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Chapter 1
Introduction and Literature Review

1.1 Global Energy Dependence and the Role of Renewables

Fossil fuels have been reliable source of energy throughout the past centuries. Reserves
of fossil fuels are depleting and their pricing is being inflated. In addition, exploitation
of fossil fuels leads to environmental pollution by emitting CO> as end product. This

summarily leads to global warming and climate change.

The world is now looking at alternative energy sources for the ever increasing energy
demands of modern civilization. [1, 2] In 2013, 86.7% of the global energy came from
fossil fuels, such as crude oil, coal, and natural gas (Fig. 1.1). Additionally, the global
primary energy consumption is rising by 2.5% annually and is expected to climb by

56% by 2040, with oil as the primary energy source. [3, 4]
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Figure 1.1 The global energy usage in 2013 as a percentage of energy sources [4]
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There has never been a greater demand for reliable and efficient energy storage
technologies as the world increasingly depends on like wind, thermal, and solar. The
ever-demanding energy crisis is prompting the need for novel and innovative
technologies for the discovery and development of renewable energy sources and
modern energy-stowing system. [2, 5] Advanced electronic and optoelectronic devices
have recently been subject to a large demand for highly dependable energy sources with
greater energy density and a longer lifespan. Technological advancements in recent
years have resulted in the development of a variety of energy storage technologies that
have the potential to revolutionize the way we power our businesses, houses, and
industries. In recent years, significant efforts have been made to create an integrated,
sustainable self-power system for innovative electronics with enhanced energy
harvesting and storage device architecture. The efficient use and management of energy
resources, made possible by energy storage devices (ESDs) are essential to the modern
energy system. A comprehensive comparative analysis of ESDs has shown that
different technologies have different power and energy density characteristics, and the
choice of technology depends on the specific application. [6-8] Electrical, mechanical,
chemical, or thermal energy can be stored using ESDs, transforming it into
usable energy when needed. ESDs are critical for integrating renewable energy sources,
balancing the supply and demand of electrical energy, and ensuring grid stability.
Further in developing portable gadgets, electric cars, and the internet, high-
performance energy storage devices with additional features like flexibility,
lightweight, cost-effective, renewable, and eco-friendly qualities have been extensively

demanded. [9, 10]

The importance of renewable energy is rising as world seek to lower their dependence

on fossil fuels. The United Nations estimates that over 80% of the global energy output
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still comes from fossil fuels, although renewable energy sources continue to catch up.
[11] To ensure continuous growth, new policies must be implemented rapidly. The
International Energy Agency (IEA) also points out that over the next five years,
renewable energy sources are expected to surpass coal and account for over 90% of the
growth in global electrical power. [12] Several types of renewable energy sources are

available (Fig. 1.2) and each type has advantages and limitations.

Figure 1.2 Renewable energy sources

1.2 Problems/Limitations with Renewable Energy Sources
Renewable energy sources like solar, wind, hydro, tidal energy, natural gas, etc., can
produce electricity. There are numerous limitations to using renewable energy sources

like the sun and wind. These limitations include-
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e Power and current fluctuations

e They are intermittent and dispersed since the energy supply depends on the time
and the weather

e Due to production uncertainties and power fluctuations, using directly in

electrical appliances is not recommended

Renewable energy sources cannot meet the global energy demands since they are
intermittent and dispersed. To regulate and distribute electricity effectively,
efficient energy storage is necessary. However, their employment involves appropriate
methods to transform energy from one form to another. Energy storage solutions

must provide constant, continuous, fixed power and current as required.

1.3 Type of Renewable Energy Storage Solutions

The issues above have been major driving forces behind studying renewable energy
resources. With rising energy demand, developing sustainable, secure, and adequate
energy storage and conversion technologies has become essential for the world's
scientific and technology community. According to the Energy Storage Market Report
[13], energy storage technologies are crucial for allowing the grid's integration of
renewable energy sources. The research points out issues for enhancing grid-scale
utilisation and reliability that must be resolved, including the requirement for cost-
effective and efficient storage solutions. Several energy storage options have been used,

some of which are as follows:

1.3.1 Mechanical Energy Storage
Grid-scale mechanical energy storage systems store energy using gravitational or
kinetic forces. Electric energy is used to power flywheel energy storage systems

(FESSs) which stores that energy as kinetic energy. A spinning mass, known as a
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rotor, stores kinetic energy as it rotates in an almost frictionless environment.
Typically, an electrical source from the grid or any other source of electrical energy is
used as the input energy for the FESS. When temporary backup power is required
because utility power fluctuates or is lost, the inertia keeps the rotor to continue
spinning and the resulting kinetic energy is turned into electricity. An integrated motor
generator accelerates as it stores energy and decelerates as it discharges it. Some other
examples of mechanical energy storage systems are: pumped hydro-storage (PHS),

compressed air energy storage (CAES), liquid air energy storage (LAES) etc. [14, 15]
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Figure 1.3 Structure of a Flywheel with components [14]

1.3.2 Thermal Energy Storage

Thermal energy storage (TES) is a type of energy storage that allows excess thermal
energy to be stored and used later on requirement. It may be used to balance the energy
demands of the day and night, store heat from the summer for winter heating, or store
cold from the winter for summer air cooling. Sensible heat, latent heat, and
thermochemical heat storage are the categories of TES. [16] Sensible TES is the most

practical method to reduce energy consumption and CO: emissions. Several materials
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with different thermal characteristics may be utilised for TES, such as water, rock, and
silica/sand. TES in the form of sensible heat is based on the specific heat of a storage

medium, often retained in storage tanks with high thermal insulation. [17, 18]
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Figure 1.4 Schematic of the sensible heat storage system [18]

1.3.3 Superconducting Magnetic Energy Storage (SMES)
A direct current passing through a superconducting coil creates a magnetic field that
stores energy in the SMES technology. The system's three main components are

the coil, a power conditioning system (PCS), and a cooling system.

