will be a very thin, uniform, 

and mechanically stable fiber mat. The basic electrospinning technique scheme is given in 

Figure 2.3. 

 

Figure 2.3 Representation of basic electrospinning setup  

This technique is widely used for the preparation of nanofibers for applications such as tissue 

engineering, filtration, and energy storage because of its ability to produce high surface area 
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fibers with precise morphology and composition. Modification of the parameters like polymer 

concentration, applied voltage, spinneret to collector distance to adjust the properties of 

electrospun fibers for specific applications. 

2.2 Characterization Techniques 

The structure, morphology, optical, electrical, and thermal properties of the synthesized 

material are investigated with different characterization techniques. For the current studies, the 

following characterization techniques are used. 

V X-Ray diffraction analysis 

V Raman spectroscopy 

V Field emission scanning electron microscopy 

V Fourier transform infrared spectroscopy 

V X-ray photoelectron spectroscopy 

V Brunauer Emmet Teller analysis 

V Contact angle measurements 

V Cyclic voltammetry 

V Galvanostatic charge-discharge 

V Electrochemical Impedance spectroscopy 

2.2.1 Structural and Phase Analysis 

2.2.1.1 X-Ray Diffraction (XRD)  

X-ray diffraction analysis is used for the structural aspects of a material such as crystal structure 

and atomic spacing. The X-ray beam with a wavelength range from 0.7 to 2 Ao, incident on the 

sample, and it gets diffracted. The electromagnetic waves interacting with an object produce 

constructive interference by satisfying Braggôs law of X-ray diffraction shown in figure 2.4.  

 

Figure 2.4 Schematic representation of X-ray scattering in atomic planes 
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These diffracted rays are responsible for the intense peaks obtained during analysis. This is 

used for the identification of the crystal structure, and to measure the average distance between 

the planes, lattice parameters and geometry, etc. This is based on Braggôs law of X-ray 

diffraction[9,10]. According to this law (4),   

Îʇ ςÄÓÉÎʃ                τ 

Where ónô is the order, óɚô is the wavelength of incident radiation, ódô is interplanar distance, 

and óɗô is the incident angle. 

XRD analysis is done by using a Rigaku Miniplex X-Ray diffractometer with CuKŬ radiation 

(l= 0.1544nm). The data acquired from XRD analysis are; 

Á Determination of crystal structure 

Á Phase determination like amorphous or crystalline 

Á Crystallite size measurement and degree of crystallinity 

Á Orientation of single crystals 

Á Measures residual stress  

Á Quantitative analysis of phases 

2.2.1.2 Raman Spectroscopy 

Raman spectroscopy is an effective technique used for investigating vibrational, rotational, and 

other low-frequency modes in a system. It is based on the inelastic scattering of monochromatic 

light. Usually a laser source is used, where photons interact with the molecular vibrations or 

phonons in the sample. The scattered light is then collected and analyzed to provide valuable 

information about the molecular structure, crystallinity, and chemical bonding within the 

material. The fundamental principle underlying Raman spectroscopy is based on inelastic 

collisions. When light interacts with a sample, the majority of photons undergo elastic 

scattering, known as Rayleigh scattering, while a small fraction undergoes inelastic scattering, 

known as Raman scattering. In Raman scattering, the frequency of the scattered light will be 

smaller than that of incident photon. The Raman shift is represented by equation (5). 

Ὑὥάὥὲ ίὬὭὪὸЎ’  ’ ’             υ 

This discrepancy arises from changes in the vibrational, rotational, and electronic energy levels 

of the molecules in the sample. The frequency of the incident radiation exceeds that of the 

scattered radiation, results the formation of the Stokes line in the Raman spectrum. When the 

frequency of the incident radiation is lower than the frequency of the scattered radiation, the 

scattered light appears as anti-Stokes lines in the Raman spectra, as shown in figure 2.5. As a 

result, the Stokes bands in the Raman spectrum typically appear more intense than anti-Stokes 
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bands. This phenomenon occurs because the population of molecules in the higher energy state 

(related with anti-Stokes scattering) is generally lower than in the lower energy state (related 

with Stokes scattering), leading to weaker anti-Stokes signals compared to the Stokes 

signals[11]. 

 

Figure 2.5 Generation of Raman scattering during analysis 

The intensity of scattered light in Raman spectroscopy is compared with the incident light's 

energy or frequency, resulting a unique "fingerprint" for each molecule. Analyzing the obtained 

bands and their intensity enables the identification of specific molecules. Changes in band 

frequency, peak intensity, and peak broadening can reveal the amount of stress in the material 

and its crystallinity[12]. By collecting data from several sample areas, the sample's homogeneity 

can be assessed. Raman spectra provide information on the material's composition, 

crystallinity, surface bond vibrations, as well as the detection of IR inactive molecular 

vibrations and impurity detection[13].  

2.2.1.3 X-Ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical 

analysis (ESCA), is a powerful tool used to determine the elemental composition, chemical 

states, and electronic states of materials. X-ray photoelectron spectroscopy (XPS), also known 

as electron spectroscopy for chemical analysis (ESCA), operates based on the photoelectric 

effect. When the sample surface is irradiated with X-rays, the X-rays interact with the core 

electrons of the atoms in the material. These core electrons can be excited to higher energy 

levels and then relax back to their original energy levels, emitting characteristic X-ray 

photoelectron peaks. By analyzing the binding energies and intensities of these peaks able to 

understand the elemental composition and its chemical environment. The depth of penetration 

of X-rays is in the range of micrometers, normally gives the signal from a depth of 10 nm. XPS 

is performed under ultra-high vacuum conditions to prevent interference from air and ensure 
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accurate measurements. The excited photoelectrons lose some energy as they travel through 

the material, and only those that escape without being scattered are detected. This technique is 

valuable for studying surfaces, thin films, and interfaces in various fields, including materials 

science, surface science, and nanotechnology[14,15]. The photoelectric effect is represented in 

equation (6). 

Ὁ Ὤὺ ‰ Ὁ                 (6) 

EKE is the kinetic energy of the ejected electron, hv is the energy of photons, ‰ is the work 

function and Ev is the binding energy. 

The XPS instrumentation includes a monochromatic X-ray source that generates X-rays 

directed to the sample being analyzed. The emitted photoelectrons are then accelerated towards 

a hemispherical analyzer, where their kinetic energies are analyzed. By measuring the kinetic 

energies of the photoelectrons, the binding energies of core electrons from which they were 

emitted can be determined. This information provides valuable insights into the chemical 

environment and electronic structure of the sample. The detector in the analyzer records the 

intensity of the emitted photoelectrons as a function of their kinetic energy and generating a 

spectrum. The entire system operates under ultra-high vacuum conditions, typically around 10-

9 torr, to minimize electron scattering and ensure accurate measurements. The signal generation 

and instrumentation setup shown in figure 2.6. The analysis provides the information for 

identifying the elements based on their peak binding energy, quantifying elements based on the 

peak area or intensity, spin-orbit splitting, kinetic energy effects, and chemical composition 

except for H and He[12,16]. 

 

Figure 2.6 Schematics of signal generation and XPS instrumentation setup 

2.2.1.4 Fourier Transform- Infrared ( FT-IR) spectroscopy 

Fourier Transform Infrared Spectroscopic analysis is an important tool which gives sufficient 

information about the chemical structure of a compound. The absorption of infrared causes 

various bonds in a molecule that tend to stretch or bend. When the photon's energy and the 

molecule's vibrational energy level coincide, the photon's energy is absorbed. The molecule is 
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excited from the lower vibrational level to the higher vibrational level when the IR radiation 

couples with the sample's molecular vibration. Figure 2.7 (a and b) shows infrared region on 

electromagnetic spectrum and the instrumentation setup.  

 

Figure 2.7 (a) Infrared region on the electromagnetic spectrum*and (b) instrumental setup of FTIR 

interferometer unit 

 

The absorbed energy serves to raise the amplitude of the vibrational motion of a bond in a 

molecule. Not all bonds in the IR spectrum can absorb IR energy. Bonds with a shift in dipole 

moment are capable of absorbing infrared radiation. To confirm functional groups, greater IR 

absorption (4000 cm-1-1400 cm-1) is used. The fingerprint region corresponds to the distinctive 

IR absorption at the lower region (1400 cm-1-600 cm-1). When a sample is exposed to infrared 

radiation, it can absorb some radiation and transmit the rest. Some radiations get reflected back 

to the source itself. Basically, the IR spectra are a plot of transmitted frequencies Vs the 

intensity of the transmission. The samples are analyzed using PerkinElmer FTIR spectrometer- 

spectrum two analyzer. From FTIR, following details are obtained (i) inorganic and organic 

nature of the samples, (ii) the presence of impurities (iii) quantitative analysis by evaluating 

the area under the spectrum and (iv) molecular structure.    

