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ABSTRACT

Transition metals oxides and their composites with transition metal dichalcogenides
(TMDs) and carbonaceous materials have proved good electrochemical properties for
supercapacitor application. In this study, we synthesized WS> nanosheets via liquid phase
exfoliation, ZnCo204, binary composites of ZnCo.,04/WS; and ZnCo,04/FCNTs; and a
ternary composite of ZnCo204/WS2/FCNTs hydrothermally. ZnCo,04/WS,/FCNTs
showed a higher specific capacitance of 1421.93F/g at 5SmV/s. The capacitance shown by
ZnCo0204/FCNTs, ZnCo0204/WS;, ZnC0204, FCNTs and WS, at 5mV/s are 1308.45,
1028.59, 788.63, 646.29 and 227.53F/g respectively. The redox current increases with the
increasing scan rates. The ternary composite showed the highest integral area and redox
peak current values which indicates the availability of more electroactive sites than the
binary composites and the individual constituents. The shape of the CV curve suggested a
pseudocapacitive nature of the ternary composite. Galvanostatic charge discharge (GCD)
was done at current densities of 0.5A/g, 1A/g, 2A/g, and 5A/g. The capacitances shown by
ZnCo204/WS2/FCNTSs, ZnCo204/FCNTS, ZnC0204/WS;, ZnC0204, FCNTs and WS; at a
current density of 0.5A/g are 1571, 1210, 1125, 756, 525, and 241 F/g respectively. The
electrochemical results suggested the ternary electrode ZnCo204/WS,/FCNTSs as a better
electrode material for supercapacitor applications. The better performance of the ternary
composite can be attributed to the synergistic effect of WS,, FCNTs and ZnCo0204. The
integration of functionalized CNTs with ZnCo0204 and WS: creates a conductive network
that facilitates efficient charge transport, reducing the internal resistance of the electrode.
The combination of ZnCo:04's pseudocapacitance with the double-layer capacitance
provided by CNTs and WS: results in a higher overall capacitance. WS. also contributes
additional pseudocapacitance due to its surface redox reactions. CNTs and WS> also give
mechanical stability preventing the degradation of ZnCo,04. It is also due to the multiple

oxidation states of the transition metals W, Co, and Zn.

Keywords: ZnC0204, WS; and COOH-MWCNTS,ZnC0204/WS,/FCNTS, Hydrothermal,
Liquid phase exfoliation, Electrochemical Properties

XVi
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CHAPTER 1: INTRODUCTION

1.1 Introduction

The global energy ecosystem is undergoing significant disruption due to the increased
demand for clean and renewable energy sources. Using renewable energy sources like
solar, wind, and hydropower is now essential to reducing the consequences of climate
change and reliance on fossil fuels.[1]. However, there are substantial obstacles to the
broad adoption of these renewable energy sources because of their inherent variability and
intermittent. It is essential to create cutting-edge energy storage technologies to meet these
challenges. Energy storage devices are necessary to ensure the constant delivery of

renewable energy, balance energy demand and supply, and preserve grid stability.[2].

Applications ranging from large-scale grid storage systems to small-scale
consumer gadgets depend on energy storage devices. These devices facilitate the effective
use of renewable energy sources, help to mitigate variations in the energy supply, and
offer backup power during blackouts[2]. The energy industry could undergo a revolution
thanks to the development of energy storage technologies, which would increase its
sustainability, resilience, and efficiency. This chapter provides an overview of energy
storage devices, discusses the need for sophisticated storage solutions, and introduces

supercapacitors as potentially useful technology[3].
1.2 Brief Introduction of Energy Storage Devices

Energy storage devices are technologies designed to store energy, ensuring a stable
and reliable energy supply. These devices come in various forms and serve multiple
applications, each with unique characteristics and advantages. [4]. The primary categories

of energy storage devices include:

1. Batteries: One of the most popular types of energy storage devices is the battery.
Batteries come in various forms, such as lead-acid, nickel-cadmium, nickel-metal

hydride, and lithium-ion batteries, and store energy through chemical processes.



Lithium-ion batteries are especially well-liked due to their low self-discharge
rates, extended cycle life, and high energy density. Numerous devices, including
electric cars, grid storage systems, and portable electronics, rely on lithium-ion

batteries for electricity.[5].

Supercapacitors: Supercapacitors, sometimes referred to as ultracapacitors or
electrochemical capacitors, accumulate energy by electrostatic mechanisms. Their
features include fast charging and discharging capabilities, high energy output or
power density, and extended lifespan. Supercapacitors, in contrast to batteries, do
not depend on chemical processes, rendering them more stable and long-lasting.
They are utilized in applications that need rapid surges of energy, such as
regenerative braking in electric automobiles and power backup systems.[6].

. Flywheels: Flywheels accumulate and retain kinetic energy by the rapid rotation
of a heavy mass. They are renowned for their exceptional power density and fast
supply of energy. Flywheels are used in power quality applications, providing
short-term energy storage to stabilize voltage and frequency fluctuations in the
power grid.

Thermal Energy Storage Devices: Thermal energy storage devices store energy by

capturing and storing heat or cold. These systems are used to balance heating and
cooling demands in buildings, as well as in industrial processes. Thermal energy
storage is employed to store solar energy in concentrated solar power plants for
utilization during periods of limited sunshine.

Hydrogen Storage: Hydrogen can be stored and used as an energy, which is

produced through electrolysis of water. Hydrogen serves as a fuel in fuel cells,
enabling the production of electricity, thus offering a sustainable and highly
efficient energy solution. Hydrogen storage devices are currently under
development for various purposes, including transportation and grid energy
storage..[7].

The development of these energy storage devices has been driven by the demand
for efficient, reliable, and long-lasting storage of energy. Each technology offers
unique advantages and is suited for specific applications, contributing to a more

flexible and resilient energy system.



: Novel electrochemical energy storage devices
Battery Fuel Cell Supercapacitor

Figure 1.1: Electrochemical Energy Storage Devices[8].
1.3 Need for Advanced Energy Storage Devices

The creation of sophisticated energy storage systems that can overcome the
shortcomings of existing technology is important for the shift to a sustainable energy
future. The energy storage process which using intermittent renewable sources , including
solar and wind, is highlighted by the growing integration of these sources into the
electrical grid[9]. Modern energy storage technologies have the following main

advantages:

Greater Energy Density: More energy can be stored in a smaller, lighter form

factor thanks to advanced energy storage devices' higher energy density. This is especially
crucial to reduce the weight in a limited space, such electric vehicles, and portable

appliances.

Longer Cycle Life: Cutting-edge energy storage systems are built to sustain more

charge and discharge cycles before experiencing appreciable deterioration. Because of
their longer cycle life, energy storage devices are more dependable and economical,

requiring fewer replacements over time.

Faster Charge/Discharge Rates: Modern storage systems have faster charge and

discharge rates, which facilitate the transfer and recovery of energy more quickly.
Applications requiring instantaneous power, like emergency backup, grid stabilization,

and regenerative braking in electric vehicles, depend on these capabilities.

Enhanced Stability and Safety: With energy storage systems, safety is the top

priority. To reduce the possibility of thermal runaway, leakage, and other risks related to



energy storage devices, cutting-edge technologies are being developed. Improved stability

guarantees that storage systems will operate safely in a variety of scenarios.

Environmental Sustainability: Using eco-friendly materials and sustainable

manufacturing techniques is a key component of the creation of cutting-edge energy
storage systems. A sustainable and cleaner energy system is the aim, and reducing the
impact on the environment of energy storage technology helps to achieve this.

The creation of novel materials and energy storage technologies is fueled by the
growing need for greener and more effective energy systems. To promote the shift to a
low-carbon future, increase the efficiency of energy systems, and allow the broad
deployment of renewable energy sources, advanced energy storage technologies are
crucial[10].

1.4 Introduction to Supercapacitors

Supercapacitors are such energy storage devices that possess the characteristics of
batteries and capacitors. They are also referred to as ultracapacitors or electrochemical
capacitors. They store the energy using both the mechanisms i.e., electrostatically, and
electrochemically, in contrast to normal capacitors that do so by the electrostatic
separation of charges. Supercapacitors outperform conventional capacitors due to their
high energy density and longer cycle life because of their dual mechanism[11].

1.4.1 Fundamentals of Supercapacitors

An electrolyte, a separator, and two electrodes make up a supercapacitor. Carbon
nanotubes (CNTSs), graphene, and activated carbon are examples of materials with a large
surface area that are commonly used to make electrodes. Depending on the intended
performance characteristics and the application, the electrolyte can be an ironic, organic,
or agueous liquid. lons can pass through the separator, a porous membrane that keeps the

electrodes from coming into touch electrically[12].
Supercapacitors use two main methods to store energy:

e Electric Double Layer Capacitance (EDLC):




Electrostatic charge separation occurs at the electrode-electrolyte contact to store
energy. When a voltage is supplied, ions from the electrolyte are attracted to the surface
of the electrode, creating an electric double layer. Rapid cycles of charging and

discharging are possible thanks to this highly reversible process[13].

e Pseudo capacitance:

Redox reactions that happen quickly and reversibly on electrode surface are the
source of pseudo behavior, which store energy. Compared to EDLCs, these reactions
produce a greater capacitance because they involve the movement of charge between the
electrode and the electrolyte. Because of their high capacitance and redox activity,
conducting polymers, transition metal oxides, and metal sulfides are frequently utilized in

pseudo capacitors[14].

Porous Permeable Porous
Electrode (+) Separator Electrode (-)

Current
collector

Current
collector

Electrolyte ions

Figure 1.2: Basic Schematics of Supercapacitors[15].
1.4.2 The Origins of Supercapacitors

Supercapacitors were first conceptualized in the 1950s when researchers at General
Electric (GE) started investigating the application of porous carbon materials for energy
storage. The Standard Oil Company (SOHIO) created the first commercial supercapacitor

in the early 1960s using an aqueous electrolyte and activated carbon electrodes. But it



wasn't until the 1990s that supercapacitors became widely used due to important advances
in technology and materials.

Supercapacitors now function much better than to the development of new
materials including graphene, carbon nanotubes and transition metal oxides. A higher
specific surface area, better electrical conductivity, and improved electrochemical stability
are the qualities that allow supercapacitors to attain higher power and energy densities.
Supercapacitors are being used in various applications, which include grid energy storage

and renewable energy systems and electric cars[12].

1.4.3 Types of Supercapacitors

Electric Double Layer Capacitors: EDLCs, or Electric Double-Layer Capacitors, are

devices that utilize the process of electrostatic charge separation at the interface between
the electrode and electrolyte to store energy. Commonly, electrodes are fabricated using
carbon-based materials with large surface areas, such as carbon nanotubes, graphene, or
activated carbon. High power density, extended cycle life, and quick charge and discharge
times are characteristics of EDLCs. They are frequently utilized in devices that need short
bursts of energy, like portable gadgets, regenerative braking in electric cars, and power
backup systems[16].