The idea is based on the observation that a superconductor will continue to conduct
current even after the applied voltage has been withdrawn. Current will continue to flow
(even after a voltage source is disconnected) when the coil is cooled below its
superconducting critical temperature, generally in the range of 4.5 - 80K (-269 to -
193°C). The current will continue to flow because the coil has negligible resistance at

these lower temperatures. The magnetic field created by the current in the

IIT (BHU), Varanasi Page | 6



superconducting coil serves as a storage medium for the energy. The coil can be

discharged to release it. [19, 20]
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Figure 1.5 Block diagram of a SMES system [19]

1.3.4 Electrochemical Energy Storage Devices

With the worldwide energy scenario changing rapidly daily due to the increase in
energy consumption, it is essential to take recourse to electrochemical energy storage
(EES) devices, which play a crucial role in meeting energy demands. The development
of portable electronic, electrical vehicles (EVs), and other cutting-edge technology now
relies heavily on the efficient reversible electrochemical process of EES devices.
According to the literature survey, ineffective energy storage methods result in a 30%
loss of power. Therefore, to reduce the loss, appropriate storage techniques should be
used. EES appear to be the most appropriate choice regarding energy storage efficacy.
EES technologies such as batteries and electrochemical capacitors (EC) are thus playing
a significant role in efficiently storing and supplying energy worldwide to address the
energy challenges. To create long-term sustainable energy storage systems, competitive

electrode materials with more excellent performance level are needed to meet present
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and future market requirements. Based on the type of EES devices, electrode materials

are chosen, as these are significantly diverse in their charge storage mechanisms. [21]

1.3.4.1 Types of Electrochemical Energy Storage Devices

Scientists are forced to drift and concentrate on alternate energy sources and storage
mechanisms due to the ubiquitous inherent limitations of conventional and non-
conventional energy sources and the catching hold of energy storage technologies. In
this vein, the global economy has started allocating funds to research and
advancement of EES technologies. The electricity or energy produced by renewable
sources can be stored as chemical energy, which can be more effectively converted into
electrical energy. Due to their recent achievements in providing portable electronics
with an efficient power supply, EES devices have gained much attention. Future
technologies for meeting the requirements for bulk energy storage and quick power
delivery includes redox flow batteries, metal-air batteries, and hybrid supercapacitors

with pseudocapacitive electrodes.

Batteries EES

systems

Capacitors

Fig. 1.6 Classification of rechargeable Electrochemical Energy storage systems

Among them, two primary rechargeable energy storage technologies, the capacitor and

the battery, have energized the worldwide commercial electronics sector. (Fig. 1.6).
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These devices construction and working principles are discussed in the following

sections.

1.3.4.2 Battery

The battery is a commonly used power source for industrial and domestic electronics
applications. It is a storage device that produces electrical energy from chemical energy
through a redox reaction. It consists of one or more electrochemical cells with two
electrodes in each cell that are electrically connected by an electrolyte of cations and
anions. The cell's polarity can be determined based on the ion's transport. Depending
upon the charging capability, batteries are classified into two types: primary batteries
(disposable or non-rechargeable batteries) and secondary batteries (rechargeable

batteries).

Conventional batteries are non-rechargeable and must be replaced after their stored
energy is used. This battery is more affordable, with a lower discharge rate and higher
energy density. It is mainly employed for short-term storage purposes. Rechargeable
batteries are the evolved form of primary batteries and can be utilized throughout the
battery's cycle life. The chemical energy in rechargeable batteries is converted into
electrical energy during discharging, and the electrical energy is then used to restore
the original chemical composition during charging. Some examples of disposable
batteries are zinc-carbon batteries and alkaline batteries. The rechargeable battery
category includes lead-acid, lithium-ion, nickel-cadmium, nickel metal hydride, and
nickel-zinc batteries. Between these two types, disposable batteries offer higher specific

energy compared to the other. Some of them are discussed below.
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1.3.4.2.1 Lead-Acid Battery

Lead-acid (LA) batteries are the most commonly utilised electrical energy storage
technology globally compared to other electrochemical sources. [22] The first
rechargeable battery for commercial use was invented in 1859 by French physician
Gaston Planté. LA batteries are suitable for medium and large energy storage
applications because they offer a good combination of power parameters and a low
price. This is due to their low cost and readily available lead, high voltage of the cell (2
V), high electrochemical effectivity, and cycle life from several hundred to thousands
of cycles. Several series-connected lead alloy cells typically make the grid structure of
a LA battery. Other metals are added to improve electrical properties and gain
mechanical strength. Antimony, calcium, tin, and selenium are the most often used

additives.

Lead oxide (PbO) pasted onto a grid is used as the active component in LA batteries.
These are electrochemically transformed to produce reddish-brown lead dioxide PbO»
on the positive electrode and grey spongy lead Pb on the negative electrode. Separators
electrically separate the positive and negative electrodes, and an aqueous solution of

H>SO4 with a density of 1.22-1.28 g/cm? is employed as the electrolyte. [23]

During discharge overall chemical reaction is:

PbO, + Pb + 2H,5S0, — 2PbSO, + 2H,0  E° = +2.048V  (l.])

The LA battery is used to crank automobile internal combustion engines and support
devices requiring electrical energy when the engine is not running. The battery has a
cyclic life of about five years (1000 charge-discharge cycles). Positive plate expansion,

water loss brought on by gassing or a high temperature, acid stratification, positive grid
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corrosion, and improper charging resulting in active mass sulphation can all have an

adverse effect on LA battery. [24]

Despite the rising demand for lithium-ion batteries, LA batteries remain ahead of their

peers because of their cheaper cost than other battery types.

Figure 1.7 Scheme of prismatic and spiral wound construction of Lead Acid battery
[25]

1.3.4.2.2 Lithium-Ion Battery

Over the past 30 years, lithium-ion batteries have made the advancement in portable
devices possible. The first battery was commercialised by Sony (1991) only after the
discovery of lithiated transition metal oxides and lithium intercalation into graphite,
although lithium was reportedly inserted electrochemically into transition metal

compounds in the 1970s. [26]

The Li-ion battery (shown in Figure 1.8) is regarded as the best among electrochemical
cells due to its high energy density (between 120-170 Wh kg™!), high cell voltage (3.6

V), appropriate weight, and negligible memory effect, among other characteristics.
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Despite these advantages, it has two significant drawbacks: less power density and low
charge/discharge rates. The anode material is usually graphite while the cathode
material is LiCoQO». Lithium ions are transported from the cathode to the anode during
charging and back to the cathode during discharging LiPFs is the electrolyte;
ethylene carbonate and dimethyl carbonate are among the organic solvents used in the
mixture. Lithium-ion batteries are made in prismatic, cylindrical, and coin formats (see

Fig. 1.9).