2.2.2 Morphology Analysis  

2.2.2.1 Field Emission Scanning Electron Microscopy (FE-SEM) 

FE-SEM is a widely using imaging technique in material science and nanotechnology. It is a 

non-destructive method with high spatial resolution and high magnification. When electrons 

from the high-energy electron beam strike on the sample and interact in different ways. The 

electron penetrated into the sample and emits back in the form of photons or electrons. The 

emitted signals are generated a two-dimension image of the surface of the sample[14,15]. The 

representation of electron beam generation and instrumental setup is shown in figure 2.8. 
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Figure 2.8 (a) Representation of electron beam generation and instrumental setup, (b) and (c) FESEM 

images of nanowire and nanosheets 

 

The instrumentation contains an electron gun, lenses, a high vacuum chamber, a sample holder, 

and a detector. The electron beam of high energy range 0.5 KeV to 40 KeV is used with a 

condenser lens that can focus a spot of diameter range 0.40 nm to 5 nm. Then allows to raster 

scan in the x and y direction on the sample over a rectangular area. FE-SEM operates by 

generating an electron beam using a field emission source, typically a tungsten filament or a 

field emission gun. The electron beam is accelerated towards the sample surface using an 

electromagnetic lens with a fine probe size (typically less than 1 nm in diameter). The sample 

should be kept in a vacuum chamber to prevent electron scattering. When a focused electron 

beam interacts with the sample, various signals are generated, including auger electrons, 

secondary electrons, fluorescence, backscattered electrons, X-rays etc. The image formation in 

SEM is based mainly on backscattering electrons, secondary electrons, and X-rays (for 

elemental mapping). These signals are collected by detectors, and convert them into high 

resolution images. FE-SEM provides information about morphology and microstructure 

additionally it gives information about the chemical composition and distribution of the system 

and the amount of doping[12]. 
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2.2.3 Surface Area and Porosity Analysis 

2.2.3.1 Brunauer- Emmet Teller (BET) Analysis  

BET is a standard method used to determine the surface area and porosity of materials based 

on N2 adsorption-desorption. It relies on the assumption of multilayer adsorption of gas on a 

flat surface. However, this assumption becomes invalid when monolayers overlap. Materials 

are classified based on their pore size into microporous, mesoporous, and macroporous 

categories. Pores with diameters up to 2 nm are considered microporous, those between 2 nm 

and 50 nm are mesoporous, and those larger than 50 nm are macroporous. In theory, the 

monolayer adsorption of gas molecules on a solid surface occurs up to a certain gas pressure 

above the solid surface at a fixed temperature[17] and represented by equation (7). 

—  
‌ ὖ

ρ ‌ὖ
                          χ 

Where óɗô is the fractional of the sample surface, óŬô is a constant, and óPô is the gas pressure.  

The amount of gas adsorbed depends on the exposed surface area and the sample surface was 

cooled by using liquid N2 to get the adsorption. There is no more adsorption occurs after 

attaining a saturated pressure. After forming the adsorption layers sample was subjected to 

heating for releasing the adsorbed nitrogen and quantified. The obtained data is known as the 

BET isotherm and is the plot of total adsorbed gas Vs relative pressure[18,19]. The adsorption 

isotherm varies with the porous nature of the material and the typical graph shown in figure 

2.9.                                       

 

Figure 2.9 Representation of a N2 adsorption and desorption isotherms plot during BET analysis    
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2.2.4 Wettability Characteristics 

2.2.4.1 Contact Angle Measurement 

This technique is one of the useful techniques to know the interaction between the surface of 

the electrode with the electrolyte as well as the chemical nature of the surface by means of 

qualitatively and quantitatively. The surface wettability measurement is used as the primary 

evaluation technique for the solid-liquid interface. The surface science of the prepared material 

is important for its storage application and its efficiency[20].  

This is one of the easiest and most dependable methods to correlate surface wettability and 

hydrophilic or hydrophobic nature. The advantages of this with respect to other techniques are 

environmentally friendly, minimum time, reduced chemical cost, and less labour for the 

measurement. Here measures the shape of the liquid droplets formed due to the pressure 

difference created between air and the liquid interface[21]. It is one of the handy techniques 

which reduces the use, money, and time of other sophisticated instruments related to 

measurements[22]. The behavior of the solid-liquid interface at various surfaces is shown in 

figure 2.10.  

 

Figure 2.10 Contact angle measuring hydrophobic and hydrophilic surface 

2.2.5. Supercapacitor Application 

2.2.5. 1 Cyclic voltammetry (CV) 

It is a widely used technique for knowing qualitative information about an electrochemical 

reaction like the redox process, adsorption process, heterogeneous electron transfer reactions, 

etc. It offers information regarding rapid locations of the redox potential of a particular 

electroactive species. It consists of linear scanning of the potential with respect to a stationary 

working electrode by a triangular potential waveform. The potentiostat measures the current 

generated from the electrochemical reaction consecutive to the applied potential and a straight 

analog ramp is required for the performance. The applied ramp consists of a series of small 

potential steps which approximate the desired linear ramp. In short, the potential of the working 

electrode was scanned linearly and measured the current generated from oxidoreduction 
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reactions[22]. The representation of the electrochemical setup and parameters are shown in 

figure 2.11. 

The CV is obtained by measuring the current between a working electrode and a counter 

electrode, which directly measures as the function of potential. The potential is applied across 

the reference electrode and working electrode. The current flow inside the system is from the 

working electrode to the counter electrode or vice versa. The potential of the working electrode 

is controlled with respect to the reference electrode and it does not pass any current. The 

specific capacitance of each electrode is calculated by the equation[23,24] (8), 

ὅ
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Where óIô is the average current, ódv/dtô is the scan rate, ómô is the mass of the electrode, and 

óVô is the potential window. The energy density, E, and power density P are calculated using 

the following equations[23,24], (9), and (10). 
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Figure 2.11 Representation of three-electrode setup and depending variables 

2.2.5.2 Galvanostatic Charge ïDischarge (GCD) 

Characterization via the galvanostatic charge-discharge (GCD) is one of the major tools for 
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supercapacitors to measure their charging and discharging criterion. It is a reliable analysis to 

determine the energy density, power density, and other parameters like equivalent series 

resistance and cyclic stability of the supercapacitor[23,25].  

The GCD measurement of metal oxide system is shown in figure 2.12. In this method, the 

experiment is run by applying a constant current, and the potential is measured as a function of 

time. Various modes were available for the measurements, PCGA-potentiodynamic cycling 

with galvanostatic acceleration-electrode cycling under potentiodynamic mode. GCPL- 

galvanostatic cycling with potential limitation, cycling under galvanostatic mode with an 

imposed current. APGC- alternate pulse galvano cycling, perform fast galvano steps between 

two values. GCPL method is used for the supercapacitor analysis. 

                                        

Figure 2.12 A representative GCD graph of metal oxide 

2.2.5.3 Electrochemical Impedance Spectroscopy (EIS)  

EIS is a powerful computational technique for analyzing physical as well as chemical processes 

in a solution and solids. In terms of electrochemistry, a sinusoidal signal is employed for 

measuring the rate constant of a fast electron transfer reaction in a very short time interval with 

an electrochemical cell. Also acquiring information related to complicated reactions involving 

electrode-electrolyte interface or surface and solution reactions.  

This technique has been used in the valuation of batteries, supercapacitors, solar cells, fuel cell 

development, corrosion, sensors, etc. Classified into different based on the applied input; PEIS- 

potentiostatic impedance, performs in a potentiostatic mode by applying sinusoidal impulse 

around a fixed potential of E or relative to the cell equilibrium potential. GEIS-Galvanostatic 

impedance, current is controlled in this situation. In SGEIS- staircase galvano electrochemical 

impedance, applying sinus around a current óIô sweep in galvanostatic mode. SPEIS-staircase 
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potentio electrochemical impedance, measured by applying staircase potential sweep. It is an 

excellent technique used for the characterization of electrochemical systems.  Impedance is a 

measure of the ability of the circuit to resist the flow of electrical current. Simply the principle 

behind the EIS is applying a small amplitude sinusoidal signal and measuring the response, a 

representative EIS graph is shown in figure 2.13. 