Pseudo capacitors: These devices utilize rapid, reversible redox reactions occurring on the

electrode material's surface to store energy. The increased capacitance is a result of the
charge transfer occurring between the electrode and the electrolyte in these processes.
Ruthenium oxide (RuO2) and manganese oxide (MnO2), together with conducting
polymers such as polyaniline (PANI) and polypyrrole (PPy), are frequently employed in
pseudo capacitors. Pseudo capacitors are utilized in applications that require both high
power and high energy density. These capacitors possess a greater energy density
compared to EDLCs.[17].

Hybrid Supercapacitors: To obtain better performance, hybrid supercapacitors combine

the qualities of EDLCs and pseudo capacitors. They optimize energy storage and
distribution by combining several electrode materials. A hybrid supercapacitor, for
instance, might have a single electrode material that possesses both double-layer and



pseudo capacitance properties, or it might have an EDLC electrode on one side and a
pseudo capacitor electrode on the other. With this arrangement, hybrid supercapacitors
can offer longer cycle lives, higher power densities, and higher energy densities than
EDLCs. Hybrid supercapacitors are used in industrial power management, renewable
energy systems, and electric cars[18]. Figur 3 shows the basic differences between among

the three types of supercapacitors

1

Double-layer Capacitors
Charge storage:
Electrostatically (Heimholtz Layer)

Pseudocapacitors
Charge storage:

Electrochemically (Faradaic charge transfer)]
J |
| |

Activated Carbon Conducting
Carbons Aerogels Polymers Metal Oxides
Carbon Nanotubes (CNT),

Graphene, Carbid-derived carbon (CDC)

Hybrid Capacitors
Asymmetric electrodes
Chame Electrostatically and Electrochemically

Asymmetric
Pseudo/EDLC

Composite

Rechargeable :

Figure 1.3: Types of supercapacitors with their differences[19].
1.5  Electrode Materials for Supercapacitors

The characteristics of the materials used as electrodes have a major impact on
supercapacitors' performance. High surface area, excellent electrochemical stability,
superior electrical conductivity, and compatibility with the electrolyte are all desirable
qualities in electrode materials. Moreover, the specific capacitance of a supercapacitor is
affected or enhanced by controlling some other features like morphology optimization,

pore volume, pore shape and pore size distributions, and their availability in an electrolyte.



Designing of a supercapacitor include two main factors (i) selecting a material with high
specific surface area to improve the electroactive sites and (ii) manipulating the pore size
and shape like spherical, circular, rectangular or square to ease the transportation process.
In order to achieve better performance/capacitance, recent research has concentrated on
creating and refining a variety of materials, such as Transition metal oxides, sulfides,
carbon-based compounds and conductive polymers[20].

~oo | l o |
Solid nanoparticles | 3D metal foam current collectors |
Hollow nanoparticles | 3D carbon-based materials |
Core-shell nanoparticles | 3D pseudocapacitive materials |
Homostructures | Heterostructures | Heterostructures | Homostructures |
Nanorods/Nanopillars | Current collector core-Active Graphene/Dichalcogenides I Graphene |

material shell
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Figure 1.4: Illustration of common materials used as electrode for supercapacitors[21].
1.5.1 Carbon Based Nanostructures

Carbonaceous materials are mostly used as electrode materials for EDLCs due to their
selective features like high specific surface area, economics, eco-friendly and their simple
synthesis processes. A few of the properties of carbonaceous materials are listed below.

e High surface area
e Smaller pore size
e Thermal stability

e Chemically and electrochemically stable in various electrolytes



e High electrical conductivity

Apart from these properties, surface functionalization is also important which
improves specific capacitance of carbon-based electrodes. Carbonaceous electrode
materials include carbon aerogels, graphene, activated carbon and carbon nanotubes etc.

Some of the carbonaceous materials are described below.
1.5.2 Activated Carbons

Low cost, better electrical properties and high surface area make AC a suitable
material for electrode. It can be synthesized either chemically or physically activating
carbon-based materials such as wood, nutshells, wheat straw, rice husk etc. the
physiochemical properties of the AC depend on the activation method. In a few cases a
high surface area of about 3000m”2/g can be achieved. Based on the pore size distribution,
microporous AC consists of pore (<2nm), mesoporous AC (2-50nm) and microporous AC

consist of pores(>50nm).

Graphene/CNT

Figure 1.5: Schematics of activated carbons, carbon nanotubes and Graphene[22].



Various studies have shown that having a very high surface area of AC has given less
capacitance. This discrepancy is due to the inactivity of all the pores. This means some
other parameters are also important while calculating the capacitance of ACs, like the pore
distribution. Excessive activation creates large pore volumes which is a drawback as it
induces low density and low conductivity, ultimately it will lead to low power and low

energy density.
1.5.3 Graphene

Graphene is a 2D or quasi crystal having a promising property for energy storage
applications. Varius properties include high surface area, chemical stability, and electrical
conductivity. Graphene, in solid state doesn’t depend on the pore size distribution as
compared to Acs or carbon nanotubes. Graphene has a high surface area upto 2650m”2/g.
If all available areas are being utilized, graphene can give a capacitance around 550F/g.
Also, both the exterior surfaces of graphene are exposed or accessible to the electrolyte,
so it can provide all possible active sites to react with the electrolyte.

1.5.4 Functionalized Carbon Nanotubes (CNTSs)

Fundamental Characteristics and Uses: Made of rolled-up graphene sheets, carbon

nanotubes (CNTSs) are cylindrical nanostructures. They have a large specific surface area,
are mechanically strong and highly conductive. To increase their characteristics and
electrolyte compatibility, functional groups or other materials are added to the surface of
carbon nanotubes (CNTS) to create functionalized CNTs. Chemical processes like acid
oxidation, which add oxygen-containing groups to the CNT surface (such as carboxyl and
hydroxyl), can functionalize the material[23].

Energy Storage Applications: Because of their high electrical conductivity and huge

surface area, which enable quick charge and discharge cycles, functionalized CNTs make
excellent electrode candidates for supercapacitors. Increased capacitance and improved
electrochemical performance are the results of the functional groups on CNTs improving
the wettability and contact with the electrolyte. Functionalized carbon nanotubes (CNTS)
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can be employed as independent electrode materials or in composites with other materials
to improve energy storage[24].

1.5.5 Transitions Metal Dichalcogenides (TMDs)-2D Materials

TMDs are compounds constituting groups 3 to 12 elements (transition metals) and group
16 elements like tellurides, selenides, and sulfides. They are stable 2D materials,
crystalline compounds and anisotropic in nature. They found themselves in various
applications due to their various properties like tunable structures, various band gaps,
stoichiometry, and their diversity. Applications include energy conversion and energy
storage. Properties which make TMDs promising candidates for supercapacitor are listed
below.

e Short diffusion pathways

e Morphological diversity

e More Electrochemically active sites
o Higher flexibility

e Moderate conductivity

e Quantum effect.

Sulphides include, nickel sulphides (NiS, NiSz, NisSz, NisSs, Ni7Si, and
NigS), molybdenum sulphide (MoSz),cobalt sulphide (CoS, CoS., Co03Ssand
Co09Sg), ruthenium sulphide (RuS>) and tungsten sulphide (WSz), copper sulphide (Cus,
CuzS, CuSz, Cui7sS and CuyesS). Selenides include MoSe;, CuSe, CuSez, CoSe, CoSey,
CozSes()

Few factors resist the TMCs from achieving higher capacitance values are as below.
e Poor conductivity

e Poor cyclability
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Figure 1.6: Schematics of TMCs as electrode materials for supercapacitors[25].
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Figure 1.7: Synthesis processes of TMDs[26].
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1.5.6 Sulphides (WS), 2D materials

Basic Properties and Applications: Graphene-like 2D-layered structure characterizes

tungsten disulfide (WS), a transition metal dichalcogenide (TMD).

High surface area, strong electrochemical stability, and superior electrical conductivity
are all displayed by WS,. WS2 has gained enough attention for energy storage devices
due to its layered structure, which allows for the intercalation and removal of ions.[27].

Energy Storage Applications: Because of its high theoretical capacitance and

strong cycling stability, WS finds its application in supercapacitor as an electrode. WS>'s
capacity for quick and reversible redox reactions improves its capacity for energy storage.
For better performance, WS, can be utilized as an electrode material on its own or in

composites with other materials.

When carbon-based materials such as graphene or carbon nanotubes (CNTSs) are
combined with WS, hybrid electrodes with improved capacitance and stability are
produced[28]. Various works have been done on the 2D sulphides like MoS2, NiSz, NiSz,
Ni3S2, CoSand WSa.

b)

Figure 1.8: Schematics of the crystal structure of WS»[29].

13



TMD Hybrid elecirode Capacitance[Scan rate Capacitance Retention (%)/Scan rate Cycles Energy density Operation voltage (V)
WS /nGO 350 Fg-' /2 mVs 100/3 Ag—! 1000 49 Whig! -
MoS;rG0 265Fg ' 10 mW s ! 92{20mV 5! 1000 63 Whig ! 025-0.8
MloS:MWINT 452 7Fg ' 1Az 95.8/1 Az 1000 - 075025
30 Graphene/Mo&; 169.37 Fg*f1Ag " 90/ 100 mY's " 1400 24.59Wh|Kg 0.9-02
Porous C/MoSz 210Fg') 1Ag" 105/4Ag" 1000 - 00-05
Carbon fiber cloth)WSs; 1AL 99,1 Ag-! 500 - 0.8-02
Mo%:-Ni0 10806Fg 1Az " 101924z " ] 39.6Whkg ' 0.0-05
MoSzMiCoa Oy 7.1 Fem—t 2 mivs! 9826 Ag! 8000 18.4Whkg! 00-06
WS, Wiy 47.5 mFom—25 mVs! =100/100mys—! 30,000 06 Whem—* 0.3-05
MaSz-CoSes 2577Fg ' 14g! 9103204z 5000 60.5Whkg ! 0.2-08
MoS; BigS; 1258Fg! 30 Ag—" 928104z 5000 - 0.2-06
Mo/ CoSs: 142 mFom =1 mAcm— 9271 mAcm— 1000 11.11 Whkg' OE-02
MiSe@MaoSe; 3R 1A 9145 Az 5000 32 6Whkg! 0.1-06
MoS @3 0-Ni-foam F00mFom ™ [3 mAcm ™~ BO/50mAcm 4500 - 006
AgiMOS: SBOFE'/1Ag" g971Ag! 5000 - 0.1-06
30 tubular Mos; [PANI 552Fg'j05Ag " 79/1Ag" 000 - 0.1-06
1H-MoS: @0leylamine 5065 mFom—* 037 Ag! 240275 mAcm— S000 1-7 pWhom uo-1.0
MoSz PPy TO0Fg-' /10 mV 5-1 B5/1Ag" 4000 83.3Whkg! 00-09
MoSzRGOEFANI 1224Fg 'ar1ag" B25/10Ag7" 3000 223Whkg! 0.2-08
10 PANIZD MaoSs B12Fg'/1 mAcm* - - 112 Whkg' 00-1.0

Figure 1.9: Electrochemical performance of 2D Transition metal dichalcogenides as

General properties of WS>:

supercapacitor electrodes

Table 1.1: shows the general physical and chemical properties of WS..