LiCoO, Carbon
Charging
-

Li*

Li*

[
Discharging

Cathode Anode

Figure 1.8 Schematic diagram of Li-ion battery through the connected load. [27]

During the energy-storage (charging) stage, the following processes occur:

Cathode: LiCoO, < Li;_,Co0, + xLi* + xe~ (1.2)

Anode: Cg + Lit + e~ © LiCq (1.3)
Due to the low voltage variations that occur during insertion and de-insertion for many

materials, intercalation processes can provide high reversibility. A number of higher
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voltage cathodes have been suggested, among them a series of lithium-intercalated

materials based on the spinel LiyMxMn».xO4, where M = Cr, Fe, Co, Ni, and Cu. [28]
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Figure 1.9 Construction of prismatic and cylindrical Li-ion cell construction [25]

Li-ion batteries still have a number of drawbacks despite their technological potential,
particularly in terms of safety. High voltages can harm Li-ion batteries because they
frequently overheat. This can occasionally result in thermal runaway and combustion.
[29] Li-ion batteries may age, which causes them to lose capacity and frequently
malfunction after a number of years. Their cost, which is around 40% higher, but the
fact that they are not the best choice for applications that require rapid charge storage,

such as regenerative braking, is another barrier to their wider use. [30]

1.3.4.2.3 Redox Flow Battery

A redox flow battery (RFB) is a type of electrochemical cell where active species are
dissolved in liquid electrolytes, with the reaction occurring in the solid-liquid interface
between the active solution and an inert electrode. In contrast, the reaction occurs in the
solid electrodes in other batteries. Particularly since the required advancements that
made this technology viable in the energy market, RFBs have flourished recently. New

redox-active materials have been created as inexpensive and high-power-density for

IIT (BHU), Varanasi Page | 13



next-generation RFBs. Performance characteristics of RFBs, such as overpotential and
cell power density, are greatly influenced by electrochemical kinetics. Electrochemical
energy storage using RFBs has several benefits over other energy storage methods,
including stand-alone modular design, no geographical requirement, high efficiency,
swift response, etc. Several redox-flow batteries have been created by applying various
active redox systems, including polysulfide/bromide, vanadium, Fe/Cr, etc. A

schematic of the redox flow battery's mechanism is shown in Fig. 1.10. [31-33]

Anolyte
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Charge —»
Discharge —

Figure 1.10 Schematic mechanism of a Redox Flow Battery [31]

1.3.4.2.4 Metal-Air Battery

Metal-air batteries have greater theoretical energy density than lithium-ion batteries as
it combines the features of both conventional batteries and fuel cells. They are
frequently promoted as the solution for next-generation electrochemical energy storage,
including grid and electric vehicle energy storage. A metal anode and an air-breathing
cathode are assembled in a metal-air battery with the appropriate electrolyte.
Depending on the type of anode used, the metal anode can be an alkali metal (such as
Li, Na, and K), an alkaline earth metal (such as Mg), or a first-row transition metal
(such as Fe and Zn) with good electrochemical equivalence. The air-breathing cathode

frequently has an open porous architecture that allows continuous oxygen supply from
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the surrounding air. A schematic diagram of the Li-air battery is shown in Fig. 1.11.

[34-36]

< = S
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Figure 1.11 Schematic diagram of Li-air battery [35]

The electrochemical reaction of metal (Zn, Al, Fe) and oxygen in metal-air batteries are

described below.
In aqueous electrolyte
Anode: M = M™ + ne~ (1.4)
Cathode: O, + 2H,0 + 4e™ = 40H™ (1.5)
In non-aqueous electrolyte

The working principle of Li-air battery in the non-aqueous electrolyte is given below.

Anode: 2Li = 2LiT + 2e~ (1.6)

Cathode: 0, +e~ = O} (L.7)

05 + Li*t = LiO, (1.8)

LiO, + Li* + e~ = Li,0, (1.9)
Overall reaction: O, + 2Li = Li,0, (1.10)
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1.3.4.2.5 Metal-Sulphur Battery

Alkali metal-sulfur batteries, which include lithium-sulfur (Li-S) and sodium-sulfur
(Na-S) batteries, have a very high energy density, extended cycle and calendar life,
cheap cost, and high level of safety, making them ideal for large-scale energy storage
applications. Elemental sulphur impregnated in a porous matrix makes up the cathode
side of metal-sulfur batteries with a metallic anode side. They attract much interest and

are regarded as next-generation batteries for the following reasons.

e Due to their higher capacity than intercalation compounds, the use of active
metal anodes provides an increase in specific energy

e A cathode made of elemental sulphur has a high theoretical specific capacity
(1.675 Ah/g)

e Battery parts are inexpensive and non-toxic

e The high reactivity of metallic anodes (e.g., Li, Na, Mg, and Al).

In this regard, the construction and charge-discharge mechanism of the Li—S battery
consists of a lithium metal (anode), an organic electrolyte and a sulfur composite
(cathode). When sulfur is in charged state, the cell's function begins with discharge.
Lithium metal is oxidised at the negative electrode during discharging, resulting in
lithium ions and electrons. An electrical current is created when lithium ions go from
the negative to the positive electrode through the electrolyte. At the same
time, electrons move from the negative to the positive electrode via the external
electrical circuit. Sulfur is reduced to produce lithium sulfide by accepting the electrons
and lithium ions at the positive electrode. Li-S cells are presented schematically in Fig.
1.12, along with their charge and discharge processes. The reactions occurring during

charge and discharge are given below
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Figure 1.12 Li-S cell schematic showing its charge and discharge processes [37]
Negative electrode: anodic reaction (oxidation, loss of electrons)
2Li - 2Li* + 2e~ (1.11)

Positive electrode: cathodic reaction (reduction, gaining electrons)

S + 2Li* 4+ 2e™ - Li,S (1.12)
Overall cell reaction

2Li + S - Li,S (1.13)

The theoretical cell capacity of the Li-S cell is 1.167 Ahg™ since the theoretical
capacities of lithium and sulphur are 3.861 and 1.672 Ahg™!, respectively. The average
cell voltage during the discharge reaction is 2.15 V. Therefore, a Li-S cell's theoretical

gravimetric energy density is 2.51 Whg!. [37-39]

1.3.4.3 Capacitors
Capacitor, known as a condenser or an electrostatic capacitor, is an energy storage

device with two electrically conducting plates or electrodes separated by a dielectric
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layer. The dielectric layer can be a vacuum or an electrical insulator material such as

ceramics, glass, paper, plastic, and aluminium oxide.

Figure 1.13 Schematic illustration of a conventional capacitor

When a voltage is applied across the plates through an external power source, which
creates a potential difference between the two plates, thereby building up an electric
field, and the capacitor stores electrical energy in this field by accumulating electric
charges on the two surfaces of the plates insulated from each other. The conventional
capacitor's schematic working principle is shown in Fig. 1.13.

Additionally, when an external power source is removed, the charges on the appropriate
plates still exist, indicating the charging state of the capacitor. [40] To transfer its stored

energy to a connected resistive load, the capacitor discharges positive/negative charges.