  

Figure 2.13 A representative EIS graph of different current collectors 

Ohmôs Law-based mathematical approach is used for the analysis of the impedance spectra.[26] 

According to this law, impedance Z(ɤ) is represented by equation (11), 

ὤ‫                       ρρ                    

Where E (ɤ) is the frequency-dependentïpotential, i (ɤ) is the frequency-dependent current. 

The Nyquist plot is a typical diagram used for analyzing electrochemical terms like electrolyte 

solution resistance (Rs), electrode polarization resistance (Rp), double layer capacitance (Cdl), 

etc by using a corresponding equivalent circuit (figure 2.14). In the equivalent circuit, R1 is the 

series resistance, R2 is the resistance at the interface[22]. Where C is the capacitor and W is the 

Warburg diffusion resistance. By plotting Zô (Ý) Vs Zôô(Ý) get a plot depicted in figure 2.13. 

Analyzing the Nyquist plot for getting different parameters described earlier. 

 

Figure 2.14 Randleôs circuit for a two-electrode setup 
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2.2.6 Quantifying Capacitive Properties 

2.2.6.1 Current Response Vs Sweep Rate 

The rate of insertion-extraction of the cations and anions in an electrolyte depends upon the 

redox reaction. The high specific capacitance was observed at the slowest scan rate due to the 

slow charging-discharging process. That is the solvated anions and cations diffused very slowly 

and access all possible pores in it. With the fast scan rate, the anions and cations didnôt get 

enough time to access the pores or active sites resulting in low specific capacitance[27]. 

The total charge stored in a particular material is represented by the area under the curve. Which 

is the combination of the faradic and non-faradic process. The faradic process arises from the 

redox reaction whereas the non-faradic process originates from the electric double-layer 

formation. The capacitive effect was characterized by analyzing the CV data at various scan or 

sweep rates (ɡ). The measured current and scan rate are related and is expressed by a power 

law, I= a ɡb, where óIô is the current, óaô and óbô are variable parameters. The parameter óbô 

calculated from the slope of the log I vs log ɡ plot and give the quantitative information about 

reaction kinetics. If b=0.5 which satisfies Cottrellôs equation, I= ɡ1/2, and exhibits an ideal 

diffusion-controlled process. If b=1 the process is capacitive (surface controlled) and the 

parameter b is lie between 0.5 and 1, the process is the combination of both diffusion controlled 

and capacitive process [22].  

2.2.6.2 Trassatiôs Method of Analysis 

To determine capacitive effects, Trassatiôs method was used. For that, we assuming semi- 

infinite diffusion condition in which ions are unrestrictedly diffuse to the interface of electrode-

electrolyte with respect to the bulk electrolyte. There exists a linear correlation between the 

reciprocal of the areal capacitance (C-1),[27] (calculated from CV data)  and the square root of 

the scan rate (ɜ1/2). Evaluation of total specific capacitance (CT) calculated using equation (12) 

given below,  

ὅ ὯʉȾ ὅ                      ρς  

Where C, ɜ, and CT denote the areal capacitance, scan rate, and total or maximum capacitance. 

CT corresponds to the y-intercept of the linear plot of ὅ  vs ʉȾ. The total capacitance is the 

combination of electrical double layer and pseudo capacitance. The areal capacitance (C) 

plotting against the inverse of the square root of the scan rate (ʉ Ⱦ) and y-intercept of the 

linear plot gives the maximum electric double layer capacitance (CEDL) given in equation (13). 

ὅ Ὧʉ Ⱦ ὅ                              (13)        

Where C, ʉ, and CEDL are the calculated maximum areal capacitance, scan rate, and maximum 
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electrical double layer respectively. The maximum pseudocapacitance (CPS) is derived by 

subtracting CEDL from CT 
[25,28,29]. The contribution of each type of mechanism is analyzed by 

the given equations (14) and (15). 

ὅ Ϸ  ρππ Ϸ                   ρτ            

ὅ Ϸ  ρππ Ϸ                       ρυ             

The percentage of electric double layer and pseudo-capacitance[29] is denoted by CEDL% and 

CPS%. 

2.2.7 Electrode Preparation for Supercapacitor 

In general, supercapacitor electrodes are prepared from a mixture containing an active material, 

polymeric binder, and a suitable solvent. In addition to that some conducting additives are 

added into it for compensating the loss during preparation. The active material or sample, 

additive, and polymeric binder were taken in the ratio (75:10:15 for metal oxides or 80:10:10 

for carbon), then mixed with a suitable solvent such as N-methyl pyrrolidone (NMP). The 

prepared paste or slurry is coated over the pre-weighed substrate[30]. The coating is carried out 

by several methods like blade coating, spray coating, spin coating, drop casting, etc. The 

electrode preparation is schematically represented in figure 2.15. 

 

Figure 2.15 Schematic representation of electrode preparation for the supercapacitor analysis 

The coated electrode dried to evaporate the solvent. Then dried electrodes are weighed to know 

the amount coated over a specific area (1*1 cm2, 1.5 * 1.5 cm2, etc). In this work, all the 
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electrodes are prepared by the doctor blade method by mixing active material with carbon black 

as conducting additive and polyvinylidene fluoride (PVDF) in (NMP) as the solvent on the 

stainless-steel substrate. The electrode material weight was kept in the range of 1-2 mg/cm2 all 

over the studies. 

The synthesized materials are characterized by different instruments. Field emission scanning 

electron microscopy (ZEISS-GEMINISEM 300) was used to examine the surface topography, 

morphology, and microstructure development over the adsorbents. The crystal structure and 

crystalline nature were assessed using a PANalytical-Xpert3 powder X-Ray diffractometer. A 

532 nm DPSS laser, the Alpha 300RA from WiTec in Germany instrumentation was used to 

conduct the Raman analysis. The crystal Fourier transform infrared spectroscopy (FTIR) was 

recorded with Perkin Elmer spectrum two FTIR spectrophotometer using the KBr pellet 

method. The XPS analysis were carried out by Thermo Scientific ESCALAB Xi+and x-ray 

photoelectron spectroscopy (XPS) from 0 eV to 1300 eV. After degassing at 200 oC for 18 

hours, the specific surface area (SSA) was measured using N2, and the Brunner-Emmet-Teller 

(BET) model was used to analyze the adsorption-desorption isotherm. Using the Barrett- 

Joyner-Halenda (BJH) and t-plot methods, the porosity was assessed. Thermogravimetric 

analysis (TGA) is carried out with Perkin-Elmer STA 8000 instrument. The Kyowa drop 

master DMs 401 was used to test the wettability characteristics. Biologic SP-150 and SP-300 

were used for the electrochemical response measurements.  
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Abstract 

Vanadium oxides are highly regarded for their versatility, readily transitioning between 

multiple oxidation states and adopting various polymorphic phases. This synthesis involves a 

template-free, one-step hydrothermal synthesis to produce mesoporous monoclinic VO2(B) 

nanosheets and its self-assembled VO2(B)-RGO nanoflower binary hybrid. This strategic 

incorporation of graphene oxide during synthesis significantly enhanced the electrochemical 

properties of the nanosheets, elevating their potential for supercapacitor applications. When 

tested as a symmetric supercapacitor device with a neutral aqueous electrolyte of 0.1 M 

Na2SO4, the monoclinic VO2(B) nanosheets exhibited an impressive specific capacitance of 

232.56 F/g at a scan rate of 5 mV/s, within a potential window of 1V. Likewise the binary 

hybrid nanoflowers, with the same potential window and electrolytic conditions, demonstrated 

a remarkable specific capacitance of 469.38 F/g at 5 mV/s, along with energy density of 1.57 

Wh/kg and a formidable power density of 12.94 W/kg. The elegant design of the hybrid 

nanoflowers exhibits exceptional stability of 50000 cycles as well. The same binary hybrid 

tested for asymmetric supercapacitor and ended up with a specific capacitance of 68.88 F/g at 

5mV/s with a potential limit of 1.5 V. This provided an enhanced energy density of 1.96 Wh/kg 

and power density of 26.04 W/kg. The implications of this research are profound, as the 

improved electrochemical properties of the VO2(B)-RGO nanoflowers hold immense promise 

for future applications in advanced energy storage systems and beyond.  