Molecular formula

WS

Electronic Configuration of WS>

W [Xe] 4f'4, 5d*,6s?

S [Ne] 3s?, 3p*

Molar mass 248g/mole

Density 7.5g/cm3

Melting point 1250°C

1.5.7 Synthesis of WS,

Various synthesis processes have been employed to produce WS: nanosheets. Here is an

introduction to some of the main synthesis processes:
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Mechanical Exfoliation: Mechanical exfoliation is the process of peeling off of thin layers

of WS; from bulk WS, with the help of sticky tapes. This method can produce high-quality
nanosheets with minimal defects. However, it is labor-intensive and not scalable for large-

scale production.

Liquid Exfoliation: In liquid exfoliation, bulk WS: is dispersed in a solvent (such as N-

methyl-2-pyrrolidone or water) and subjected to ultrasonic agitation. The van der Waals
forces between the layers get broken due to the ultrasonic waves, resulting in exfoliation
into nanosheets. Although it is scalable and simple method, but it often produces

nanosheets with a wide range of thicknesses and sizes.

Chemical Vapor Deposition (CVD): CVD involves the reaction of tungsten and sulfur

sources at high temperatures to form WS. nanosheets on a substrate. This process can
produce high-quality and uniform nanosheets with controlled thickness and large lateral
size. However, it requires sophisticated equipment and precise control over the reaction

conditions.

Hydrothermal/Solvothermal Synthesis: In hydrothermal or solvothermal synthesis,

tungsten and sulfur precursors are dissolved in a solvent and reacted under high pressure
and temperature in an autoclave. This technique can produce WS: nanosheets with good
crystallinity and control over morphology. However, the reaction times are relatively long,

and the process requires high-pressure equipment.

Chemical Exfoliation: Chemical exfoliation uses intercalation compounds, such as lithium

intercalation, to insert ions between the WS. layers, which weakens the van der Waals
forces and allows for subsequent exfoliation in a solvent. This method can produce large

quantities of nanosheets but often results in chemically modified or defect-rich materials.

Sol-Gel Method: The sol-gel method involves the transition of a solution (sol) into a solid

(gel) to form WS: nanosheets. Typically, tungsten precursors are dissolved and then
reacted with sulfur sources in solution, followed by gelation and drying. This method can
be used for large-scale production, but it may require post-synthesis treatments to improve

the quality of the nanosheets.
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Electrochemical Exfoliation: In electrochemical exfoliation, a WS: electrode is subjected

to an electric field in an electrolyte solution, causing the layers to separate into nanosheets.
This technique is relatively fast and can produce high-quality nanosheets, but it requires a
controlled electrochemical setup. Each synthesis method has its own trade-offs in terms
of scalability, quality of nanosheets, cost, and complexity. Selection of method depends

on the requirements of the need and available resources.

WS: powaer

CeO, nan
ceno,), 61,0

‘ ¢ 1 o-octahedrons-nanorods 2ib _(1]: h
— -

Figure 1.10: Various synthesis mechanisms of WS, nanosheets[30].
1.6 Transition Metal Oxides (TMOs)

TMOs are of two types i.e., simple transition metal oxides and Binary transition
metal oxides. They both are important electrode materials for supercapacitor applications.

Various works have been done on their usage in energy storage devices.
Both have their own merits and demerits.
1.6.1 Simple Transition Metal Oxides (TMOs)

Composition:

Simpler Structure: Consist of one transition metal and oxygen. Examples: MnO:
(Manganese oxide), NiO (Nickel oxide), RuO: (Ruthenium oxide).

Advantages:
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1. Chemical and Thermal Stability: The simpler structure often leads to high
stability.

2. Well-Understood Properties: Due to their simpler composition, their

electrochemical properties are well-studied and predictable.

3. Ease of Synthesis: Generally easier and less expensive to synthesize compared
to BTMOs.

Disadvantages:

1. Limited Performance: May have lower specific capacitance and conductivity

compared to TTOs.

2. Single Functionality: Limited to the properties of one type of metal ion, which

can restrict performance enhancement.

Metal oxides proved to be the promising candidates for electrode materials for
supercapacitors applications. They have a unique property of low resistance which offer
a high specific capacitance.

Moreover, it offers high energy density and power density. Ruthenium dioxide (Ru02),
manganese oxide (MnQz2), iridium oxide (IrO2), nickel oxide (NiO) are the commonly

used metal oxides. Some binary oxides are described below.
1.6.2 Ruthenium dioxide (RuO3)

Due to its excellent electrochemical properties, ruthenium oxide (RuO:) is a highly

demanded electrode material for supercapacitors. Properties of RuO- that make it include:

1. High Specific Capacitance: RuO: offers the highest specific capacitances due

to its ability to store charge through both faradaic (pseudocapacitive) and non-

faradaic (electric double-layer) mechanisms.
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2. Conductivity: Its electrical conductivity is comparatively high, due to which
fast charge transport takes place and reduces energy loss during

charge/discharge cycles.

3. Stability: RuO: is chemically stable in a various electrolyte, ensures the long-
term reliability and capacitance retention.

4. Wide Potential Window: The wide operating window ensures the high energy

density of supercapacitors.
Beside this, the commercial use of ruthenium is less because of its high cost and scarcity.

Therefore, work is being done to improve the performance of RuO:-based electrodes and
to replace them with some other alternatives which are cost-effective with similar

attributes.
1.6.3 Manganese Dioxide

Manganese oxide (MnO2), is cheap and has favorable electrochemical properties, thus

used as an electrode material in supercapacitors.

1. High Specific Capacitance:

It shows pseudocapacitive behavior. high charge storage is due to its
multiple oxidation states during the redox reactions in the cyclic charge-
discharge.

2. Abundance and Low Cost:

In comparison with ruthenium oxide, manganese is abundant and cheap,

thus MnO: is a cost-effective material for supercapacitor applications.

3. Environmental Friendliness:

MnO: is environmentally non-toxic material, thus its usage is beneficial.

4. Good Electrochemical Stability:
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MnO: provides reasonable stability over numerous charge/discharge
cycles, maintaining its performance and making it suitable for long-term

applications.

5. Wide Potential Window:

Wide operating window attributes a high charge storage capacity of MnOx.
Relatively low electrical conductivity of MnO: hinders its performance. To
avoid this, composites and hybrid materials are made that combine MnO- and
conductive materials (like carbon nanotubes or graphene) so its conductivity

may be enhanced.
1.6.4 Nickel Oxide (NiO)

Because of its electrochemical characteristics, nickel oxide (NiO) is a well-known
electrode material for supercapacitors. Among the essential qualities of NiO few are

mentioned below:

Elevated Specific Capacitance:

NiO has robust pseudocapacitive characteristics, facilitating effective charge retention via
reversible faradaic redox processes. High specific capacitance values result from this,

which increases the amount of energy that can be stored.

Excellent Electrical Conductivity:

NiO has adequate electrical conductivity, which makes it easier for charges to move

between electrodes and improves the overall performance of supercapacitors.

Cost Effectiveness:

NiO is an economically feasible choice for large-scale applications since nickel is more

plentiful and cost-effective when compared to other transition metals.

Chemical Stability:
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NiO has strong thermal and chemical stability, which guarantees its reliability.

Environmental Compatibility:

NiO is usually non-toxic and friendly to the environment, which fits nicely with the

expanding need for ecologically acceptable energy storage options.

NiO has several drawbacks despite these benefits, including reduced conductivity in
comparison to materials based on carbon and possible problems with cycle stability.
Research frequently focuses on forming NiO composites with conductive elements, such
as graphene or carbon nanotubes, to get around these restrictions and improve the

material's endurance and electrochemical performance.
1.6.5 Binary Transition Metal Oxides (BTMOS)

Composition:

e Complex Structure: They contain two different transition metals combined

with oxygen.

o Examples: NiCo204 (Nickel cobaltite), ZnMn:0O4 (Zinc manganese oxide),
CoMn20s (Cobalt manganese oxide) and ZnCo20a4.

The synergistic effect of different metal ions enhances the electrochemical performance

leading to:
e higher values of specific capacitance
e Detter electrical conductivity
¢ long cyclic stability

Moreover, adjusting the composition of BTMOs and optimizing their processing can lead
to better performance as an electrode material for supercapacitors. Introducing many
cations can induce multifunctionality to BTMOs which can make them favorable for

various applications.
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They are more complex in structure, thus are very difficult to synthesize which makes the

costly also. These complex structures sometimes make it difficult to reproduce them.

Detailed comparison of TMOs and BTMOs:

Table 1.2: A comparison of BTMOs and TTMOs

conductivity

e highly stable and high specific

capacitance

Property TMOs BTMOs
Performance |e less versatility in tuning higher specific
properties capacitance and
conductivity
e poor/lower electrical

synergistic effects make

them more conductive

Cost/scalability

More cost-effective and easier to

scale up

Expensive and complex to

produce

Application
potential

Applicable where cost and
simplicity are critical, and the
performance requirements are

moderate.

High-performance
applications where enhanced
electrochemical properties
justify the higher cost and

complexity

Material

availability

derived from more abundant and

less expensive metals

metals that might be less

abundant or more expensive

Various BTMOs are listed below with their pros and cons.
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Nickel Cobalt Oxide (NiC0204)

o Advantages:

High specific capacitance (~2500 F/g), excellent electrical conductivity, and synergistic

effects from both nickel and cobalt that enhance the electrochemical performance.
e Challenges:

Relatively complex synthesis methods and potential stability issues under prolonged

cycling.

Nickel Manganese Oxide (NiMn20a)

e Advantages:

High specific capacitance, good electrochemical stability, and a combination of redox

activities from both nickel and manganese.
o Challenges:

Poor intrinsic electrical conductivity, requiring combination with conductive additives to

achieve optimal performance.

Cobalt Manganese Oxide (CoMn204)

o Advantages:

High specific capacitance, good electrical conductivity, and the ability to exploit
the redox behavior of both cobalt and manganese.

o Challenges:
Synthesis complexity and potential phase instability under repeated cycling.

Zinc Cobalt Oxide (ZnCo0204)

o Advantages:
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High specific capacitance, good electrical conductivity, and a relatively straightforward
synthesis process.

o Challenges:

Stability issues during long-term cycling and the need for structural optimization to

enhance performance.

Copper Cobalt Oxide (CuCo0204)

o Advantages:

High specific capacitance, excellent electrical conductivity, and effective utilization of
both copper and cobalt's redox properties.

o Challenges:

Potential aggregation of nanoparticles, which can reduce active surface area and cycling

stability.