Electrochemical capacitors and dielectric capacitors are the two primary categories of
capacitors. A dielectric substance serves as the medium of a dielectric capacitor, which

stores charge by polarising a dipole around the electrode and dielectric interface (Fig.
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1.14a). An electrolytic capacitor's medium is an electrolyte, often a solid or liquid ionic
conductor. To store charge, it accumulates anions at the interface surrounding the
positive electrode and electrolytes and cations at the interface around the negative
electrode, as shown in Fig. 1.14b. [41] The capacitance value of a capacitor serves as a

measure of its capacity for charge storage.
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Figure 1.14 Charge storage schematics in (a) dielectric and (b) electrolytic capacitor
are shown in the diagram [42]

Equation (1.14) demonstrates that the capacitance of a capacitor is inversely
proportional to the distance (d) between the two plates and directly proportional to the

area (4) between the electrode and the dielectric.
A
C=E&¢& (1.14)

here, & and &o are the relative and vacuum permittivity, respectively. Electrolytic
capacitors have a higher capacitance than dielectric capacitors because they have more
movable free electrons. An electrolytic capacitor's capacitance is often measured in mF,

whereas a dielectric capacitor's capacitance is measured in pF.

Due to their low energy density, these traditional capacitors can only be used in
limited applications. Because of this, searching for a new material resulted in pseudo-
capacitors (PCs) or supercapacitors (SCs) being considered a new kind of capacitors.

Porous materials with a high-surface area, such as carbon particle materials, generally
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consist of energy storage (ES) electrodes, and the separator is either solid or liquid,
forming electrode/electrolyte interfaces, in contrast to traditional capacitors. These

interfaces, also known as electric double layers, have a larger surface area than

conventional capacitors and may hold more charges as a result. It is well known that
PCs have a superior ability to store energy than traditional capacitors due to their

enhanced structure.

1.3.4.4 Parameters of Performances for Grid-Scale Energy Storage

Grid-scale energy storage is the term used to describe the use of large-scale energy
storage devices to store extra energy produced by power systems for later use. The
following are some of the performance parameters for grid-scale energy storage

systems that are used to assess their performance:

e Uninterruptible power supply (UPS) power quality
e Grid supported

e Bulk power

e Response time

e Cost of grid-scale energy storage systems

1.3.4.5 Supercapacitors for Grid-Scale Energy Storage Application

The current scenario calls for a device with unique capabilities, such as high power,
energy density, and extended cycle life. [43] Batteries and capacitors can't meet the
high energy demand and fast delivery needs of modern high-power devices. In the last
several decades, supercapacitors have been designed to address the main shortcomings

of traditional energy storage devices (batteries and capacitors). [44]

With their exceptional energy and power densities, SCs are suitable for promoting a

paradigm shift towards green energy for a future with immense promise in the global
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energy market. SCs is regarded as a bridge between a battery and a capacitor, attracting
much interest in energy storage devices. Batteries can store a more significant amount
of energy than capacitors, which are known to charge and discharge at faster rates. SCs,
also known as electrochemical capacitors or ultracapacitors, are greatly desired for
commercial electronics due to their extraordinarily high power densities, extended
cycle lives, wider operating temperature range (-40 °C to 70 °C) and straightforward
construction and operation. [45, 46] SCs offer several significant benefits, including
high power density (more than 10 kW kg, excellent cycle life (more than 10, 00000
cycles), high rate capability, minimal service needed when operating for an extended

period, and low cost. [47, 48]

SCs are made up of two electrodes isolated by a separator. The separator (soaked with
electrolyte) prevents the electrical conductivity between the two electrodes. For optimal
performance, the separator's thin thickness must be ion-permeable for quick ionic
charge transfer and high electric resistance. SCs can store charges either chemically
(interface-confined) or electrostatically. [49] The potential of an SC is a function of the
charge held and indicates a simultaneous continuous shift in free energy with material

transformation.

Based on an energy storage mechanism and the transit of ions from the electrolyte to
the electrode surface, pseudocapacitors (PCs) and hybrid supercapacitors (HSCs) are

the two main categories of supercapacitors (SCs). [50]

1.3.4.5.1 Pseudocapacitors
Pseudocapacitors, called as electrochemical capacitors is another type of
supercapacitor, differ from electrostatic capacitors or EDLCs (electric double-layer

capacitors). De-solvated ions that have been adsorbed on the electrode surface function
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as electron donors and contribute their charge as faradic current, which are the sponsors
of pseudocapacitance accompanied by EDLC over the surface. The electrosorption
(intercalation of ions at the electrode-electrolyte interface) processes or redox reactions
may be the sources of the faradic charge transfers. [51-53] In the case of a redox
process, the electrolytic electron donor ions are adsorbed over the electrode surface. In
contrast, in the intercalation/deintercalation mechanism, they are channelled via the

multilayer electrode surface. [54]

Transition metal oxides, metal carbides, metal nitrides, metal sulfides, as well as
conducting polymers are typically considered pseudocapacitive materials due to their

high ionic conductivity to induce pseudocapacitance.

The most of the pseudocapacitive electrode materials are made up of metal oxides (such
as Ru0», V,0s, NiO, Co304, and MnQO3), metal sulfides (such as NiS, CoS, MoS, ZnS,
and CuS), and conducting polymers (such as polypyrroles, Pani and polythiophenes)
provide large electrochemical capacitance due to their high ionic conductivity. The
battery-type non-capacitive storage mechanisms, which obey bulk intercalation type
redox faradic charge transfer, are often mistaken for the pseudocapacitive storage
mechanism. Redox reactions can be diffusion-controlled and slow when electrolytic
ions (Li" in Li-ion batteries) are inserted; however, the redox reaction in
pseudocapacitance is swift because electrons quickly cross the double layer into the
clectrode surface without changing its inherent crystal structure or phase. [49] The
voltage response of the two types of charge storage also serves as a valuable marker for
the distinction between pseudocapacitive and battery-type charge storage; for
electrodes to be capacitive, the storage should vary proportionally with applied voltage,
whereas the maximum amount of charge stored in the battery electrode occurs at a

specific applied potential. [55] Batteries' bulk redox processes are slow, but the multiple
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electron transfer gives them a higher storage capacity. On the other hand,

pseudocapacitors act as a bridge between batteries and EDLC materials, combining an

improved energy density from faradic electron transfer with a high compensatory power

density from surface-confined reactions and a superior level of stability due to the

minimal structural modifications.

1.3.4.5.2 Classification of Pseudocapacitance

The surface coverage of the electrodeposited species was used to determine capacitance

according to the kinetic theory of pseudocapacitive storage, which postulated a linear

relationship of the heat of adsorption on it. Conway hypothesised several faraday

mechanisms through which capacitive electrochemical properties might be achieved.