Key Words: Monoclinic VO2(B) polymorph, Nanosheets, Hydrothermal, Reduced Graphene 

Oxide binary hybrid, Energy storage 
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3. Temperature Tuned Phase Selective Synthesis of VO2 

(B) Nanosheet and Its Self-Assembled Flower like Binary 

Hybrid  
 

Introduction  

Vanadium exists as a partially filled 3d orbital in electronic configuration, which leads to 

different oxides such as VO, V2O5, V2O3, VO2, V4O7, V6O13 etc[1]. These variety of vanadium 

oxides are classifieds into different series like Magneli (Vn O2n-1) and Wadsley (V2n O5n-2)
[2]. 

The system is well studied due to its first-order reversible phase transition between the 

semiconductor and metallic states at its critical temperature of 68°C. This transformation alters 

the electronic structure as well as the optical properties of vanadium oxide. VO2 exists in a 

rutile hexagonal structure above the transition temperature and below its transition temperature 

exist as the monoclinic system. This is where the metal-to-semiconductor conversion is taking 

place and is in an invertible transition state[3]. Vanadium dioxide[4], a significant binary 

compound, exists in five crystalline phases, rutile type VO2(R), monoclinic VO2(M), tetragonal 

VO2(A), VO2(B) and VO2(C)[3]. In the view of previous literatures, the VO2(R) and VO2(M) 

exhibit fully reversible metal-semiconductor phase transitions (MST) at the critical temperature 

of 68 oC[5] by showing a clear transformation in the electrical resistivity and optical 

transmittance of magnitude around 104-105[6]. VO2(A) is a meta-stable phase that possess a 

three-dimensional network of VO6 octahedron. The VO2(B) is a metallic phase consists of 

distorted octahedron which sharing corners and edges. Its layered structure, excellent nanoscale 

properties, and ability to switch between crystalline and amorphous phases under high pressure 

make vanadium oxide an attractive cathode material for Li-ion batteries[6] and 

supercapacitors[7,8]. Numerous synthesis methods, including Pulsed Laser Ablation[7], 

Magnetron Sputtering[8], Chemical Vapour Deposition[9], Sol-Gel[2] synthesis, Wet Chemical 

methods[1], Thermolysis[10], and Hydrothermal synthesis[11], are used to produce VO2(B) 

polymorph. Hydrothermal synthesis is one of the better options because of its lower 

temperature, green reaction conditions, simplicity of operation, and low cost. Furthermore, 

morphology and porosity tuning can be accomplished by varying surfactants, templates, and 

solvents. The VO2(B) of various nanostructures, such as 0D[12], 1D[13], nanorods[13], nanotubes 

and nanobelts, 2D[14,15]nanosheets and 3D[16ï19] nanoflowers, is achievable with different 

synthesis selection and reaction circumstances.  
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In this study, a one-step hydrothermal method is employed for the synthesis of 2D nanosheets 

of the VO2(B) phase. As a result, the VO2(B) monoclinic polymorph was the only polymorph 

present without any interference from other polymorphs. To further enhance its 

electrochemical properties, the VO2(B) nanosheets are ingeniously converted into a binary 

hybrid by incorporating graphene oxide (GO). This novel hybridization of VO2(B) with 

graphene holds great promise for improving its electrochemical performance. A binary hybrid 

is formed by altering the concentration of graphene precursor. Supercapacitors use these hybrid 

compounds as electrode materials with aqueous electrolytes. The morphology tuned vanadium 

oxide and graphene incorporated hybrid exhibits excellent performance as a supercapacitor 

electrode. 

3.1 Experimental 

3.1.1 Materials Used  

Ammonium metavanadate (NH4VO3) and Oxalic acid (H2C2O4) were used for synthesis of 

VO2(B). Graphite, Conc. Sulphuric acid (H2SO4), Potassium permanganate (KMnO4) and 30% 

Hydrogen peroxide (H2O2) were used in Modified Hummers method for the synthesis of 

graphene oxide. All chemical reagents used for the synthesis are AR grade without further 

purification.  

3.1.2 Synthesis   

3.1.2.1 Synthesis of Monoclinic VO2 (B) Nanosheets 

This approach is intended to be a simple, easy, and convenient one-step synthesis of VO2(B) 

nanosheets. In 50 mL of deionized water, combine oxalic acid and vanadium precursor in a     

1:0.75 molar ratio. The reaction mixture was then moved to a 100 mL Teflon liner in a stainless-

steel autoclave, followed by an 18-hr hydrothermal reaction at 160 oC. The final product was 

washed with water copiously and then extracted with ethanol to yield a blue- black precipitate. 

The acquired precipitate was dried for a few hours at 55 oC to obtain the final VO2 powder, 

labelled as V160. The procedures were performed for the temperatures of 180 oC, 200 oC and 

samples were labelled as V180 and V200. 

3.1.2.2 Synthesis of VO2 (B)-RGO Binary Hybrid  

To enhance the electrochemical performance of the VO2(B) nanosheets, graphene oxide 

synthesized by modified Hummerôs method is added to the reaction. The graphene oxide stock 

solution was prepared in 10 mg/mL. Subsequently, 1 mL and 2 mL of the graphene oxide were 

added to the reaction mixture to create binary hybrid denoted as VR1 and VR2, respectively. 

Figure 3.1 represents the process of generating VO2(B) nanosheets and binary hybrid through 
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hydrothermal method.  

 

Figure 3.1 One-pot hydrothermal synthesis procedure of Vanadium oxide polymorph; monoclinic 

VO2(B) nanosheets and its graphene binary hybrid nanoflower 

 

3.1.3 Characterizations 

Analyses were conducted on VO2(B) nanosheets and their binary hybrids prepared by 

hydrothermal method. PANalytical-Xpert3 powder X-ray diffractometer (XRD) was used to 

study the crystal structure and other information. Raman analysis was performed with a 532 

nm DPSS laser (Alpha 300RA, WiTec, Germany). FESEM (ZEISS-GEMINI SEM 300) was 

used for morphology and microstructure analysis. A BELSORP- max BET surface area 

analyzer was used to determine the porosity and surface area of the samples. The wettability 

characteristics were measured using a Kyowa drop master DMs 401 equipped with the FAMAS 

interface measurement and analysis system. The electrochemical studies like CV, GCD, EIS 

and cyclic stability were tested by Biologic SP-150 and SP-300 electrochemical workstation. 

3.1.4 Formation Mechanism  

A three-step process was described for the formation of VO2(B) with ammonium metavanadate 

and oxalic acid. In the first step shown in equation (1), the ammonium metavanadate combines 

with oxalic acid to form an intermediate product and then converted into VOC2O4 in second 

stage in equation (2). On final stage, it was converted into main product, which is Vanadium 

(IV) oxide along with by-products CO2 and CO as shown in equation (3) and (4)[12]. 

ςὔὌὠὕ  τὅὌὕ O ὔὌ ὠὕ ὅὕ  ςὅὕ τὌὕ          ρ 

ὔὌ ὠὕ ὅὕ ᴼ ςὠὕὅὕ ςὔὌ ὅὕ ὅὕ Ὄὕ              ς  

ὠὕὅὕ ᴼ ὠὕ ὅὕ ὅὕ                                                                                      σ 

Or simply we can represent via  
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ὔὌὠὕ  ςὌ Ὡ  O  ὠὕ Ὄὕ ὔὌ                                                       τ   

In hydrothermal synthesis both the time and temperature play a significant role in determining 

the morphology of final product. The formation of VO2 is a staged process in which initially 

V5+ reduced to V4+, and next stage the growth of VO2 begins. Within the reaction medium, 

NH4VO3 decomposes into NH4
+ and VO3

- ions resulting in the formation of (NH4)2 [(VO)2 

(C2O4)3]. Further reactions lead to the formation of VOC2O4, eventually yielding VO2. Pham et 

al examined the microstructure and luminescent properties of VO2(B). They identified 80 oC 

as the onset of the higher temperature range where 2D nanosheets formation took place[12]. The 

development of the nanoparticles accelerates as the hydrothermal temperature approaches 200 

oC. Due to a larger nucleation density in the reaction medium at this temperature, the production 

of 2D nanosheets is more pronounced. Compared to lower temperatures, higher hydrothermal 

temperatures result in highly crystalline structure. Microstructure of nanosheets or plates with 

a smooth surface generated under these conditions, without the use of any surfactants.  