Copper Manganese Oxide (CuMn204)

o Advantages: High specific capacitance, good electrochemical stability, and a

synergistic enhancement of electrochemical properties from copper and manganese.

o Challenges: Lower electrical conductivity compared to other ternary oxides, requiring

the incorporation of conductive materials.

e The electrochemical properties of the BTMOs depend on various factors like
morphology, particle size, shape, pore size, pore shape etc. The said properties again

depend on the synthesis routes of the BTMOs.
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Table 1.3: Morphology wise Capacitance of BTMOs salvo-thermally synthesized

Electrode/Morphology of

Conditions

Specific Capacitance

NiC0204 (urchin structures)

Hydrothermal at 100°C for 48

hrs.

658 F/g at 1A/g

Nanowires of NiC0204

Hydrothermal at 120°C for 6 hrs.

2681 F/g at 2A/g

NiCo204 (urchin structures)

Hydrothermal at 100°C for 6 hrs.

1650 F/g at 2A/g

NiCo0204 (hierarchical porous)

NMP-H,0 at 180°C for 6hrs

1550 F/g at 4A/g

Nanoplates of CoMoO4 on Ni

foam

Hydrothermal at 180°C for

12hrs

1.26 F/cm? at

4mA/cm?)

CoMo0Os on graphene foam

Hydrothermal at 150°C for 5hrs

2731 Flg at 1.43A/g

3D microspheres of NiCo,0

H20-ethanol at 100C for 6 hrs.

1284 F/g at 2A/g

Various synthesis processes of BTMOs include.

1. Hydrothermal/solvothermal synthesis.

2. Microwave assisted method.

3. Electrodeposition method.

4. Template method
5. Sol-gel method

6. Coprecipitation method

24




Among all hydrothermal, sol-gel and coprecipitation methods are the commonly used
techniques for the synthesis of BTMOs.

1.6.6 Zinc Cobaltate (ZnC020.)

Fundamental Characteristics and Uses: Due to their strong electrochemical performance,

high theoretical capacitance, and good electrical conductivity, transition metal oxides
(TMOs) are being researched extensively. With its distinct spinel structure and numerous
oxidation states, zinc cobaltate (ZnCo204) is a mixed metal oxide that enables high
capacitance and energy density. ZnCo204 has a large surface area, strong thermal stability,

and excellent electrical conductivity[31].

Energy Storage Applications: Because of its high specific capacitance and steady

electrochemical performance, ZnCo204 is used as an electrode in supercapacitors.
ZnCo204's spinel structure makes it ideal for high-performance supercapacitors since it
facilitates effective charge storage and transfer. ZnCo,0O4 can be utilized as an electrode
material on its own or in composites with other materials to improve energy storage.
ZnCo204 with carbon-based materials, including graphene or carbon nanotubes, when

combined, produce hybrid electrodes that have higher stability and capacitance[32].

ZnCo204 is environmentally friendly and is abundant in nature thus making it cost
effective. It behaves like a p-type semiconductor which affects its electrical conductivity.
It possesses a spinel crystal structure like CosOa. Co?" are replaced by Zn?* ions where
Co?* occupies the tetrahedral sites and Zn?* occupies the octahedral sites which leads to
much enhanced redox reactions. The intrinsic poor conductivity and large volume change
during the charge discharge processes are the disadvantages of ZnCo20a. This intrinsic
electrical insulation results in rapidly diminishing capacitance at higher current densities
and during charge/discharge cycles, typically leading to low-rate capability and poor
cycling stability. To overcome these limitations, it is crucial to design suitable electrode
materials rationally, as their electrochemical performance is highly dependent on their
mechanical properties. To enhance the performance of electrodes based on ZnCo204 for

supercapacitor applications, it is essential to achieve an optimized morphology that offers
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a high active surface area, short ion and electron diffusion paths, and high diffusion rates.
Additionally, the electrode should provide plenty of redox sites.

Crystal Structure of ZnCo0,04;

ZnCo20a is a transition metal oxide with a spinel crystal structure. The spinel structure is
a common crystalline form for many transition metal oxides and has the general formula
AB:04, where "A" and "B" represent different metal cations. Here, Zn represents the "A"

site cation and Co represents the "B" site cation.

Key Features of the ZnCo0.04 Spinel Structure:

1. Crystal System: ZnCo:0s4 crystallizes in the cubic crystal system.
2. Space Group: The space group for ZnCo0s is Fd3 mFd\overline mFd3m (No. 227).

Atomic Arrangement:

e Tetrahedral Sites (A sites): In the spinel structure, Zn?" ions occupy one-eighth of the
available tetrahedral sites. Each tetrahedral site is coordinated by four oxygen atoms.

e Octahedral Sites (B sites): Co*" ions occupy half of the octahedral sites. Each

octahedral site is coordinated by six oxygen atoms.

o Oxygen Atoms: The oxygen atoms form a cubic close-packed lattice, and the metal

cations are located within the interstices of this lattice.
Coordination:

e Tetrahedral Coordination: Zn** ions are surrounded by four O* ions, forming ZnOa

tetrahedra.

e Octahedral Coordination: Co*" ions are surrounded by six O* ions, forming CoOs

octahedra.

Structure Summary:
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e The spinel structure can be visualized as a combination of ZnQOas tetrahedra and CoOs

octahedra sharing oxygen atoms.

o The general arrangement provides a robust and stable crystal framework, which is

beneficial for the material's structural integrity during electrochemical processes.

Importance in Supercapacitors:

o High Surface Area: The spinel structure allows for a high density of active sites for

redox reactions.

o lon and Electron Diffusion: The arrangement of the tetrahedral and octahedral sites
facilitates efficient pathways for ion and electron diffusion, which is crucial for high-

rate supercapacitor applications.

e Mechanical Stability: The three-dimensional network of the spinel structure
contributes to good mechanical stability, which is essential for long-term cycling

stability in supercapacitors.

Understanding the crystal structure of ZnCo204 is vital for designing and optimizing
electrode materials, as the electrochemical properties are inherently linked to the atomic

arrangement and coordination within the crystal lattice.

To overcome the individual weaknesses and disadvantages of WS, and ZnCo204, research
has been done on their composites with each other and with other materials. Recently,
composites of WS, and ZnCo,04 have been developed by many researchers and improved
electrochemical properties have been achieved. Also, composites of ZnCo204 and carbon-

based materials have been synthesized.
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Figure 1.11: Schematics of crystal structure of Coz04 and ZnCo0204[34].
1.7 Composites of WS2 and ZnCo204
1.7.1 Composites for Improved Performance

To obtain better electrochemical performance, composites including functionalized
carbon nanotubes, WS2, and ZnCo0204 combine the benefits of each constituent. By
combining the advantages of several materials, such as high stability and low capacitance,
these composites seek to overcome the drawbacks of each one. For instance, CNTs can be
combined with metal sulphides like WS2 or oxides like ZnCo204 to create electrodes that

have greater of surface area, high conductivity, and enhanced redox activity[35].

Although these composites function well, there are still several unanswered questions.
These include increasing the manufacturing of these materials for use in commercial
applications, improving our understanding of the interactions between the various
components in the composite, and optimizing synthesis techniques to produce
homogeneous and evenly distributed composites. The main goals of current research are
to use novel material design and synthesis processes to increase the energy density, power

density, and cycle life of supercapacitors. Additionally, the widespread use of these
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cutting-edge materials depends on the development of economical and ecologically
friendly synthesis techniques[36].

1.8  Synthesis Routes for Composites of ZnCo204, WS2, and Functionalized
CNTs

1.8.1 Synthesis of ZnCo204

Several procedures, such as co-precipitation, sol-gel, and hydrothermal approaches, can
be used to synthesize ZnCo20a. Precursors for zinc and cobalt react in an aqueous solution
at high pressure and high temperature during hydrothermal synthesis, producing well-
defined nanostructures. In the sol-gel method, a solution containing metal precursors is
formed into a gel, which is then dried and calcined to produce ZnCo204 nanoparticles.
Co-precipitation is the process of precipitating cobalt and zinc hydroxides simultaneously,

followed by thermal processing to produce ZnCo204[37].
1.8.2 WS; Synthesis

Chemical vapour deposition (CVD), hydrothermal synthesis, and mechanical exfoliation
are three methods that can be used to synthesise WS,. To create WS, films or
nanostructures, CVD entails reacting tungsten and sulphur precursors in a high-
temperature reactor. WS2 nanostructures are produced by hydrothermal synthesis, which
is the reaction of tungsten precursors with sulphur sources in an aqueous solution at high
pressure and temperature. By applying mechanical forces, WS, layers are physically

separated from bulk crystals during mechanical exfoliation[38].
1.8.3 Synthesis of Functionalized CNTs

CNTs can be made functional by applying functional groups to their surface by chemical
processes including acid oxidation. Acid oxidation is the process of treating carbon
nanotubes (CNTSs) with strong acids, like sulfuric or nitric acid, to introduce functional
groups that include oxygen, like carboxyl and hydroxyl groups. These functional groups
improve the electrochemical performance of CNTs by increasing their wettability and
contact with the electrolyte[39].
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ZnCo0204, WS, and functionalized carbon nanotubes are combined in a variety of ways
during the synthesis of composites, including layer-by-layer assembly, physical mixing,
and in situ growth. In situ growth produces well-dispersed and interconnected composites
by allowing multiple materials to develop simultaneously during a single synthesis
process. Physical mixing is the process of mechanically combining several materials,
which is then treated chemically or thermally to create composites. In order to create
layered structures with regulated composition and thickness, layer-by-layer assembly

entails the sequential deposition of several materials[40].
1.8.4 Composites of ZnC0204/WS; and ZnCo0204/FCNTSs

ZnCo0204 is combined with either WS2 or functionalized CNTSs to create hybrid structures
that have improved properties. This process is known as ZnCo,04/WS2 and
ZnCo204/functionalized CNTs (FCNTSs) composite synthesis. These composites are made
by techniques like electrochemical deposition, solvothermal procedures, and
hydrothermal synthesis [41]. ZnC0204 nanostructures, for instance, can be grown via
hydrothermal synthesis on the surface of functionalized CNTs or WS2 nanosheets to
create composite materials with a large surface area, strong electrical conductivity, and
improved electrochemical performance. Similarly, well-dispersed and linked composites
can be created via solvothermal methods and electrochemical deposition, which can then
be optimized for better supercapacitor performance in terms of both structural and
electrochemical properties[42, 43]. Mostly coprecipitation and hydrothermal methods
have been employed to synthesize the ZnCo,0, following by adding the CNTs or WS2 in
it[44, 45]

Ternary Composites: Ternary composites combine three distinct materials to
produce synergistic effects and improve supercapacitor performance even further. A lot
of work has been done on the binary composites of TMOs and carbonaceous compounds,
and also with WS, . composites of NiCo.04 and WS, have been developed.[44, 46] For
instance, the high conductivity of CNTs, the layered structure of WS2, and the high
capacitance of ZnCo.04 can all be combined to create ternary composites of ZnCo020a4,

WS>, and functionalized CNTSs that have higher energy storage capacities. In order to
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attain the intended performance characteristics, the synthesis of ternary composites entails

optimizing the composition, structure, and morphology of the various constituents[47].