They are as follows and shown in Fig. 1.15

Underpotential Deposition - deposition under insufficient potential occurs when
metal ions form an adsorption monolayer on the surface of another metal with
a strong interaction that is significantly greater than its oxidation-reduction
potential (Fig. 1.15a). An excellent example of underpotential deposition is the
deposition of Pb on the surface of Au electrodes. [56]

Redox Pseudocapacitance - the electrochemical adsorption of ions to the surface
or near thesurface of the electrode material results in redox
pseudocapacitance, accompanied by faraday charge transfer (Fig. 1.15b).
Faradaic reactions mechanism occurs in hydrous RuO> in H>SOy4 is a typical
example of redox pseudocapacitance. [57]

Intercalation Pseudocapacitance - there is no crystalline phase transition and
Faraday charge transfer intercalation pseudocapacitance, which is the

intercalation of ions into the tunnels or interlayers of redox-active materials
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(Fig. 1.15¢). Nb2O:s is a typical intercalation pseudocapacitance material where

pseudocapacitive type Li-ion intercalation occurs. [42, 58]
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Figure 1.15 Schematic diagram about charge-storage mechanisms of various
pseudocapacitive materials: (a) underpotential deposition, (b) redox pseudocapacitor
and (c) ion intercalation pseudocapacitor.

1.3.4.5.3 Hybrid Supercapacitor

The capacitance of the electrode and the cell's voltage are the two parameters that
determine the energy density of SCs. In contrast to pseudocapacitors, which had a larger
specific capacitance and limited cyclic stability, EDLCs had a higher power density,

low energy density, and superior cyclic stability.

Atomic charge partition length and intrinsic shell area are energy storage sources in
EDL capacitors. Fast cyclic redox reactions between electroactive components
positioned above the active electrode material and the electrolyte solution store energy
in pseudocapacitors. The hybrid supercapacitor (HSC), comprising a blend of these two
storage techniques (EDLC and a pseudocapacitor), performs better by overcoming the
independent units' disadvantages [59] (Fig. 1.16). Hybrid supercapacitors show
improved electrochemical behaviour when using two separate electrodes made from

different materials than the individual ones. Hybrid capacitors exist in three main types
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- Composite, Asymmetry and Battery type [50, 60] and may be distinguished by

how their electrodes are set up.

OO0

Positive (+)

Negative (-) |

A

Separator l

Battery-type electrode Capacitor-type electrode

Figure 1.16 Hybrid Supercapacitor

e Composite HSC - Incorporating metal oxides, chalcogenides, nitrides,
carbides, phosphates, or conducting polymers into carbon material results in
composite SCs. The carbon material increases the pseudocapacitor material's
activation sites and surface area, which leads to a higher specific capacitance
and longer cycle life. Composite electrode materials could improve operating
potential windows, specific capacitance, and corrosion stability.

e Asymmetric HSC - Asymmetric coupling refers to the use of metal oxides,
chalcogenides, nitrides, carbides, phosphates, or conducting polymers as the
positive electrode and carbon material as the negative electrode in materials

with non-faradic and faradic processes.
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e Battery type - The supercapacitor and battery electrodes are united in one cell,
similar to an asymmetric cell. However, this cell has the characteristics of both

in one. [61]

1.3.4.6 Electrochemical Characteristics of Different Charge Storage Devices

In contrast to high energy density redox-driven batteries, which can only generate
extreme amounts of power, pseudocapacitors utilize both capacitive and redox
processes to provide large quantities of power density with a higher energy density. [62,
63] It is essential to correctly identify the charge storage mechanism of the electrode
materials in light of each one's unique potency, which needs to be understood.
Batteries exhibit broad and sharp redox peaks of the associated metal centres compared
to capacitors, while capacitive mechanisms exhibit a potential independent capacitance
with rectangular symmetric cyclic voltammetry curves. According to broadly spread
peaks that follow mirror images during a potential reversal, pseudocapacitive materials
are classified (Fig. 1.17 (a-i)). The voltage vs. time plot under galvanostatic conditions
can also demonstrate the transition from capacitive to battery-type storage mechanisms,
with capacitive response reflecting a linear response in contrast to the plateau response

of battery electrodes. [64, 65]

The possibility of surface-mediated or diffusion-controlled processes can be obtained
by implementing kinetic analysis to determine rate-limiting steps of the various
mechanism put forth by Lindstrom et al. using the dependency of scan rate on
voltammetric current to gain insight into the transport assessment. The b value, from
the power law, anticipates the kinetic constraints described in the equation 1.15. [66,

67]

i =av? (1.15)
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where i is the measured current (A), values of a & b are adjustable, and v is the scan

rate (V/s).
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Figure 1.17 Typical cyclic voltammograms (CV) and galvanostatic discharging
curves for different types of electrochemical energy-storage materials - Type-A
(EDLCs), Type-B (pseudocapacitors), and Type-C (batteries) respectively; (a) CV
profile for EDLCs, (b) Surface redox processes, (d) Intercalation-type process, (e)
Intercalation-type with partially reversible redox peaks, respectively, displayed by
pseudocapacitive electrode materials, (g - h) CV of characteristic battery-like
materials while (¢, f, i) Represent the corresponding galvanostatic discharging profile.
[65]

The relationship between log (i) and log (v) is used to get the b value, where b is the
slope of the linear fit. The b value lies between 0.5-1, b = 1 stands for the surface control
capacitive reaction or electrosorption, while » = 0.5 stands for the semi-infinite
diffusion control reaction for battery (intercalative) type material. [68-70] Dunn et al.
[71] made additional modifications to the rate limitation kinetics to deconvolute mixed

processes occurring using the equation

i(V) = K;u + K,0/? (1.16)
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where v is the scan rate, i is the current from CV curves at potential V. In eq. 1.16, Kiv
and K>v'? are the current contributions from the surface capacitive and diffusion-
controlled intercalation processes, respectively. Thus, after the determination of K; and
K>, from the slope and intercept of the y-axis from linear fit, we can quantify their

contribution to the current density at fixed specific potentials. [72, 73]

Dunn subsequently averaged current over a period of time for each step to reproduce a
cyclic voltammogram with minimal ohmic responses and afterwards separated

individual contributions using K and K>.

loyrall = lc + g + IR (1.17)

where i is the contribution of surface controlled, iy is the contribution of diffusion-

controlled, and iy represents the contribution of residual current. [74]

Apart from all the analyses mentioned above emphasising the current responses of
various mechanisms, Trassati et al. proposed voltammetric charge to distinguish
between the contributions of the inner and outer surfaces to the total charge storage.
According to Trassati, the electrode's inner and outer surface capacitances add to the

total specific capacitance. It can be expressed as
Crotar = Cin + Coue (F/g) (1.18)

where the outer surface charge stored can be calculated from the intercept (v = tends to

2 curve and maximum charge stored can be calculated from Ciotal

infinity) of Cout vs. 0!
vs. 02 curve. Trasaati assumed that the inner surface depended on the scan rate

provided the lesser accessibility of the active redox sites, and the outer surface was scan

rate invariant. The Trasaati model was heavily criticised for failing to account for ohmic
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losses, yet it was shown to be viable in specific conditions, where negligent ohmic

contributions were present. [75], [76]

Usually, materials with a carbon-based material are utilized as the negative
electrode, while materials with a pseudocapacitor base are employed as the positive
electrode. Supercapattery (supercapacitor + battery) [77] has recently been proposed as
a new terminology to describe the variety of devices that benefit from both capacitive
and faradaic charge storage processes. While supercapacitors have a high-power
capability and batteries have a massive capacity for storage, supercapattery comprises
a wide variety of combinations but still aims to reach this goal. Finally, several
functional parameters of the above-discussed energy storage devices are furnished in

Table 1.1.