 

Figure 3.2 The schematics for the formation of a nanoflower monoclinic VO2(B)-graphene binary 

hybrid through hydrothermal method 

 

The VO2(B)-RGO binary hybrid nanoflower is generated through the in-situ growth of VO2(B) 

nanosheets over the graphene oxide surface. The graphene oxide undergoes reduction under 

hydrothermal condition of 200 oC. Initially, the VO2 nucleus is attracted to the defect sites or 

flaws on the graphene oxide sheets. The VO2 nucleus begins to expand when its radius reaches 

a critical threshold, and VO2 nuclei or VO2
+ ions start to combining, promoting core 

extension[16]. This process represents a unique self-assembly method of VO2(B)-RGO binary 
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synthesis, where the nanoflowers are formed from nanosheets in the presence of graphene 

oxide sheets, shown in figure 3.2. This leads to the formation of VO2(B)-graphene binary 

flower-like hybrids, along with the in-situ formation of graphene. The mechanism offers an 

effective electron pathway, improved electrical contacts, enhanced pseudocapacitive activity, 

high porosity, and high surface area and is rarely reported.  

3.2 Results and Discussions 

3.2.1 Structure and Phase Analysis 

3.2.1.1 X-Ray Diffraction   

 

The mesoporous monoclinicVO2(B) nanosheets and VO2(B)-RGO binary hybrid is synthesized 

by single step hydrothermal method. Figure 3.3 illustrates XRD pattern of a typical phase- pure 

VO2(B) monoclinic, as validated using the JCPDS card number 81-2392. 

 

Figure 3.3 XRD pattern of the temperature tuned monoclincVO2(B) polymorph (V160, V180, V200) 

and its binary hybrid of VO2(B)-graphene (VR1, VR2) 

It is possible to generate monoclinic VO2(B) polymorphs at various reaction temperatures 

under the given reaction conditions. There are no additional peaks corresponding to other 

chemical or polymorphs are observed, and there are no impurity-related peaks present in the 

data. All peaks strictly fall inside the boundaries of VO2(B) monoclinic of JCPDS card number 

81-2392[18]. The structure belongs to monoclinic crystal system with space group of C2/m, 

lattice constant a =12.093 Ao, b = 3.702 Ao and c = 6.433 Ao and Ŭ = ɔ = 90o and ɓ = 107.0o. 

The well crystalline nature of the samples demonstrated by the existence of sharp and strong 
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peaks[20]. The peak corresponding to the plane of (001) is sharp and indicate the perfect 

crystallinity. The broad peaks present at diffraction angle of 10o-20o represents the reduced 

graphene oxide formation, are completely resolved by the prolonged reaction time. These peaks 

are corresponded to the (002) and (100) reflections of graphitic planes, which demonstrate 

graphene integration and complete reduction of graphene oxide during synthesis. 

3.2.1.2 Raman Analysis  

Figure 3.4 shows the Raman spectra of VO2(B)-RGO binary hybrid with five primary peaks 

and some subsidiary peaks.  Peaks were observed at 145 cm-1, 196 cm-1, 286 cm-1, 410 cm-1, 

695 cm-1, 878 cm-1, and 996 cm-1. Vibration modes associated with monoclinic structure of 

VO2(B) are represented by these peaks. 145 cm-1 and 196 cm-1 are two peaks evident in the low 

wavenumber region around 200 cm-1. It is clear from these peaks that hydrothermally 

synthesized VO2(B) has a layering structure. Observed peaks at 286 cm-1 and 410 cm-1 are 

caused by V=O bending vibrations. A peak at 695 cm-1 indicates the presence of V-O-V 

 

Figure 3.4 Raman spectra of the temperature tuned monoclincVO2 (B) polymorph (V160, V180, V200) 

and its binary hybrid of VO2(B)-graphene (VR1, VR2) 

 

bending vibrations, while 996 cm-1 indicates the presence of terminal oxygen stretching 

vibrations. Raman spectra of Graphene reveal the presence of the D band at 1345 cm-1 and the 

G band at 1580 cm-1[15,23]. 
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3.2.2 Morphology Analysis 

3.2.2.1 FE-SEM Analysis 

 

 

Figure 3.5 FE-SEM images of the VO2(B) at different temperature and its binary hybrid at higher and 

lower magnification (a) and (b) V160, (c) and (d) V 180, (e) and (f) V200, (g) and (h) VR1 and (i) and 

(j) VR2 

Figure 3.5a and 3.5b show how nanosheets take on a sticky and clumsy morphology during 

hydrothermal synthesis at 160 oC. Figure 3.5c-3.5f shows morphology changes at 180°C and 

200 °C resulting in smoother, better nanosheets. Therefore, a reaction temperature of 200 °C 
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was chosen for further reactions. FE-SEM images (figure 3.5a, 3.5c and 3.5e) of the 

morphology demonstrate the tunability of nanosheet formation across three temperature ranges 

(160 °C, 180 °C, and 200 °C). Increasing the temperature from lower to higher speeds up the 

decomposition of oxalic acid. The reduction reaction is facilitated by this, resulting in the 

formation of nanosheets. The addition of graphene oxide to the reaction leads to the formation 

of nanoflowers. According to figure 3.5g - 3.5j, the nanosheets grew and developed in a petal-

like arrangement, clustering together to form nanoflower-like structures. 

3.2.3 Surface area and Porosity Analysis 

3.2.3.1 BET Analysis  

N2 adsorption-desorption isotherms shown in figure 3.6a demonstrate the distinct porous 

properties of nanosheets made of VO2 (B) and binary hybrid nanoflowers made of VO2 (B) and 

graphene. The VO2(B) nanosheets in figure 3.6a exhibit weak capillary condensation, 

manifested as a gradual and gentle increase in N2 adsorption as pressure increases. Conversely, 

the binary hybrid nanoflower-based system exhibits a rapid and efficient uptake of N2 

molecules due to a sharp capillary condensation process at high relative pressure. In both 

nanosheets and binary hybrids, N2 adsorption-desorption isotherms exhibit hysteresis of Type 

III and IV. According to the Type III H3 hysteresis, the material exhibits a weak interaction 

and is composed of non-rigid aggregates with plate-like particles or slit-shaped pores. The type 

IV H1 hysteresis is characterized by network of ink bottle shaped pores [24]. Overall, the 

presented data in figure 3.6a provide a comprehensive understanding of both the VO2(B) 

nanosheet and its binary hybrid's porous nature and capillary condensation behaviour. 

The BET specific surface area of the nanosheets varies with hydrothermal reaction temperature. 

At lower temperatures, the specific surface area is smaller. For instance, V160 shows a surface 

area of 9.58 m2/g, indicating the absence of ideal nanosheets. However, at higher hydrothermal 

temperatures, the specific surface area increases significantly. The surface area of the V180 

and V200 is 11.75 m2/g and 22.95 m2/g, respectively. VO2(B) nanosheets exhibit a higher 

specific surface area than previously reported vanadium oxide systems with specific surface 

areas between 3-12 m2/g. A binary hybrid, on the other hand, has relatively less surface area 

due to its morphological differences. Specifically, VR1 and VR2 yield specific surface areas 

of 7.87 m2/g and 4.19 m2/g, respectively.   
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Figure 3.6 (a) N2 adsorption-desorption isotherm and (b) BJH pore size distribution curves of VO2 (B) 

nanosheets and its binary hybrid VO2(B)-graphene hybrid 

 

Based on the BJH analysis shown in figure 3.6b, the nanosheets have an average pore size of 

4.21 to 7.57 nm, indicative of mesopores. On the other hand, the binary hybrids exhibit larger 

pore sizes, ranging from 25.50 nm to 50.96 nm. The total pore volume falls within the range of 

0.01 cm3/g to 0.05 cm3/g as tabulated in Table 3.1, providing ample space for ion storage and 

migration. The high mesoporosity of the nanosheets and the unique flowerlike morphology of 

the binary hybrids make them promising candidate for energy storage. This study demonstrates 

the correlation between hydrothermal reaction temperature, specific surface area, and porosity 

during the synthesis of VO2(B) nanosheets and binary hybrids. It is highly promising for a wide 

range of applications that these findings provide valuable insights for the design of 

nanomaterials with improved properties. 