1.9  Challenges of associated WS2, ZnCo204 and CNTs as supercapacitor

electrode

Various challenges are associated with WS, ZnCo2,04 and CNTs as electrode materials

for supercapacitor applications. Details are given below.

1.9.1. Challenges of ZnC0204

Low electrical conductivity: ZnCo:04 has relatively low intrinsic electrical
conductivity, which can hinder electron transport within the electrode material,
leading to poor rate performance and lower power density[48].

Volume expansion and contraction: During the charge-discharge cycles,
ZnCo0204 undergoes significant volume changes, which can cause structural
degradation, loss of electrical contact, and reduced cycling stability.
Agglomeration of Particles: ZnCo204 nanoparticles tend to agglomerate due to
high surface energy, leading to a reduction in the available surface area and
active sites for electrochemical reactions. This can significantly decrease the
material's overall capacitance.

Synthesis complexity: The synthesis of high-quality ZnCo0204 with controlled
morphology and size distribution can be complex and costly, which poses a

challenge for large-scale production and commercialization.

1.9.2 Challenges of WS;

Intrinsic Low Conductivity: While WS has better conductivity than many
transition metal oxides, its intrinsic electrical conductivity is still relatively low
compared to other materials like graphene or carbon nanotubes, limiting its
rate performance.

Mechanical Stability: WS: can suffer from mechanical instability, such as
cracking and pulverization, during charge-discharge cycles. This can lead to a
decrease in performance and shortened lifespan of the supercapacitor.
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e Restacking and Aggregation: WS. nanosheets tend to restack and aggregate
due to van der Waals interactions, which reduces the accessible surface area

and hinders ion diffusion, thereby lowering the capacitance.
1.9.3 Challenges of CNTs

e Aggregation and Dispersion: NTs tend to agglomerate, and form bundles due
to strong van der Waals forces between individual tubes. This aggregation can
reduce the effective surface area available for electrochemical reactions and
hinder ion accessibility.

e Surface Functionalization: The inert nature of pristine CNTs can limit their
electrochemical activity. Surface functionalization can introduce defects and
functional groups that enhance pseudocapacitance but may also degrade the
electrical conductivity and mechanical properties of the CNTSs.

e Costand Scalability: The synthesis of high-quality CNTs can be expensive and
producing them at a large scale with consistent properties remains a significant
challenge. This impacts the commercial viability of CNT-based

supercapacitors.
1.10 Motivation behind synthesis of ZnC0204/ WS2/COOH-CNTs

Developing a composite of ZnCo204, WS., and carboxyl-functionalized CNTs
(COOH-CNTSs) leverages the unique strengths of each component to enhance
supercapacitor performance. ZnCo204 contributes high pseudo capacitance through its
faradaic redox reactions, though it suffers from low electrical conductivity and structural
changes during cycling. WS., with its good electrical conductivity and additional pseudo
capacitance, tends to restack, reducing surface area. COOH-CNTs mitigate these issues
by providing exceptional electrical conductivity and mechanical strength, forming a
robust conductive network that maintains structural integrity and prevents particle
agglomeration. The functional groups on COOH-CNTs improve dispersion and
interaction with the electrolyte, enhancing ion accessibility and ensuring rapid charge-

discharge cycles. This synergistic combination results in a composite material with higher
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energy and power densities, offering scalable, cost-effective solutions for advanced
supercapacitor applications in portable electronics and large-scale energy storage systems.

1.11 Hypothesis

The integration of ZnCo0204, WS>, and carboxyl-functionalized CNTs (COOH-
CNTs) into a ternary composite will synergistically enhance the electrochemical
performance of supercapacitors by combining the high pseudo capacitance of ZnCo0:04
and WS with the superior electrical conductivity and structural stability provided by
COOH-CNTSs, resulting in a composite with improved specific capacitance, enhanced

charge-discharge rates, and superior cycling stability.
1.12Aims and Objectives

e To synthesize a ZnCo020.WS:, binary composites (ZnCo204 WS,
ZnC0204/COOH-CNTSs) and ternary composite ZnCo0204/ WS2/COOH-CNTSs with
uniform dispersion using hydrothermal synthesis

e To characterize the synthesized materials using XRD, EDX, SEM, FTIR.

e To evaluate the electrochemical performance of all the materials synthesized.
Electrochemical testing includes:

o Cyclic voltammetry

o Galvanometric charge-discharge
o Electron impedance spectroscopy
o Cyclic stability

e To compare the electrochemical performance of each with each other.
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CHAPTER 2: LITERATURE REVIEW

Various research has been done to overcome the low energy density of supercapacitors,

although they possess a very fast charge-discharge cycle with high power density.
2.1  Carbon and carbon-based supercapacitors

Carbonaceous materials include Activated carbons, graphene, carbon nanotubes etc. they
possess high surface area, higher conductivity, smaller pore size and better thermal and
electrochemical stability, duet to which h they are being used as electrode materials for
supercapacitors.[8, 23, 39, 49]. Different carbon-based materials offer different

electrochemical properties.

Table 2.1: Electrochemical properties of different carbon materials[50-52]

Electrode Capacitance Electrolyte Electrode
WS,/carbon fiber 399F/g at | M KOH 99% after 500
1A/g cycles [50]
WSz/encapsulated 539F/g at 3M KOH 60% after 500
amorphous carbon tubes 1A/g cycles[50]
MoS.-carbon composite 201.4F/g at 3M KOH 94.1% after 1000
0.2A/g cycles at 1.6A/g
Polypyrrole/graphene 373.2 PVA/KCI hydrogel | 96.8% after 10k
mF/cm?, 0.5 cycles
mA/cm?
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2.2 WSz and WSz based supercapacitors.

Different morphologies of WS, have shown different electrochemical properties.
Hierarchical structure of graphene and 2D WS; has given better results as compared to
pure WS, [53] . The calculated specific capacitance was 383.6 F g at the current density
of 0.5 A/g.

Table 2.2: Electrochemical properties of various WS> based electrode materials.

Electrode Electrolyte Specific Cyclic Reference
capacitance stability
Hierarchical 1 M H2SO4 383.6Fg? 79.9%. 2019[53]
architecture of
Graphene /WS,
Graphene /WS, core- | PVA/H2SOs (solid | 270.36 mF cm™ 75.2% 2021[54]
sheath fibers state) @4000cycles
WS,@PPy 1 M H2SOq4 245 F/g 99.2 % at a 2023[55]
heterostructure @20 A/g
after 10,000
cycles
WS, nanoflowers 6 M KOH aqueous | 119 F/g @1A/g
electrolyte

2.3 ZnCo0204 based supercapacitors.

Binary transition metal oxides are the most researched and investigated compounds as
compared to their single metal oxides. Due to the availability of the metal ions and their
rich redox chemistry, they have shown good results in the energy storage devices[56].
Among many, ZnCo.04 has unique properties making it suitable for supercapacitors.
Numerous research has been performed to find its electrochemical performance. The
combination of ZnCo0204 with WS2 and carbon-based nanomaterials show extraordinary

results due to the synergistic effect of each individual constituent.
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Table 2.3: Electrochemical properties of ZnCo204 and its composites

Electrode Electrolyte Specific Cyclic stability | Reference
capacitance/capacity
ZnCo204 Flower of | 1 M KOH 583F/g @10mV/s 96.50% 2021 [57]
thin nanosheets
ZnCo204thin films | 6 M KOH 127.8 F/g at 80.66% after 2019[58]
1ImA/cm”"2 3000
ZnCo,04 mesoporous | 2M KOH 439.6 F/lg @1A/g 84.82 % after 2021[59]
necklace 5000 cycles
40A/g
Mesoporous /urchin | 6-M KOH f72mAhgtat 97% after 3000 | 2022[60]
like ZnC0204 5mVs~!, 24 mAhg? | cycles @0.5A/g
at .5A/g
ZnWO04/ZnC0204 180.121 mA h g™ 97.83% after 2023[61]
nanocomposite 4000 cycles
ZnCo204 RGO 738at2Ag 100% after 2000 | 2023[61]
composite cylcles
petal-like nanoflower | 3 M KOH 154.74 mA h/g at f 96.34% after 2021[41]
WS>/ ZnC0204 5A/g 4000 cycles.

36




CHAPTER 3: MATERIALS AND METHODS

In this research, we prepared a series of materials to investigate their potential for
supercapacitor applications. | synthesized ZnCo,04 and WS: individually and developed a
binary composite of ZnC0204 and WS.. Additionally, I created a composite of ZnCo20.
and COOH-functionalized carbon nanotubes (COOH-CNTSs), as well as a ternary
composite combining ZnC0204, WS2, and COOH-CNTSs.

These materials were characterized by using X-ray diffraction (XRD) to determine phase
purity, scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX) for morphology and elemental composition, BET for surface area and porosity
measurement and Fourier-transform infrared spectroscopy (FTIR) for functional group

analysis.

Electrochemical performance was assessed for each material, focusing on specific
capacitance, rate capability, and cycling stability, to compare their effectiveness as

supercapacitor electrodes and evaluate the benefits of the ternary composite over the others.
3.1  Design of Experiment

This work focuses on the individual synthesis and characterization of ZnCo0204, WS> and
FCNTSs followed by their electrochemical testing. ZnCo204 can be synthesized by various
routes, but hydrothermal synthesis is the easy and better way to synthesize ZnCo,04 [41,
62, 63]. Liquid phase exfoliation method was used to synthesize WS, [53, 64], while
COOH-FCNTSs were purchased. Binary composites of ZnCo.04 and WS, were made again
by hydrothermal method.

Also, the same method was followed for the composite’s synthesis of ZnCo204and FCNTSs.
Literature lacks the synthesis process for the synthesis ternary composite of all the three.
There is no work reported on the ternary composite of ZnCo204, WS, and FCNTSs. (Figure
3.1) shows the general experimental design for this work. Synthesis of each material is

explained below in detail.
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Figure 3.1. Schematic illustration of the design of experiment.

3.2  Synthesis of ZnC0204

Hydrothermal method was opted for the synthesis of ZnCo20a.

3.2.1 Materials Required
1. Zinc nitrate hexahydrate
2. Cobalt nitrate hexahydrate
3. Urea

4. Ammonium fluoride
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5. Deionized water
3.2.2 Apparatus

1. Hot plates with magnetic stirrer

2. Oven

3. Autoclave

4. Furnace

5. Centrifuge

6. Beakers

7. Petri dishes

8. Weighing balance

9. Fume hood

3.2.3 Synthesis

4 mmol of Co(NOs3)2.6H20, 2 mmol of Zn(NOs)..6H20, 9 mmol of urea and 2 mmol of
NH4F were dissolved in 50 ml of Deionized water and stirred for 30 minutes. The solution
was then transferred to a 100 ml Teflon lined autoclave. Hydrothermal reaction at 180°C
was carried out for 10 hours. The sample was washed with DI water three times followed

by washing with ethanol 3 times. The sample was dried at 100°C.