Table 1.1 Comparisons between batteries, capacitor, and supercapacitor

Parameters Capacitors Batteries | Supercapacitors
Energy density (Wh/kg) 0.01-0.3 30-265 0.5-20
Power density (W/kg) > 5000 100-3000 5000-10000
Charge/Discharge time Ips-1ms 1-10 hrs Ims-1s
Operating range (V) 6-800 1.2-4.2 1.0-4.5
Cycle life (Cycles) More than 1 million | 150-2000 | Up to 1 million
Operating temperature -20 to +100 -20 to -40 to +85
range (°C) +65

1.3.4.7 Factors Affecting the Performance of SCs

The efficiency of SCs largely depends on the performance of the electrode materials
and their compatibility with suitable electrolyte conjugates employed for various
electrode materials giving the required higher specific energy. To significantly

improve the performance of SCs, new high-performance supercapacitor technologies
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require the rational crafting of electrode materials and the appropriate use of

electrolytes. [55, 78, 79]

High accessible electrochemical active sites, porosity, high theoretical capacitance,
short diffusion routes, and strong electrical conductivity are strains placed on electrode
materials to obtain high performance and effectively used SC electrodes. Therefore, the
development of innovative electrode materials with sustainable and affordable
morphologies and compositions that can support high performance has been at the

forefront of energy research. [80, 81]

The electrolyte selection can considerably influence total storage, stability, power, and
energy outputs, in addition to the importance of the electrode materials. The
performance of SCs may be adversely affected by the electrolyte's parameters, such as
its ionic conductivity, thermal strength, charge carrier mobility, ionic radii, and
dielectric constant. [82] Several large-scale studies have concentrated on
synthesizing various electrolytes in terms of their required characteristics for the
performance improvement of SCs. Organic electrolytes and ionic liquids can
effectively offer a large potential window for SCs' enhanced energy density. However,
compared to their aqueous electrolyte counterparts, their low ionic conductivity might
lead to high equivalent series resistances. [83] lonic liquids provide safety;
nevertheless, they, along with organic electrolytes, have lower ionic conductivities than
traditional aqueous electrolytes. The energy capacity is limited by the electrolysis of
highly ion-conductive aqueous electrolytes at lower potential windows. [84] Careful
consideration should be provided for material selection and the design of the energy
storage system constructed to determine the output of the energy harvesting system.
The time constant and total output of SCs can also be significantly influenced by the

electrode thickness, separator, and packaging, demanding adequate attention to material
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properties vs. device performance. [85] The SCsdevice's manufacture requires

attention to several components, as shown in Fig. 1.18, to achieve optimum

Supercapacitor
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multiple
cyclinglife

Figure 1.18 Components responsible for tuning the performance of the SCs

1.3.4.8 Electrode Materials for Supercapacitors Application

The manufacturing cost of materials, service life, environmental impact, and
recyclability drives profound research and development in different energy conversion
and storage devices. Therefore, SCs must provide higher energy density and lower
costs for commercial applications. For this reason, electrode materials are crucial in

enhancing the functionality of an electrochemical capacitor. The characteristics of an
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optimal electrode material for excellent-performance supercapacitors are as follows:

[50, 86]

> It should possess a high specific surface area (1000-2000 m?/g) (which helps
specific capacitance)

» It should have optimized porosity and surface wettability with minimized internal
electrolyte resistance (which affects the rate capability and specific capacitance)

» High electrical conductivity with a maximum operating potential range of cycling
is within the solution's decomposition limit (which is crucial to power density and
rate capability)

» It should possess desirable electroactive sites (which enables pseudo-capacitance)

» The actual electrode material and contacts must have minimal ohmic resistance

(which affects the rate capability and specific capacitance)

1.3.4.9 Pseudocapacitor Electrode Materials

Due to their redox behavior, conducting polymers, metal sulfides, and transition-metal
oxides are generally used as pseudocapacitor electrodes. During the charging and
discharging cycle, the redox reaction occurs at the electrode and electrolyte interface.
The supercapacitor's capacitance and energy densities are more significant than
those of EDLCS because it uses charge carriers generated from redox reactions.

However, the main disadvantage is the short life spans.

1.3.4.9.1 Conducting Polymers

Conducting polymers are one of the most promising pseudocapacitor electrode
materials for flexible supercapacitors. They are frequently investigated because of their
low cost and facile synthesis. Conductive polymers can be used in diverse applications
due to the possible doping forms of conducting polymers. Conductive polymer

capacitors may be divided into three main categories. The first type comprises an
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entirely identical p-type doped conductive polymer. This capacitor releases just half of

the charge, and the potential difference between the two poles is slight. [87]

The second capacitor comprises various conducting polymers, which can have p-type
doping of different conducting polymers. The potential range of doping is variable
according to the various conductive polymer electrode materials, allowing the capacitor

to have a greater voltage differential when it is completely charged. [88, 89]

The last type comprises an n-type and a doped p-type doped electrode. In the fully
charged state, the cathode of the capacitor is in an entirely n-doped state. At the same
time, the positive electrode is in a fully p-doped condition, increasing the voltage
difference between the two electrodes. The critical advantage of utilizing complex
polymer electrodes is that, unlike conventional metal oxides, which provide high
capacitance, the entire polymer structure is exposed to the doping of ions. Polyaniline
(PANI), poly(3,4-ethylenedioxythiophene) (PEDOT), and polypyrrole (PPy) are the
conducting polymers employed for the charge storage mechanism. For instance, PANI

[90] demonstrated a high capacitance of 609 F/g.

1.3.4.9.2 Perovskite Oxides

The perovskite with general formula ABO3, where “A” is usually an alkali earth metal
or a lanthanide and “B” is a transition metal (such as Fe, Mn, Ni, Co etc.) are well-
known, promising materials for pseudocapacitors. Due to its ability to accommodate
various sizes and valence cations in A and B-sites, perovskite oxides can be
considered an inorganic chameleon. Such compositional flexibility causes structural

distortion and occasionally an excess or a shortage of oxygen. The tolerance factor t =

(ra +10)/V2(rg + o) , where ry, rg, and rq correspond to the radius of the cation
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(A/B) and oxygen anion and are 1 for the ideal cubic case, can be used to predict the

ease of production and stability of these distorted perovskite structures. [91]

Nd;—xSrxCo0Os-s was the first material that Kudo et al. described, and it exhibits

reversible anion intercalation exchange in the range of 0 < ¢ < x/2, leading to superior

pseudocapacitive charge storage in an alkaline electrolyte. [92]

The use of perovskite oxides in pseudocapacitors has several benefits. Below are some

of them:

Tuneable properties: Perovskite oxides have tuneable properties that can be
adjusted by substituting elements strategically. This makes it possible to

enhance their performance in pseudocapacitors.