 

Sample  SSAa
BET (m

2/gm) TPVb (cm3/g) Mean Pore Diameterc (nm) 

V160 9.58 0.01 4.21 

V180 11.75 0.01 4.40 

V200 22.95 0.04 7.57 

VR1 7.87 0.05 25.50 

VR2 4.19 0.05 50.96 

 

Table 3.1 The total specific surface area, total pore volume and mean pore diameter of the 

hydrothermally synthesized VO2 (B)-at different temperature and binary hybrids 

  

[a
SSA-specific surface area obtained from BET (Brunauer-Emmet-Teller) method, bTPV-total pore volume and 

cMean pore diameter-average pore size diameter from BJH (Barret-Joyner-Halenda) method] 
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3.2.4 Wettability Characteristics 

3.2.4.1 Contact Angle Measurement 

The hydrothermal temperature variation influences the materialôs contact angle[21], indicating 

fluctuations in hydrophilic properties as shown in figure 3.7a-3.7e. Higher temperatures lead 

to smooth nanosheets due to the complete reduction of oxalic acid. Consequently, the 

wettability increases, as seen by the reduced contact angle. V200 nanosheets exhibit the highest 

wettability of 12.3o compared to V160 at 25.5o and V180 at 13.6o. The binary hybrids like VR1 

and VR2 have contact angles of 15.7o and 32.7o, respectively, surpassing those of nanosheets. 

The addition of graphene oxide not only alters the surface wettability but also enhancing pore 

diameter due to morphology change and make it more advantageous for energy storage. 

 

Figure 3.7 Contact angle measurement of the VO2(B) Nanosheets (a) V160, (b) V180, (c) V200 and 

VO2(B)-Graphene nanoflowers (d) VR1 and (e) VR2 

   

3.2.5 Electrochemical Property Analysis - Supercapacitor Applications 

3.2.5.1 Electrode Preparation  

The working electrode is made by mixing 75% VO2 with 15% carbon black as a conducting 

additive and 10% polyvinylidene fluoride as a binder. A homogeneous slurry was made with 

N-methyl pyrrolidone, and the substrate was coated with doctor blade technique (1x1 cm2). 

The electrode material was then dried at 90 °C for a few hours. We calculated the weight of 

the active material by comparing the weight of the current collector before and after coating. 

With a two-electrode system, cyclic voltammetry is performed using sodium sulphate (Na2SO4) 

as an electrolyte. Whatman filter paper, soaked in the electrolyte for 10 hours is used as the 

separator. The symmetric cell is fabricated by sandwiching two coated electrodes with 

electrolyte. 

3.2.5.2 Electrochemical Analysis- Symmetric Supercapacitor Formation 

The electrochemical performance of VO2(B) nanosheets and their binary hybrid was initially 

evaluated with cyclic voltammograms (CVs), galvanostatic charge discharge (GCD) and 
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electrochemical impedance spectroscopy (EIS). These measurements were performed in a two-

electrode symmetric configuration, utilizing 0.1 M Na2SO4 aqueous electrolyte. The CV curves 

depicted in figure 3.8 a is obtained at a scan rate of 5 mV/s covering a potential range of 0 V 

to 1 V. The presence of redox peaks within the CV curves signifies the existence of redox 

couples, suggesting that energy storage is accomplished through redox reactions. Similarly, 

comparison of the GCD profiles at current density of 0.25 A/g is seen in figure 3.8b.The 

coexistence of V4+ and V5+ ions on the surface of the VO2(B) nanosheets[19,22] facilitates the 

redox reactions as described in equation 5. The coexistence of these oxidation states promotes 

the occurrence of redox reactions, there by contributing to the excellent electrochemical 

performance of the material. 

ὠὕ ὼὔὥ ὼὩᴾὔὥὠὕ             υ 

In various studies, symmetric supercapacitors operating within a voltage range of 0 V to 1.0 V 

were investigated with scan rates ranging from 5 mV/s to 100 mV/s. The figure 3.8c displays 

the CV of VR1 at different scan rate and figure 3.8d is the GCD profile at various current 

densities. The symmetric supercapacitor's curve shape remained consistent with increasing 

scan rates, indicating enhanced rate capability. The specific capacitance calculated from the 

CV are 106.28 F/g, 74 F/g, 232.56 F/g, 469.38 F/g and 152.76 F/g for V160, V180, V200, VR1 

and VR2 at 5mV/s. The VR1 gives the energy density of 1.57 Wh/kg and power density of 

12.94 W/kg at current density of 0.25 A/g.  A Comparison of EIS spectra of both V200 and 

VR1 is given in figure 3.8e. This shows that the increased specific capacitance of VR1 

attributed to its lower charge transfer resistance as indicated by the smaller semicircle. 

Exceptional cyclic stability of 50000 cycles is exhibited by this system as shown in figure 3.8f. 

Among nanosheets, V200 has the highest surface area, as well as the highest specific 

capacitance. The development of binary hybrids, which increased porosity and surface area, 

further boosted its electrochemical activity. 
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Figure 3.8 Electrochemical performance of materials (a) comparison of CV at 5.0mV/s, (b) comparison 

of GCD at 0.25A/g of V160, V180, V200, VR1 and VR2, (c) CV of VR1 at different scan rate, (d) GCD 

of VR1 at different current densities, (e) EIS spectra of V200 and VR1 and (f) cyclic stability test of 

VR1 

3.2.5.3 Quantification of Specific Capacitance 

Trassati's method was employed to quantify the contribution of storage mechanisms based on 

the obtained data. In this analysis, a semi-infinite diffusion condition was assumed, where ions 

freely diffuse to the electrode-electrolyte interface from the bulk electrolyte[18,23]. The addition 

of the graphene can contribute more capacitive property in VR1 than that of V200. Figure 3.9 

shows the formation of a binary hybrid (VR1) exhibiting higher EDLC characteristics than 

V200 via its higher specific capacitance. A higher proportion of pseudocapacitive nature is 

found in V200 (95.05%) than in VR1 (90.33%), which indicates that VR1 contributes more 

EDLC than V200. 

 

Figure 3.9 Quantification of the specific capacitance of VO2(B) and its binary hybrid 
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Our newly developed hybrid material, which combines VO2(B) with graphene, exhibits 

outstanding electrochemical properties. In 0.1 M Na2SO4 aqueous electrolyte media at 5 mV/s 

scan rate, it exhibits excellent electrochemical properties by showcasing a specific capacitance 

of 469.38 F/g. This remarkable performance can be attributed to the high conductivity of 

graphene, which significantly enhances electron transport and improves the electrochemical 

properties of the composite. Comparatively, the results surpass those achieved by previously 

studied nanocomposites, such as RuO2-RGO nanocomposites[24], Fe3O4-carbon 

nanocomposites[25], and ɓ-Cu2V2O7-TiO2-RGO nanocomposite[26], all of which show increased 

activity. Zhang et al synthesized VO2 (B) polymorph with the carbon material to make the 

composite/hybrid[22]. The prepared VO2 (B) carbon core shell composite exhibit 203 F/g in 1 

M Na2SO4 aqueous electrolyte media at 0.2 A/g of current density with excellent energy density 

and power density. Similarly, Ren et al prepared edge-oriented graphene form as carbon source 

with VO2 nanoparticles to form VO2-EOGF. The electrochemical properties obtained for this 

combination is 119 mF/cm2 at the scan rate of 2 mV/s and observed two-fold increase over 

EOGF alone[9]. 

3.2.5.4 Electrochemical Analysis- Asymmetric Supercapacitor (ASC) Formation 

An asymmetric supercapacitor (ASC) was fabricated using activated carbon (AC) as the 

positive electrode and a VO2(B)-graphene binary hybrid as the negative electrode[27]. 

Interestingly, the combination of these materials led to an extended potential window by 

achieving an increase of 1.5 V, as shown in figure 3.10a. The CV and GCD profiles of 

VR1//AC ASC shown in figure 3.10b and 3.10c provide specific capacitance of 68.88 F/g at 5 

mV/s and 62.96 F/g at 0.125 A/g. The ASC delivers an energy density of 1.96 Wh/kg with a 

power density of 26.04 W/kg at 0.125 A/g. Impedance curves are obtained by fitting the 

appropriate equivalent circuit to the frequency range from 10 kHz to 50 mHz. Figure 3.10d 

displays the impedance curve of ASC. The improved charge-transfer is facilitated by a lower 

solution resistance, leading to faster electron transport. 