Finally, the samples were annealed at 200°C, 300°C, 400°C and 500°C for 5hrs at the ramp
rate of 2°C /min [60]. Results of representative sample are discussed in the results and

discussion section.

The obtained samples were characterized by SEM, XRD, FTIR, Raman spectroscopy

followed by application testing.
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Figure 3.2: Hydrothermal synthesis of ZnCo204
3.3  Synthesis of WS;
Liquid phase exfoliation method was opted for the synthesis of WS,.

3.3.1 Materials Required

1. Bulk WS;
2. NMP

3. DI Water
4. Ethanol

3.3.2 Apparatus
1. Hot plates with magnetic stirrer
2. Oven
3. Centrifuge
4. Probe sonicator
5. Beakers

6. Petri dishes

40



7. Weighing balance
8. Fume hood
3.3.3 Synthesis

(JY91-1IN N&DN Series) used for ultrasonication. 2 grams of bulk WS;(Sigma Aldrich
99.9%) was dissolved in 80 ml of NMP (>99.5%) and ultrasonicated with an output power
of 650W for 1 hour. The solution was then transferred to a stainless-steel beaker and placed
in a probe sonicator. The power and frequency set were 600W and 25kHz respectively, and
the sonication was done for 8 hours at room temperature[65, 66].

Then the dispersed solution was centrifuged (Model etc) for 20 minutes at 1000, 2000,
3000 and 4000 RPM. The supernatant was vacuum filtered using nylon filter papers with
0.45micron pore size. The Obtained nanosheets were oven dried at 80°C for 12 hours. This
process was repeated many times to obtain a reasonable yield. Synthesized nanosheets
were characterized by XRD, and FTIR [65-68].

Probe  sonicated Vacuum filtration of

for 8 hours. the supernatant WS; nanosheets

E> o

206V X16,000 1pm SCME NUST

Overnight drying of

2mg  bulk WS Centrifuged  at the WS; nanosheets
Power various RPMs. 2
ultrasonicated

for 1 hour

Figure 3.3: Schematics of synthesis of WS> nanosheets through liquid phase exfoliation
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3.4 Synthesis of ZnC0204/WS2 Composite

4 mmol of Co(NO3).2.6H20, 2 mmol of Zn(NO3)2.6H20, 9 mmol of urea and 2 mmol of
NH4F were dissolved in 50 ml of Deionized water and stirred for 30 minutes. 0.2grams of
WS> nanosheets were added to the solution and ultrasonicated for 30 minutes. Then the
solution was transferred to a 100 ml Teflon cylinder and kept in autoclave at 180°C for 5
hours. The samples were washed with DI water and absolute ethanol 3 times respectively.
The sample was dried at 80°C overnight followed by annealing at 100°C, 200°C and 300°C
respectively. The best sample was taken and discussed in results and discussion portion.

3.5  Synthesis of ZnC0204/FCNTs Composite

4 mmol of Co(NO3)2.6H20, 2 mmol of Zn(NOz3)..6H20, 9 mmol of urea and 2 mmol of
NHsF were dissolved in 50 ml of Deionized water and stirred for 30 minutes. Then 0.2mg
of FCNTs were added to the mixture and again stirred for 30 minutes.

The solution was then transferred to a 100 ml Teflon lined autoclave and kept in oven at
180°C for 5 hours. The sample was washed with DI water and absolute ethanol
subsequently and dried at 80°C for 12 hours. Then it was calcined for 5 hours at 300°C. the

ramp rate was set to 2°C/min

3.6 Synthesis of ZnC0204/WS2/FCNTs Composite

Hydrothermal method was opted for the synthesis of ZnC020a.
3.6.1 Materials Required

1. Zinc nitrate hexahydrate
2. Cobalt nitrate hexahydrate
3. Urea

4. Ammonium fluoride

5. WSz nanosheets

6. FCNTs
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7. Deionized water

3.6.2 Apparatus

1. Hot plates with magnetic stirrer
2. Oven

3. Autoclave

4. Furnace

5. Centrifuge

6. Beakers

7. Petri dishes

8. Weighing balance

9. Fume hood

3.6.3 Synthesis

0.2M (3.5688grams) Zn(NOz)2.6H20, 0.4M (6.9847grams) Co(NO3)2.6H-0, 0.9M urea
and 0.2M NH4F were added in a 60ml distilled water and stirred for 30 minutes. 0.2688
grams WS; and 0.02290 grams of FCNTs were added to the solution during stirring and

kept it for another 30 minutes.

The solution was then transferred to a 100ml Teflon lined autoclave and hydrothermal
reaction was carried out at 150°C for 5 hours. The sample was washed thrice with Distilled

water and absolute ethanol respectively.

The sample was dried overnight at 100°C. Then it was calcined at 350°C for 5 hours with
a ramp rate of 2°C /min[60]. Figure 3.4 shows the schematics of the synthesis of ternary

composite.

3.7 Characterization Techniques and sample preparations
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The characterization techniques used were X-Ray Diffraction (Brooker, D2 Phaser),
Scanning Electron Microscopy (JASM-6490A, Jeol Japan), and Energy Dispersive Xray
Spectroscopy (EDAX, AMETEK), BET surface area and porosity analyzer (Gemini VII
2390 V1.03 (\V1.03 t) of Micromeritics instrument corp.) and Fourier Transform Infrared

Spectroscopy (Perkin EImer, USA, Spectrum 100)

Powder samples analyzed in XRD within the scan angle of 2theta 10°to 90°. The samples
were homogenized using mortar and pestle and then heated in an oven at 60°C to avoid any
adsorbed water. The samples were then placed in XRD sample holders and pressed to the

powder using a glass slide.

The SEM and EDX analysis were done using powder samples. The samples were grind
using a mortar and pestle. Carbon double side tape was used to stick a few of the powder
samples on to the metallic (Steel/Cu) stubs. The samples were then sputtered gold coated
using argon as an ionizing gas. The coating thickness set was set to 30 nm. The samples
were placed in the SEM sample holder and placed in a low vacuum SEM. The accelerating
voltage was 20kV and a working distance of 10mm was maintained during the imaging.
Secondary electron detector was used for imaging and EDX detector was used to find the

elemental composition.

The BET surface area and porosity was done using N2 adsorption. The sample was
degassed at 100°C for 2 hours. To prepare a sample for Fourier-Transform Infrared (FTIR)
spectroscopy using potassium bromide (KBr) pellets, grinded both the sample and KBR
powder finely. Mixed 1-2 mg of sample to 100 mg of KBr. Transferred the mixture into a
die and pressed it using a hydraulic press of 10 tons load. Placed the pallet in the FIR
sample holder. Initially record the background spectrum using a neat KBr pallet, and then
measured the sample spectrum withing the range of 300 to 4000 cm?-. The results were

then plotted and analyzed.
3.8  Samples Preparation for Electrochemical Testing

The electrochemical measurements were taken using three electrode system of (Gamry,

INTERFACE1010E). Samples were prepared by mixing of 8mg of active material in 5mi
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absolute ethanol and 5wt% Nafion solution. The mixture was ultrasonicated for 40 mins to
form an ink. The dispersed ink was then dropped on the 1x1 cm”2 activated Nickel Foam

and kept for drying in and oven. The solution was again kept for sonication.

This process was repeated by changing the side of Ni Foam until at least 2mg active
materials was coated. Then the samples were kept in a vacuum oven for 24 hrs at 60°C.
The prepared samples were taken as working electrodes, Ag/AgCl as reference electrode
and platinum wire as counter electrode. The operating window was set between -0.4V to
0.8 V in 3M KCL electrolyte. Cyclic voltammetry was run at different scan rates ranging

from 5mV/s to 100mV/s. The specific capacitance was calculated using the equation:

c A
©2mAV.V
Washed/centrifuged
with DI water followed
Stir for 30 by absolute ethanol.

mins and then
add 0.2688g |T—

— ~ =

WS2 d A @
0.02688¢ " I — m ﬂ l—\:— ’ﬁ"r
* ”‘/

Stir for 30 mins and

Overnight
then hydrothermal drying at 100°C
02mM Zn(NO,),.6H,0 reaction for 5 hrs at '
0
+0.4MCo(NO,), .6H,0 150°C.
+ 09M urea +0.2M
NH.F + 60ml DI
Composite ' = | Calcination at 350°C
. | for5hrs
——— J i
L
=

Figure 3.4: Schematics of synthesis of ZnC0,04/WS2/FCNTs composite

Where C is specific capacitance (F/g), A is area under the graph of CV plot, m is
the mass of the active material (g), AV is the potential window(V) and V is the scan rate

(V/s). Electrochemical impedance spectroscopy (EIS) was done in the frequency range of
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100 mHz to 100 kHz and GCD was done at the current densities of 0.5Ag™* 15Ag™, 25Ag°
Land 55Ag™.
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CHAPTER 4: RESULTS AND DISCUSSION

Following characterization techniques were used to characterize the synthesized materials.
e SEM/EDX

e XRD

BET surface area and porosity analyzer.

FTIR

Electrochemical testing
4.1  SEM Analysis

SEM results of all the representative samples of each set are shown in Fig.4.1. The images
of ZnCo204 at various magnifications are shown in Fig.4.1a-c. which show mixed
morphology of flower-like structures with porous surfaces and urchin-like structures with
nanowires[60]. The nucleation of nanowire with nanoflakes is due to the addition of urea
in the synthesis[69]. Initially the urea decomposes into CO3s> and OH- metal complexes are
formed once the anions combine with Zn and Co hydroxides, thus forming many nucleation
centers. Based on the interfacial energy, the nuclei grow and auto assemble. The interfacial
energy is dependent on the type of surfactant used. Urea produces nanowires which further
grow into spheres of urchin-like structure upon annealing or calcination. [60, 69, 70]. The

reaction involved in the formation of ZnC0O204 are given below.

CO(NH2 )2 + H.O — 2NH3 + CO2 m
CO; + H20 — COz%* + 2H+ (11
NH; + H,O — NH ** + OH~ 1)

13Zn%" + 23Co%" + OH™ + 122 CO3?* + nH20 — Zny3 Coz3(OH) (COs)12.nH0 (1V)
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62Zn1/3C02/3(OH) (CO3 )12. nH20 + O2 — 2ZnCo0204 + 3CO2 + (6n + 3)H> V)

Fig.4.1d is the SEM image of COOH functionalized CNTs. The surface morphology is
rough and dense because of the addition of the carboxyl group [19, 71, 72]. Fig.4.1e-f are
SEM images of bulk WS> and WS> nanosheets respectively which clearly indicate that the
bulk WS has been exfoliated to thin and small sheets. The lateral dimensions are in few

micrometers while the thickness is in the range of 60 to 90 nm.