High capacitance: Perovskite oxides are the best choice in high-performance

pseudocapacitors because of their excellent pseudocapacitance value.

Multiple valence states: Some perovskite oxides, such as LaNiO3, have many
valence states. This enables the storage of charge in various ways, leading to

improved pseudocapacitance.

Stability: Perovskite oxides are ideal for long-term application in

pseudocapacitors due to their exceptional structural stability.

Catalytic activity: The catalytic activity of perovskite oxides can improve the

performance of pseudocapacitors.

Oxygen ion mobility: High oxygen ion mobility in perovskite oxides can

enhance their electrochemical performance. [93-97]
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The concept of doping on an A-site with a lower valence state is utilized by Alexander
et al. while synthesizing high-charge storage perovskite. To balance the charge, oxygen
vacancies are generated when a lower valence state is doped or the B-site (Fe, Mn, or
Co) is oxidised in La;xSrxBOs. In this regard, Cao et al. synthesised LaNiO3 nanofibers
using the electro spun technique and investigated the impact of Sr substitution (A-site)
on their structure and electrochemical performance. [98] Due to its redox active sites,
the B-site iscrucial for efficient charge storage. A large voltage asymmetric
supercapacitor is constructed using the significant redox potential difference between
two distinct B-site perovskites. Fe, Co, and Mn - based perovskite oxides completed the
whole perovskite asymmetric supercapacitor, with Fe as the negative potential
electrode and Co as the positive electrode. [99] Consequently, several studies are
ongoing to assess the impact of B-site doping on producing electrodes with a
large potential window. A review and summary of some of the perovskite oxides

utilized in past investigations are shown in Table 1.2.

Table 1.2 Literature review on several perovskite oxide-based supercapacitors and
their specific values

Electrode Electrolyte Specific Ref.
material capacitance
SrRuO3 6 M KOH 270 F/g at 20 mV/s [92]
LaNiO3 1 M NazSO4 160 F/g at 10 mV/s [100]
LaMnO; 9 1 M KOH 610 F/gat 1 mV/s [101]
LaCoOs3 6 M KOH 706.9 F/g at 1 A/g [102]
BiFeO; 6 M KOH 1060 F/gat 1 A/g [103]
Lag.7Sr03FeOs.5 1 M NaxSOq4 523.2F/gat0.8 A/g [104]
SrC00.9M00.103.-5 6 M KOH 12233 F/gat1 A/g [105]
Sro.sBao2MnO3 0.5 M NaxSOq4 446.8 F/gat 0.5 A/g [106]
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1.3.4.9.3 Transition Metal Oxides

Due to their exceptional structural flexibility and high specific capacitance,
several transition metal oxides in different oxidation states are appealing materials for
supercapacitors. The electric double-layer storage and the reversible redox process
are the foundation for energy storage in transition metal oxides. Therefore, the main
component of the charge storage mechanism is pseudocapacitance. Compared to
traditional carbon materials, metal oxides can offer a greater energy density for EC and
more electrochemical stability than polymer materials. Metal oxides undergo
electrochemical faradaic reactions between electrode materials and ions within
specific potential windows and can store energy similarly to carbon-based materials. In
general, metal oxide exhibits poorer electrochemical performance and has lower
electrical conductivity than carbon-based materials. To overcome this, additions of

carbon scaffolds are generally employed. [107]

Ruthenium oxide (RuOy), for instance, is regarded as the best electrode material for
pseudocapacitors because of its broad potential window, high specific capacitance (450
F/g at 125 mV/s), thermal stability, and extended cycle life, among other advantages.
[108] However, these benefits are diminished by the high expense and toxicity. This
may be avoided by using inexpensive metal oxides. Compared to RuO», a less
expensive metal oxide, and its ions can make a reversible transfer among the multiple
valences has been the subject of much interest. MnO; has been actively researched as a
substitute for RuO: due to its low cost, abundance, and high "theoretical" capacity, since
Lee and Goodenough (1999) described its pseudocapacitive behavior.
Several transition metal oxides were employed for the supercapacitor, including
vanadium oxide, cobalt oxide, zinc oxide, tin oxide, and cobalt oxide. Due to their

increased reversible capacity, excellent structural stability, and high electronic
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conductivity, binary transition metal oxides have received much attention recently as
researchers look for new electrode materials for supercapacitors. A review and
summary of some of the metal oxides utilized in past investigations may be found in

Table 1.3.

Table 1.3 Literature review on several metal oxide-based supercapacitors and their
specific values

Electrode Electrolyte Specific Ref.
material capacitance
NiO 1 M KOH 2018 F/gat 2.27 A/g [109]
V205 0.5 M K2SOq4 375 F/gat0.5 A/g [110]
MnO> 1 M NazSO4 391 F/gat 5 mV/s [111]
Mn;304 6 M KOH 583 F/gatl Alg [112]
C0304 1 M KOH 548 F/g at 8 A/g [113]
CuO 6 M KOH 536 F/gat2 Alg [114]
Fex0s 6 M KOH 520 F/g at 5 mV/s [115]
NiCo0204 6 M KOH 2876 F/gat 1 A/g [116]
CeO2 1 M HCI 927 F/gat2 Alg [117]
RuO; 0.5 M H2SOq4 650 F/g at 20 mV/s [118]
MoO;3 1 M NaxSOq4 176 F/g at 1 mA/g [119]
SnO; 0.5 M NazSOq4 66 F/g at 10 mV/s [120]

1.3.4.9.4 Transition Metal Sulfides

Metal oxides and carbon materials have previously dominated the field of research for
SCs as effective pseudocapacitive and EDLC electrode materials. In contrast to their
oxides counterparts, transition metal sulfides (TMS) have recently captured the

spotlight and emerged as a new paradigm for supercapacitors due to their superior
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electrical conductivity, strong thermal and mechanical stability, electrochemically rich

redox reactions, and sulfur facilitating improved ion transport. [121-123]