The VR1//AC ASC provides continuous charge- discharge cycles, indicating its ability for 

long-term cyclic capacity. It can endure 3000 cycles of charging and discharging with a 

retention of 97%, as shown in figure 3.10e. It is clear from this retention that the supercapacitor 

is capable of operating in the designated potential window with stable performance. In 

conjunction with activated carbon, the VO2-graphene binary hybrid offers enhanced specific 

surface area. This expanded surface area facilitates more efficient ion adsorption and 
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desorption during charge and discharge cycles. By enhancing electrolytic ion penetration into 

the binary hybrid structure, the asymmetric supercapacitor maintains excellent electrical 

conductivity. 

 

Figure 3.10 Electrochemical studies of AC// VR1 ASC (a) optimization of the voltage window limits, 

(b) performance of CV at various scan rates, (c) GCD studies at different current densities, (d) EIS 

analysis and (e) Cyclic stability measurement during 3000 charge- discharge cycles 

 

3.3 Conclusion  

In this study, monoclinic VO2(B) nanosheets were successfully synthesized in a single stage 

hydrothermal approach. A symmetric supercapacitor constructed with VO2(B) and an aqueous 

neutral electrolyte of 0.1 M Na2SO4, operated at a working potential of 1.0 V, exhibits a specific 

capacitance of 232.56 F/g at 5 mV/s. To enhance the capacitance activity, a binary hybrid was 

created by incorporating graphene oxide into VO2(B). During the synthesis, graphene oxide 

was converted in situ to graphene, leading to the formation of vertically aligned nanoflowers 

that exhibited superior performance compared to VO2(B) nanosheets. This VO2(B)-graphene 

binary hybrid demonstrated a remarkable specific capacitance of 469.38 F/g at 5 mV/s, along 

with an energy density of 1.57 Wh/kg and a power density of 12.94 W/kg at a current density 

of 0.25 A/g. In addition to exhibiting impressive cyclic stability over 50,000 cycles of charging 

and discharging, this binary nanoflower hybrid demonstrated significant improvements in 

electrochemical storage capacity and electrical conductivity. Furthermore, an asymmetric 

supercapacitor AC//VO2(B)-graphene hybrid was developed, with a stable potential window 

of 1.5 V and a specific capacitance of 68.88 F/g at 5 mV/s. At a current density of 0.125 A/g, 
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this asymmetric supercapacitor demonstrated an energy density of 1.96 Wh/kg and a power 

density of 26.04 W/kg. Due to the close contact between VO2(B)-graphene hybrid and highly 

porous AC, the asymmetric supercapacitor was able to withstand 3,000 charge-discharge cycles 

without losing performance. The results of this study demonstrate the successful development 

of a binary nanoflower hybrid with enhanced electrochemical properties with outstanding 

stability and performance. These findings present exciting possibilities for the development of 

future high-performance energy storage systems.  

*****  
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Abstract 

This work involves the synthesis of highly conducting, ultra-thin, mesoporous manganese 

dioxide, nanotubes and nanowires, using a sol-gel technique. This is a template-free method 

for preparing mesoporous (3.3 to 5.4 nm) nanotubes and nanowires of 10-15 nm radius with 

surface area (221.19 m2/g-102.09 m2/g). In the MnO2 lattice, oxygen and cationic vacancies 

are tailored by changing the reducing agent for improved energy storage. X-ray photoelectron 

spectroscopic studies are conducted to quantify the oxygen and cationic vacancies. The tailored 

one-dimensional ŭ-MnO2 is used as an electrode material for symmetric and asymmetric 

supercapacitor designs. A non-toxic, less volatile aqueous neutral electrolyte is used for the 

supercapacitive measurement, giving a specific capacitance of 460.75 F/g at 2 mV/s with 

symmetric mode at 1V. With activated carbon, this material can also produce asymmetric 

supercapacitors with a specific capacitance of 107.38 F/g at 10 mV/s at 1.7 V. 

Key Words: Conducting ŭ-MnO2; mesoporous metal oxides, ultra-thin one-dimensional 

nanostructure, energy storage 
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4. Porosity and Defect Tuned ɿ-MnO 2 Polymorph with  

Enhanced Electrochemical Activity  

 
Introduction  

Metal oxides are important materials due to their semiconducting nature, different 

optoelectronic properties, and morphologies. In addition to its low cost and environmental 

friendliness, manganese oxide (MnO2) tunable physical and chemical properties [1]. MnO2 is an 

interconnected MnO6 octahedron with the Mn atom placed at the centre and the oxygen atoms 

at the vertices. In MnO6, layered, tunnelled and other forms with a monoclinic crystal system 

are possible due to the varying structures and stoichiometries of MnO2 
[2]. MnO2 is one of the 

most promising transition metal oxide materials due to its straightforward, mild preparation 

processes using easily accessible and reasonably priced materials.  

MnO2 is regarded as a viable candidate for electrode material in electrochemical capacitors due 

to its low cost, non-toxicity, abundance, easy synthesis, environmental friendliness and strong 

theoretical specific capacitance (1100 F/g to 1300 F/g) [3,4]. The crystalline MnO2 exists in a 

variety of crystal structures (a,b,g and d) based on their preparation methods and its specific 

capacitance varies somewhat based on the phase in which it is formed [5,6]. By considering a 

few results of MnO2, in an aqueous neutral electrolyte solution Ŭ-MnO2 shows specific 

capacitance ranging from 265 F/g to 320 F/g [7]. The ŭ-MnO2 has also a higher capacitive nature 

due to its layered structure, which is similar to graphene [8]. One of the most important elements 

in determining the specific capacitance of a synthesized material is its morphology. For MnO2, 

different morphologies, such as nanosheets [9], nanoflowers [10], nanowires [11], nanobelts [12], 

nanoneedles [13], nanorods [14] and nanospheres [4] are possible.  Its unique surface area, which 

is between 20 m2/g and 150 m2/g, also influences the performance. The large specific surface 

area  increases the active sites and hence the specific capacitance improved [15,16].  Another 

method to increase MnO2 performance is to make some vacancies. Oxide systems are more 

active when there are vacancies or defects in them. Chen et al. note this improvement in Ŭ-

MnO2, which after chemical preparation shows a high capacitance of 736.60 F/g and a specific 

surface area of 119.50 m2/g [17].  Yang et al. chemically prepared doped MnO2 with various 

cations, such as Cu2+, Co2+ and Ni2+ ions [18]. Doping with metal ions alters the intrinsic 

conductivity of crystalline systems due to the induced defect. In comparison to the other two 

metal cations, Ni2+ doped MnO2 measured with a high specific capacitance of 234 F/g at 8 A/g. 

In ŭ-MnO2 prepared via electrostatic self-assembly, Gao et al. introduce surface Frenkel defects 
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that result in porous nanosheets with specific surface area of 150 m2/g and specific capacitances 

of 306 F/g at 0.2 A/g [19]. The defect-induced MnO2 materials are used for optical and catalytic 

studies [20,21], batteries [6,22] and ion exchange [23,24] systems in addition to supercapacitor [25] 

research.  

A simple and easy procedure is described here for creating mesoporous and ultrathin one-

dimensional nanowire/nanotubes with oxygen and cation vacancies in layered ŭ-MnO2 comes 

under the category of the point defects, resulting in high conductivity and specific capacitance. 

This type of layered structure is also known as birnessite MnO2, it contains mixtures of Mn 

(III)/Mn (IV) or Mn (II)/Mn (IV) redox couples.  It takes long periods of time and many steps 

to synthesize birnessite phases through a phase selected approach. The high conductivity of 

MnO2 in this study results in a higher supercapacitive activity. By using symmetric capacitor 

design and an operating potential window of about 1.0 V, 460.75 F/g of specific capacitance 

can be achieved at 2 mV/s.  Further, an asymmetric capacitor made of MnO2 and activated 

carbon was able to achieve a wider potential window of 1.7 V with a specific capacitance of 

107.38 F/g at 10 mV/s. The purpose of this study is to determine these electrochemical 

parameters of MnO2 by using a simple template free method at a low cost. 

4.1 Experiment 

4.1.1 Materials Used 

All chemicals used were of analytical quality and were utilized exactly as obtained, with no 

additional purification. DI water is utilized as the reaction media throughout the studies. For 

the synthesis and electrode preparation the following chemicals were used: potassium 

permanganate (KMnO4), citric acid (C6H8O7-Sigma Aldrich) and ammonium oxalate 

((NH4)2C2O4), carbon black, poly vinylidene fluoride (PVDF-Alfa Aesar), N-methyl 

pyrrolidone (NMP-Sigma Aldrich) and sodium sulphate (Na2SO4 - Sigma Aldrich).  