Fig.4.1g-h are the SEM images of ZnCO204/WSo. It is clearly seen that the WS; nano
sheets have been incorporated into the matrix of ZnCO204. The morphology of ZnC0O,04
has changed from flower-like structure to ball-like structure. Figure.4.1i, is SEM image of
ZnCO204/FCNTSs showing a morphology of deformed spheres of ZnCo0,04 in combination
with FCNTS. Fig.4.1j-1 are the morphology of ZnCO204/WS,/FCNTSs.

Figure 4.1: SEM results of (a-c) ZnCo204, (d) FCNTSs, (e & f) bulk WS; and WS;
nanosheets, (g & h) ZnCo204/WS,, (i) ZNCo204/FCNTSs & (j-1) ZnC0204/WS,/FCNTs
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The SEM images show that the composite has a mesoporous ZnCO,04 particles, WS>
nanosheets and Functionalized CNTs which indicates that the composite has been formed
successfully. The ZnC0O.04 morphology lacks nanowire like structures in the ternary
compounds, showing a bunch of particles on surface at high magnification(j). It is evident

from the micrographs that WS, and FCNTSs have been incorporated successfully.
4.2 Energy Dispersive X-Ray Spectroscopy

Energy dispersive X-ray spectroscopy was done to find the elemental composition and
mapping of the prepared samples. Results are discussed below.

421 EDX results of COOH Functionalized CNTs

Figure 4.2 shows the SEM images with a selected area on the left side and the
corresponding EDX spectrum and compositional table on right side for the functionalized
carbon nanotubes. The atomic and weight percentages of carbon are 89.5 % and 86.5 %
respectively, while that of Oxygen are 105 and 13.5 % respectively. As the carbon
nanotubes are primarily composed of carbon, so the high percentage of carbon is associated

with CNTSs, while the presence of oxygen is associated with COOH group, which indicates

that the CNTs have been functionalized successfully.

w

= 86.5 89.5

(0] 135 10.5

Figure 4.2: EDX spectrum and the composition table of COOH-Functionalized CNTs

EDX Results of WS> nanosheets are presented in figure 4.3. The characteristic peaks of
Tungsten and Sulfur have been detected in EDX spectrum. Moreover, the atomic
percentages of W and S are 33.8% and 66.2%

49



respectively. The atomic percentages show the exact stoichiometric ration of W and S

which is 1 ratio 2. The higher weight percentage of tungsten (74.5%) is due to it higher

atomic mass as compared to the sulfur.

21.0K

189K

16.8K

14.7K

126K

10.5K
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745

Figure 4.3: EDX spectrum and the composition table of WS, Nanosheets

Figure 4.4 represents the EDX results of ZnCo204 which confirms the presence of all the
three elements of ZnCo,04. The atomic percentages of the Zn, Co and Oxygen are
inconsistent with the stoichiometric ratios of ZnCo204 which is 1:2:4. This confirms the
successful synthesis of ZnCo204. The weight percentage of cobalt is higher (51.4%) as its

atomic mass is greater the Zn and Oxygen. Oxygen, being the lightest element has the

lowest weight percentage i.e., 21%.
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Figure 4.4: EDX spectrum and the composition table of ZnCo0,04

Figure 4.5 shows the Elemental mapping along with the composition table and EDX
spectrum. The elemental mapping confirms the distribution of Zn, Co, O and C. The bright

regions on carbon map indicate the heterogeneous distribution, but the degree of
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heterogeneity is very less. The atomic percentages of the Zn, Co and O are inconsistent

with the empirical formula of ZnCo,04 which is 1:2:4. The atomic percentage of carbon is

29.9% which contributes a weight percentage of 12.3% of the of the composite.
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Figure 4.5: Elemental Mapping composition table and EDX spectrum of binary
composite ZnCo204/FCNTS

The atomic percentages of Zn, Co and O are 23%, 43.5 and 21.1 % respectively, which
make a total 87.6 weight % of ZnCo,0s. It confirms a successful development of a binary

composite ZnCo,04/FCNTs with an overall weight percentage of 87.6% ZnCo0.04 and
12.4% C.

@m

Figure 4.6: Elemental Mapping composition table and EDX spectrum of binary

composite ZnCo204/WS;.
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The EDX spectrum and mapping results in figure 4.6 provide the information regarding
the elemental composition and distribution of the binary composite ZnCo204/WS,. The
EDX spectrum contains all the characteristic peaks of all the elements present (Zn, CO, O,
W, S). The atomic percentages are inconsistent with the stoichiometry of ZnCo204 and

WS,.
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Figure 4.7: a) Elemental Mapping of ZnCO204/WS,/FCNTSs and b) EDX spectrum of
ZNnCO204/WS2/FCNTSs

Elemental mapping of the ternary composite was done to visualize the distribution of all
the elements. Fig.5a-b presents the elemental mapping data and EDX spectra of the ternary
composite ZNnCO204/WS2/FCNTSs. It is clearly seen that all the elements (Zn, Co, O, C, W,
S) are present. The red colored map of carbon shows that it is almost distributed
homogeneously, with some intense areas or patches showing larger amounts of carbon.
The map of Tungsten and sulfur shows that they are distributed homogeneously confirming
the formation of WS,. There are few patches which are rich in W and S, but both the W
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and S rich areas are same, which means W and S exist together forming WS». The map of
Co is almost double intense as Zn confirming the stoichiometric ratio, both the maps are
replicas of each other. Moreover, the O map is more intense as oxygen is 4 times of Zn and
double of Co. Oxygen from the carboxyl group of FCNTs also adds up to the intensity of

the O map and to the atomic ratio and weight percentage.
4.3  BET Results

The BET specific surface measurements of WS;, ZnCo0:0s4 FCNTs and
ZnCo0204/WS2/FCNTSs were done to find the Specific surface area, average pore width and
pore volume. Table 4.1 shows the results of BET surface area, average BJH pore width and
average volume. The BET Specific Surface Area (SSA), single point surface area at (p/p°
=0.244382477) and the Langmuir Surface Area of the WS, nanosheets are 26.0846 m?/g,
25.8223 m?/g and 27.0075 m?/g respectively which are the lowest among all the samples.
The surface area of FCNTs is 35.9185 m?/g and that of ZnCo0204 is 63.1742 m2/g.

Table 4.1: BET surface area, pore width and pore volume values

Name BET Surface Average Pore BJH cumulative Pore
area m2/g Width (nm) Volume (cm?3/g)
ZnCO204/WS,/FCNTs 218.3964 10.6456 0.677564
ZnC0O20 63.1742 4.5515 0.046113
FCNTs 35.9185 3.2558 0.028525
WS; 26.0846 5.9284 0.041742

The adsorption isotherm and the pore distribution of the ternary composite is shown
in figure 4.8. The adsorption curve resembles type-IV suggesting the mesoporous nature
of the composite. The BET surface area of the ternary is calculated to be 218.3964m?/g,
and the BJH adsorption average pore size of ZnCO,04/WS,/FCNTs 10.6456nm. The total

area in pores with size greater than 15.9nm is 12.911 m?/g, total area in pores with size
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smaller than 1.483nm is 124.113 m?/g and the area in pores with size in between 1.148-
15.9nm is 81.156 m?/g. The SSA of the ternary composites is very high as compared to
the individual constituents. This good porosity and high specific surface area can lead to
enhanced electroactive sites, and the highest pore volume ensures fast ion transport and
easier electrolyte accessibility, ultimately resulting in an improved electrochemical

property. Moreover, the average pore width confirms the mesoporous nature of the

synthesized composite.
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Figure 4.8: The adsorption isotherm and the pore distribution of the ternary composite
ZnCO204/WS2/FCNTSs

44  X-Ray Diffraction Results

X-Ray Diffraction (Brooker, D2 Phaser) was used to study the crystal structure of
the synthesized materials. Fig.4.9 shows the XRD plots of all the samples. The three peaks
that correspond to the MWCNT-COOH are (100), corresponds to (101) and (004) plane.

XRD spectrums of WS, show that the bulk WS, has an intense peak at 14.3°
corresponding to (002) plane and peaks at 28.9°, 32.8°, 33.6°, 39.5° and 43.9° were assigned
to (004), (100), (101), (103) and (106) of hexagonal 2H WS, (pdf # 08-0237).

The exfoliated WS; has a less intense peak at 14.3%and rest of the peaks disappeared which
indicates the decrease in the crystallinity and formation of nanosheets[41, 55, 73, 74].
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Figure 4.9: XRD spectrum of all the samples

XRD plot of ZnCO204 matches with pdf # 023-1390. The peaks at 20 of 18.92°, 31.11°,
36.65°, 38.54°, 44.59°, 5, 59.05°, and 64.85° correspond to the (111), (220), (311), (222),
(400), (422), (511), and (440), planes. It confirmed the cubic crystal structure and fd-3 m

space group. Crystallite size found using Sherrer formula is 12.5nm and the average lattice

strain is around 0.995% as shown in table 4.2.

Table 4.2: Shows the lattice strain and crystallite size of ZnCo020a4.

No. B obs, [°2Th] B std. Peak pos. B struct. Crystallite size [A] Lattice strain

[°2Th] [°2Th] [°2Th] [9%6]

1 0.874 0.008 18.702 0.866 93 2.316
2 0.51 0.008 31.069 0.502 164 0.8

3 0.655 0.008 36.58 0.647 129 0.865

4 0.874 0.008 44.46 0.866 99 0.933
5 0.583 0.008 58.929 0.575 159 0.45
6 0.874 0.008 64.866 0.866 109 0.6

Average values 1255 0.994
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The presence of an intense peaks at 14.3%in the XRD plot of ZnC0O204/WS; confirmed the
formation of a binary composite while a broad peak at 24.36° indicates the incorporation
of FCNTs into ZnCo204 and successful formation of a binary composite of ZnC0.04 and
FCNTSs. Similarly, there is presence of both the peaks of WS2 (14.3% and FCNTs (24.36°)
in the XRD results of the ternary composite i.e., ZnCO204/WS,/FCNTs while remaining
all the peaks belong to ZnCo,0a.

45 FTIR Results

Fig.4.10 shows the FTIR spectrum of (a) COOH-FCNTSs, (b) ZnCo0204, (c) WS; and (d)
ZnCO204/WS,/FCNTSs. The broad peak in FTIR spectrum of COOH-FCNTSs (fig.4.10a) at
3420 cmtis attributed to the O—H stretching vibration of hydroxyl groups, while the peak
at 1740 cm™? corresponds to the carboxylic (C=0) group attached to MWCNTSs[72]. The
peaks at 2927 cm™! and 2854 cm™! are assigned to the C—H stretching vibration of
methylene generated at defect sites on the acid-oxidized MWCNT surface. The peak at
1627 cm™* corresponds to the stretching mode of the C=C double bond, which forms the
framework of the carbon nanotube sidewall. The peak at 1400 cm ™ is associated with the
bending vibration of the hydroxyl group (O-H) in the carboxyl group[19, 71].