Table 1.4 Literature reviews of TMS based supercapacitors and its specific

capacitance
Electrode Electrolyte Specific Reference
material Capacitance
NiSz 3 M KOH 695 F/gat 1.25 A/g [125]
NizSy4 2 M KOH 1797.5 F/gat 0.5 A/g [126]
MoS; 3 M KOH 357 F/gat 10 mV/s [127]
B-CoS 2 M KOH 1535 F/gat2 Alg [128]
CoS2 2 M KOH 236.5F/gatl Alg [129]
Co9Ss 2 M KOH 1887 F/gat 1 A/g [130]
Co3Sa 6 M KOH 2427 F/g at 2 mV/s [131]
NiCo2S4 6 M KOH 1,036 F/gat 1 A/g [132]
CuS 6 M KOH 948 F/gat1 Alg [133]
SnS 3 M KOH 284 F/gat5S Alg [134]
SnS» 2 M KOH 431.82 F/gat1 A/g [135]
VS, 0.5 M H2SO4 235 F/gat 100 mV/s [136]
WS 1 M H2S04 383.6 F/gat0.5 A/g [137]
FeS> 3.5 M KOH 260 F/gat 1 A/g [138]

The two most common forms of TMS are three-dimensional covalently bonded non-
layered assemblies (FeS2, CoS», and NiSz) and layered assemblies made of three atom
layers that are covalently bound (S-M-S; M = W, Co, Sn, and V). Mostly TMS are

readily accessible, non-toxic (minerals), and may be used as cost-effective technologies
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using large-scale synthesis. [121, 124] To achieve better electrochemical performance,
sulfide materials can be rationally designed in terms of composition, structure, and size
to serve as electrode materials. This can result in shorter diffusion paths and increased
conductivity. TMS has made a considerable impact as promising electrodes with great
potential, easily synthesized, modified, and tailored toward energy storage devices, are
being thoroughly explored through different studies and are continuing. However, other
problems must be addressed, such as sluggish kinetics, low electrochemical stability,

and volumetric changes. [37]

Among several metal sulfides, cobalt and nickel sulfide have been extensively studied
due to their multiple phases, cheap cost, abundance, superior capacitance, less toxicity,
and large surface area with wvast applications in lithium-ion batteries and

supercapacitors.

1.3.5 Nanomaterials and their Scope in the Context of Energy Storage

Novel nanostructured MSs are typically porous. They can confer a larger surface area
compared to bulk metal oxide and sulfide materials, making them more advantageous
for the infiltration of electrodes, complete contact between the active materials and
electrolyte, the mobility of charges in the electrolytes, and the use of the active materials
at high rates of charging and discharging. [139] Further high specific surface area in
nanomaterials leads to more significant ion adsorption and charge-transfer processes,
which increases specific capacitance. The movement of electrolyte ions is facilitated by
shorter diffusion lengths and ion transport channels, significantly enhancing the usage
of active materials. Due to the surface redox reactions that occur faster than in bulk
materials, materials with nanometer-sized morphological characteristics and a large
electrochemically sensitive interface can redefine the trend of energy storage and

enable noticeably improved power and cycle life. [140]
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Ordinary substances that cannot be utilised as electrodes become appropriate to be used
as anodes and cathodes by nano-structuring. Alloying metals are one such example in
which the metals undergo substantial volume and structural changes in the
nanostructuring process. Due to nanostructuring, the diffusion distance became shorter,
making it possible to charge faster or draw high currents quickly, thus increasing power.

[141, 142]

Because of their high theoretical capacity and high energy density, metal sulfide
nanoparticles can store much energy in a small volume. The exceptional stability and
extended cycle life of metal sulfide nanoparticles make them perfect for energy storage
applications. The performance of metal sulfide nanoparticles in energy storage devices
may be enhanced by functionalizing them with catalysts. Due to their numerous
sources, transition metal sulfides are a cheap option for energy storage applications.

[124, 143-145]

1.3.6 Suitability of Transition Metal Sulfides

Transition MSs have several advantages as electrode materials for energy storage
devices. They have high theoretical capacity, good cycling stability, and low cost,
making them promising anode materials for lithium-ion batteries. [ 146] They also have
high specific capacitance, excellent rate capability, and long cycle life, making them a
promising class of materials for advanced supercapacitors. [147] Additionally,
transition MS have easily-controlled structures and modifiable compositions, making
them highly versatile for various applications. They also have good electrical
conductivity, high redox activity, and unique crystal structures, which contribute to
their outstanding properties. [37, 148] Overall, transition MS have shown great
potential as electrode materials for energy storage devices due to their advantageous

features and low cost.
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1.3.7 Challenges and Methods of Synthesis in Transition Metal Sulfides

Even though MS have numerous benefits, there are also several issues. First, there is a
chance that the final discharge products will interact adversely with the electrolyte.
Second, significant volume expansion is caused by the other metal participating in the
electrochemical reaction. Third, the first cycle has a significant irreversible capacity
due to the solid electrolyte interphase (SEI) layer. Fourthly, the poor conductivity and
ion-diffusion coefficient retard the rate performance. The most often used strategies to
address these problems are nanostructure design, electrolyte optimization, carbon

modification, and voltage range selection. [149]

It is generally known that natural MS were widely spread on the earth, including pyrite,
mackinawite, chalcocite, chalcopyrite, molybdenite, etc. However, due to their high
purity, strong reactivity, and good dispersion, researchers are likely to employ synthetic
MS. Several techniques are currently used to synthesize metal sulfides, including
hydrothermal and solvothermal, template, precipitation, reflux, Solid state, ball milling,
thermal composition, electrochemical, etc. Nanosized particles may effectively reduce
the impacts of volume expansion and give a short ion-diffusion length

for morphological design. [149, 150]

The choice of method depends on the specific application and the desired product
characteristics. Compared to conventional methods for MS synthesis, solution-
controlled synthesis is more efficient and economical. Because multiphase products are
a problem for traditional MS synthesis techniques, we target to synthesise single-phase
MS nanoparticles using a solution-controlled approach for high-performance PCs

electrodes. [151]

IIT (BHU), Varanasi Page | 41



1.4 Scope of this Work

Researchers have recently been interested in nanosized single-phase metal sulfides

because of their forthcoming pseudo-capacitive performance. Therefore, in this

thesis, we use a solution-based method to produce nanosized single-phase transition

metal sulfide materials for high-performance pseudocapacitive electrodes. The

electrochemical performance depends on voltage, crystallinity, synthesis methods, and

morphological characteristics. Hence, the present work mainly focuses on the following

objectives.

To synthesize various metal sulfide (NiS, CoS, and Nigs5Co0.5S) by solution-
based method

To characterize synthesized nanostructures (NiS, CoS, and Nigs5Co005S) with
various characterization techniques such as XRD, SEM, HRTEM, UV-Vis,
FTIR, TGA, BET etc.

To study the electrochemical performance of the synthesized nanostructures by
cyclic  voltammogram (CV), galvanostatic  charge-discharge, and

clectrochemical impedance spectroscopy
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