4.1.2 Synthesis  

4.1.2.1 Synthesis of the oxygen vacancy tailored ŭ-MnO 2 by sol-gel citrate method 

 

For the synthesis of oxygen vacancy-tailored ŭ-MnO2, 0.1 M KMnO4 is dissolved in DI water 

and then 0.05 M citric acid prepared in DI water is added in equal aliquots. The entire reaction 

mixture is kept under constant stirring for an hour at 60 oC. After standing at room temperature 

for about 20 hours, the dark blackish-brown sol-gel was centrifuged. After being washed 

several times with DI water and once in methanol, the precipitate was thoroughly crushed and 

further calcined at 300 °C under different rate of heating and ambience. To obtain sample MnA, 

and MnB the powder samples were heated at a rate of 10 oC/min and 2 oC/min respectively for 
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1 hour. The sample MnC was obtained by heating at 300 °C under N2 flow inside a tubular 

furnace at a heating rate of 2 oC/min for 1 hour. The calcined samples are powdered thoroughly 

and stored at room temperature in an airtight container for further analysis. Figure 4.1 a, shown 

below explains the preparation of ŭ-MnO2 by a cost-effective sol-gel citrate method.  

4.1.2.2 The ŭ-MnO 2 tailored with the cationic vacancy by oxalate reduction method 

This method involves addition of another reducing agent, such as ammonium oxalate, to the 

0.1 M KMnO4. The Mn precursor is dissolved in DI water and added to an Erlenmeyer flask. 

50 mL of 0.1 M ammonium oxalate is then slowly added while being stirred continuously. The 

entire reaction setup was kept at a temperature of 90 oC in a water bath for 10 hours.  The final 

product was centrifuged, washed several times with DI water, then with methanol, dried at 100 

oC for further research and given the name as MnD. Figure 4.1b shows oxalate reduction 

method using ammonium oxalate as a reducing agent for KMnO4. The reaction is also 

conducted by taking lower concentration (0.5 M) of ammonium oxalate (sample code: MnD 

05). Then further annealing of both MnD and MnD 05 at 300 oC gives MnD05S and MnDS. 

Theses samples are not performing well in electrochemical studies. So further studies are 

focussed on sample MnD. The characterisation details of samples MnD05, MnD05S and 

MnDS are given in Appendix I, see figure S1 and S2) 

 

Figure 4.1 Schematic showing an easy, cost-effective and template free synthesis of one-dimensional 

-ɻMnO2 via two different approaches (a) Sol-gel citrate method and (b) Oxalate reduction method 

 

4.1.3 Characterizations 

The MnO2 powders prepared via sol-gel citrate and oxalate reduction approaches were 

subjected to a series of analyses. FESEM (ZEISS-GEMINI SEM 300) was used for 

morphology and microstructure analysis. PANalytical-Xpert3 powder x-ray diffractometer 
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(XRD) was used to study the crystal structure, planes, crystallinity, phase purity etc. Raman 

analysis was performed with a 532 nm DPSS laser (Alpha 300RA, WiTec, Germany). The 

PerkinElmer Spectrum Two was used for FTIR analysis. The vacancies and defects were 

investigated using Thermo Scientific ESCALAB Xi+ and x-ray photoelectron spectroscopy 

(XPS) from 0 eV to 1300 eV. A BELSORP- max BET surface area analyzer was used to 

determine the porosity of the samples. The wettability characteristics were measured using a 

Kyowa drop master DMs 401 equipped with the FAMAS interface measurement and analysis 

system.  

4.2 Results and Discussions 

4.2.1 Structure and Phase Analysis 

4.2.1.1 X-Ray Diffraction  

The structural characterization of ŭ-MnO2 heated in air and nitrogen at different heating rates 

are analyzed using X-ray diffraction. Many broad diffraction peaks can be seen in the XRD 

pattern given in Figure 4.2. The diffraction peaks at 12.6°, 36.0° and 65.0° can be attributed to 

typical ŭ-MnO2 (JCPDS 18-0802) [26]. The weak crystalline properties of the as-prepared ŭ-

MnO2 are shown by the low intensity diffraction peaks.  

 

Figure 4.2 XRD pattern of the ŭ-MnO2 prepared at different heating conditions 

 

The diffraction peaks due to (002), (001), (006), (301) and (119) plane are well match with the 

reported literature [22,26ï28]. The lattice parameters a=5.82 Ao, b=5.82 Ao and c=14.62 Ao with 

the basal spacing of 0.25 nm, are in accordance with the hexagonal crystal phase. Absence of 

any impurity or additional peaks reveals the phase pure nature of the synthesized samples. The 

crystallinity of material depends upon different parameters like reaction condition, 
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concentration, temperature etc. However, low crystalline and amorphous nanomaterial exhibits 

better electrochemical property than crystalline material due to its disordered structure. Which 

is also beneficial to rapid ion diffusion and that facilitates fast charge transfer kinetics in a super 

capacitor structure[29]. The obtained results confirm a complete reduction of KMnO4 by both 

citric acid and ammonium oxalate. 

4.2.1.2 Raman Analysis  

The ŭ-MnO2 has low Raman activity, it will be difficult to determine the stretching and bending 

vibrations by Raman analysis. The presence of Mn+3 in the Mn sites of the octahedral structure 

is explained by the Raman mode of vibration close to 630 cm-1 in Figure 4.3. This peak is the 

stretching mode of vibration that corresponds to the Mn-O bonds present in the MnO6 

octahedral layers [30,31]. The presence of this bands indicates that the prepared material is 

completely converted into layered manganese oxide in the ŭ-phase. The peak shift in Raman 

analysis is due to the vacancies and defects present in the synthesized material. The structural 

modification to the lattice may causes the shift in the peak. The different heat treatments and 

 

Figure 4.3 Raman spectra of the ŭ-MnO2 prepared at different heating conditions 

 

reducing agents can create vacancies, lattice defects or disorder in MnO2 crystal, leading to the 

shift in Raman spectra [32ï34]. The broad peak appearance in this analysis also supports the 

formation of less crystalline material [30,35ï37]. Again, the Raman results and XRD 

characteristics cohere with the formation of weakly crystalline ŭ-MnO2.  

4.2.1.3 XPS Analysis 

The XPS analysis has been conducted to quantify the presence of vacancies and oxidation state 

of the Mn ion in MnO2. The XPS survey spectrum (Figure S3 in Appendix I) ensures the 

presence of manganese and oxygen in it. The deconvoluted XPS profile of O 1s is shown in 
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Figure 4.4 (the corresponding oxygen peaks are given in Table S1) and that of Mn 2p is shown 

in Figure 4.5. The spin-splitting separation (ȹE) obtained for MnA, MnB, MnC and MnD are 

respectively 11.66 eV, 11.70 eV, 11.61 eV, and 11.61 eV and this information is used to 

determine the oxidation state of Mn. The introduction of oxygen vacancies is indicated by the 

high values of adsorbed oxygen to the lattice oxygen (Oads/Olatt) ratio as detailed in Table 4.1 

and the values are 0.33, 0.24, 0.67 and 0.12 for MnA, MnB, MnC, and MnD respectively. 

Among the four samples MnC possess high oxygen vacancies.   

The O 1s peaks observed at 529.65 eV for MnA and 529.53 eV for MnC correspond to the 

lattice oxygen content (O2
2-) in the MnO2 system [38ï40]. The peaks at 531.18 eV and 529.85 eV 

indicate the presence of oxygen defects or other oxygen species like hydroxides (OH-) in 

manganese oxide. These oxygen defects cause a reduction in lattice oxygen (O2
-) content and 

an increase in oxygen deficiency.  

From Figure 4.4, it is evident that the lattice oxygen content decreased from 72.43 % to 47.32 

% when transitioning from MnA to MnC. Simultaneously, the atomic concentration of 

adsorbed oxygen increased from 24.07 % in MnA to 32.06 % in MnC. This decrease in lattice 

oxygen and increase in adsorbed oxygen confirm the successful conversion of the oxygen-

deficient MnC after the heat treatment. 

 

Figure 4.4 XPS deconvoluted O1s spectra of citrate synthesized samples MnA, MnB and MnC at 

different heating rates and oxalate reduced MnD 