Fig.4.10b shows the FTIR spectrum of ZnCo204. The characteristic band around
3430 cm™1 is attributed to the stretching vibration mode of the H-O-H group, indicating the
presence of chemisorbed water molecules. A prominent band of CO32" ions at 1634 cm™t
and the symmetric vibration of (COO-) at 1390 cm™* were observed. The bands at 652 cm ™t
and 557 cm™ correspond to the metal-oxygen vibration frequencies of the metal in
tetrahedral clearance (Zn-O) and octahedral clearance (Co-0O), respectively, indicating the

formation of the ZnCo,04 spinel structure[75, 76].
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Figure 4.10: FTIR results of (a) COOH-FCNTs, (b) ZnCo0204, (c) WS; and (d)
ZNnCO204/WS2/FCNTSs

The FTIR spectrum of the WS2 nanosheets (fig 4.10c) was recorded to analyze the
functional groups. The bands at 647 cm ™! and 932 cm™* correspond to W-S and S-S bonds,
respectively. Peaks at 1461 cm ™t and 1645 cm™* are attributed to the stretching deformation

of hydroxyl groups, while those at 2922cm™* and 3448cm™ are ascribed to OH
vibrations[64, 74].

Fig4.10d shows the FTIR spectrum of the ternary composite formed. All the
representative peaks of the individual materials are present which indicates the successful
formation of the ternary composite. There is an extra peak at 1116cm™ which can be
attributed to the stretching vibrations of metal-oxygen bonds in complex oxide structures.in
this case the metal are Zn and Co.

4.6  Application testing results
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Application testing of the synthesized electrodes includes cyclic voltammetry,

galvanometric charge-discharge, electron impedance spectroscopy and cyclic stability test.
4.6.1 Cyclic voltammetry results

Fig 4.11 shows the Cyclic Voltammetry (CV) curves of the as prepared samples of (a) WSy,
(b) FCNTs, (c) ZnCo020s4, (d) ZnCo204/WSz, (e)ZnC0204/FCNTs and (f)
ZnCO,04/WS,/FCNTSs at a scan rate of rate of 5, 10, 20 30, 50and 75 mV/s within the
potential window of -0.4 to 0.8 V. The electrolyte used was a 3M KOH solution. The CV
was done using a reference electrode of Ag/AgCl and platinum as counter electrode. Each
material shows an increase in the integral area with increasing scan rate. The CV curves at
various scan rates show very strong oxidation and reduction peaks, which indicates the

battery nature of the materials.

The increasing trend in the integral area from (a) to (f) indicates that the charge storage
capacity increasing from material (a) to (f). Fig 4.13(c) shows the CV plots of all the
materials at scan rate of 20mV/s. It is evident that the ternary composite has the highest
integral area and redox peak current values. Also, the redox peaks shifted towards more
negative and more positive on increasing scan rates. The redox peaks of the composites

shifted to both more negative and positive potential regions.

The redox peaks of ZnCo0204/WS; (d) are 0.18 and 0.4 volts, that of ZnC0204/FCNTSs (e)
are 0.106 and 0.49 volts. The ternary composite has the most negative and positive values
which are 0.08 and 0.53 volts. This indicates that the ZnCO204/WS2/FCNTSs is an
electroactive material which provides enough surface and time to interact with electrolyte
ions. Moreover, the enhanced redox current and the increasing integral area of the CV
curves suggest that the composites synthesized have a greater energy storage capacity. The
specific capacitance measured from the CV curves using the formula below are presented
in table 4.3.

T 2mAv.V
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Where C is specific capacitance (F/g), A is area under the graph of CV plot, m is
the mass of the active material (g), AV is the potential window(V), and V is the scan rate
(VIs).

Table 4.3: shows the specific capacitance at a scan rate of 5mV/s & 20mV/s.

Material Capacitance (F/g) @ Capacitance (F/g)
5mV/s @20mV/s
WS, 227.53 155.6
COOH-FCNTs 646.29 458.9
ZnCo0204 788.6 708.41
ZnCo0204/WS; 1028.6 907.20
ZnCo0204/FCNTs 1308.45 1270.6
ZnCo204/
WS,/FCNTSs 1421.93 1386.93

The highest capacitance of the ternary composite is attributed to the synergistic
effect of all the three components. The increase in the peak currents indicated that there are

more electroactive sites, and more species are available for the redox reactions.

Due to the availability of large number of active sites or surfaces, faster diffusion
takes place which increases the electrochemical activity of the electrode.

4.6.2 Galvanometric charge-discharge results

Galvanostatic charge-discharge curves are shown in fig.4.12. The GCD was done at a scan
rate of 0.5A/g, 1A/g, 2A/g, and 5 A/g. The lack of linearity in the charge discharge curves
indicates the battery nature of the materials.
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All the peaks are almost symmetric which means the charge discharge cycles are similar
and show good reversibility and efficiency of energy storage. The ternary composite has
the highest area under the graph as compared to all other materials which indicates the

energy density, and the power density of the ternary composite is higher.

This can be due to the incorporation of FCNTs and WS; nanosheets to the ZnCo,04 which
increases the conductivity as well as the surface area and active sites. The specific

capacitance was calculated using the formula.
C = AxAt/AV
Where C is the specific capacitance,
A is the current density, At is the discharge time and
AV is the difference of the potential window.
The specific capacitance at 05A/g is presented in table 4.4.

Table 4.4: Specific Capacitance of all the synthesized materials at 0.5A/g

Material Current Density Capacitance
Alg Flg
WS; 0.5 241
COOH-FCNTs 0.5 525
ZnCo0204 0.5 756
ZnCo0204/WS3 0.5 1125
ZnCo0204/FCNTs 0.5 1210
ZnC0204/WS2/FCNTSs 0.5 1571
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4.6.3 Electron Impedance Spectroscopy Results

Electron Impedance Spectroscopy (EIS) is used to find out the properties of
electrolyte and electrodes. More specifically, Nyquist plot gives information about the

electrode and electrode resistance, charge transfer resistance and capacitance.

Figure 4.13(a) represents the Nyquist plots for all the samples. The EIS was done
in the frequency range of 100mHz to 100kHz in 3M KOH solutions. The zoomed part of
the high frequency region of the ternary composite ZnCO204/WS2/FCNTSs is also shown
matching with Randle’s circuit.

A low value of solution resistance Rs was found i.e., 0.804Q2 while the Rct value

found was 0.78€Q which is due to the vertical semicircle at high frequency region.

The presence of a very small semicircle implies that fast electrochemical reaction
takes place. The low internal resistance values indicate that the electrode material has a
low conductivity as compared to the others. This leads to less energy loss during charging

and discharging.

The straight line in the low frequency region with angle greater than 45° is the
evidence of low diffusion resistance, thus exhibiting a fast transport of ions. Based on the
electrochemical Properties shown by the ternary composite material, it highly

recommended to use as an electrode material for supercapacitor.
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4.6.4 Cyclic Stability and Columbic Efficiency Results

Cyclic stability is a critical parameter for supercapacitors as it indicates how well
the device can retain its charge storage capacity over numerous charge-discharge cycles.
High cyclic stability is essential for applications requiring long operational lifetimes, such
as in electric vehicles, portable electronics, and grid energy storage. The cyclic stability

test was done at 10A/g.

The blue plot in figure 4.14 shows the cyclic stability of the ternary composite
which basically is the capacity retention of the electrode. It is seen that the capacity
retention of the ternary composite is exceptionally good as its shows a 96.6% capacity

retention after 5000 cycles and 86.6% capacity retention after 10000 cycles.

Coulombic efficiency is crucial for supercapacitors as it measures the efficiency of
charge transfer within the device. High coulombic efficiency means that almost all the
charge put into the supercapacitor during charging is recovered during discharging, which

is vital for energy-efficient storage and retrieval.
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Figure 4.14: Cyclic Stability and Coulombic Efficiency
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The red plot in figure 4.14 shows the columbic efficiency over 10000 cycles. It
shows a 91% efficiency y for the first 5000 cycles and 85% efficiency was recorded over
10000 cycles. The excellent cyclic stability and high coulombic efficiency observed in the
ternary composite of ZnCo0204, WS>, and COOH-CNTSs can be attributed to the synergistic
effects of these three components. ZnCo204 offers high theoretical capacity and good
electrochemical activity, while WS: provides excellent conductivity and structural stability
due to its layered structure, which can accommodate volume changes during cycling.
COOH-CNTs, on the other hand, enhance the overall electrical conductivity and
mechanical strength of the composite, ensuring efficient charge transport and robust

structural integrity.

The combination of these materials leads to improved electrochemical
performance, where ZnCo:04's capacity is fully utilized, WS.'s stability prevents rapid

degradation, and COOH-CNTSs ensure efficient electron pathways and structural support.

This synergy results in a composite that exhibits remarkable cyclic stability,
maintaining nearly 100% capacity over 10,000 cycles, and high coulombic efficiency, with
only a slight decline, indicating minimal charge loss and high energy transfer efficiency.
Such a performance underscores the potential of this ternary composite for advanced

supercapacitor applications, combining high capacity, stability, and efficiency.
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CHAPTER 5: CONCLUSIONS AND FUTURE RECOMMENDATION

5.1 Conclusion

Successful synthesis of ZnCo0204 was done using a hydrothermal method, and
characterized by using XRD, SEM EDX and FTIR. WS; nanosheets were synthesized
using a liquid phase exfoliation method from bulk WS and characterized using XRD, SEM
EDX and FTIR. Binar composites of ZnCo0204/WS; and ZnCo,O4/FCNTs were
successfully synthesized and characterized. Ternary composite of ZnCo2,04/ WS2/FCNTs
was synthesized using a simple hydrothermal method. It exhibited a mesoporous
morphology consisting of FCNTs, WS, nanosheets with spherical porous balls of
ZnCo204. Fast electrolyte ion transport takes place in such morphology which ultimately
enhances the electrochemical properties of the electrode. The specific capacitance
calculated from CV curve at a scan rate of 5mV/s is highest for the ZnCO204/WS,/FCNTSs
(1421.93F/g), followed by ZnCo,04/FCNTs (1308.45F/g), ZnCo0204/WS>(1028.6F/g),
ZnCo,04 (788.6F/g), COOH-FCNTs(646.29F/g) and WS,(227.53F/g). The same trend
was also observed in the GCD of the electrode.

5.2 Future Recommendations

Research can be done on optimizing synthesis techniques like hydrothermal, sol-
gel, chemical vapor deposition etc. Conduct in-depth studies to understand the
electrochemical mechanisms and interactions within the composite, focusing on the
synergistic effects of ZnCo204, WS, and FCNTSs. Develop prototype supercapacitors or

batteries using the composite material to test real-world performance and scalability.
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