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Abstract

Sustainable and renewable energy sources have the potential to diminish the dependence on
fossil fuels and decline the destructive impacts on the ecosystem, including climate change and
CO; emissions. These sources of energy are abundant and can be replenished naturally, unlike
non-renewable sources. The rising use of renewable energy can also reduce air and water
pollution and can help preserve natural resources for future generations. To efficiently utilize
renewable energy supplies, it is pointed to have reliable energy storage approaches that can
preserve the energy generated when it is abundant, and release it when it is needed.
Supercapacitors, along with other energy storage equipment such as rechargeable batteries and
fuel cells, can play a vital role in this regard. Supercapacitors are considered a capable energy
storage technology because they can deliver high power density, store more energy than
conventional dielectric capacitors, and have advantages such as rapid charge/discharge rates,
extended cycle life, high coulombic efficiency, minimal maintenance costs, and safe operation.
These characteristics make them suitable for a broad span of applications, including memory
backup systems, electric vehicles, and smart grids. This thesis investigates the usage of
conducting polymer-based nanocomposites as electrode materials to expand the efficiency of
supercapacitors. To gain insights into the supercapacitive behavior of these nanocomposites
and the variables controlling them, the study examines the structural, morphological, and
detailed electrochemical characteristics of conducting polymers-based nanocomposites.
Additionally, it investigates how various parameters—such as shape, size, quantity, and type
of metal oxide—affect the supercapacitive performance of the nanocomposites. The present
research involves the preparation of two distinct series of conducting polymer nanocomposites

using in situ and physical blending methods, detailed as follows:

» V:205-PANI nanocomposites with 10, 20, and 30 wt.% of V205 were prepared via in
situ polymerization method.
» PPy-BiOCI nanocomposites with 5, 7, and 9 wt.% of PPy were prepared by physical
blending technique.
Before assessing the supercapacitive characteristics of the electrodes, diverse characterization
systems were employed to examine their fundamental structural and morphological attributes.

The electrochemical performance and energy storage mechanism of the prepared conducting



polymers-based nanocomposite electrodes were thoroughly evaluated using KOH electrolytes.
In addition, this thesis includes the fabrication of a supercapacitor device to evaluate the
practical application of the electrodes. The successful illumination of an LED by the fabricated
supercapacitor demonstrates that these electrodes hold substantial ability for next-generation
energy storage applications. Beyond the capable electrochemical properties of V2Os-PANI for
supercapacitors, the present thesis also explores the optical applications of V>Os-PANI
nanocomposites. These materials demonstrate unique optical characteristics resulting from the
synergistic effects of vanadium pentoxide (V20s) and polyaniline (PANI), which enhance light
absorption and modulation capabilities. The study investigates how incorporating V205 into
PANI matrices can improve optical properties, including tunable band gaps and enhanced UV
shielding efficiency.

Overall, this thesis underscores the promise of various conducting polymer-based
nanocomposites as electrode materials for improving supercapacitor performance.
Additionally, V,0s5-PANI optical studies provide valuable insights for developing optical

devices for future applications.

Vi
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This chapter gives a comprehensive overview of renewable energy, need for renewable energy
storage systems, various types of supercapacitors, and an extensive range of supercapacitors

applications.



1.1. Preamble

Recent scientific advancements and innovations in the field of renewable energy
sources have been increasing to bring a solution for the negative environmental effects

triggered by the use of non-sustainable power sources such as fossil fuels and nuclear

power materials.
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Figure 1.1. Types of energy resources.



Although fossil fuels offer high energy density, but their unsustainability leads to harmful
environmental results, including smog formation and acid precipitation [1].
Consequently, there is a rising emphasis on the research and advancement of renewable
energy resources namely solar, wind, hydroelectric power and nuclear power to fulfill the
energy needs of the world with more sustainable manner. As an alternative energy source,
nuclear power stands with both advantages and disadvantages. One of the main
advantages is that it does not produce smoke, providing a cleaner form of energy
compared to fossil fuels. Additionally, nuclear power provides more energy per unit mass
of nuclear fuel. However, the disposal of radioactive waste from nuclear power plants can
be a major concern, as it can be harmful to all living species [2]. Furthermore, nuclear
powers viability hinges on geographical and climatic dependent, it requires extensive
safety measures making it an expensive energy source. Nevertheless, many researchers
believe that sustainable energy sources like wind, water, solar as well as geothermal are
constantly renewable and readily accessible for use [3,4]. In the future decades, these
sources might be extremely important for supplying the world's energy needs. The

schematic representation of energy resources and their types is shown in Figure 1.1.

The graphical representation in Figure 1.2 illustrates the generation of electricity across

the world (using renewable and non-renewable resources) from 2010 to 2022.
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Figure 1.2. World electricity generation from 2010 to 2022.



It is clear that there was a consistent increase in power production throughout the decade.
In 2010, the total amount of electricity generated was 20,938.06 Terawatt hours (TWh),
and by 2022, this number had increased to 28,527.76 TWh [5]. This increase can likely
be attributed to several factors, including the growing population and the increasing use
of new technologies such as electric vehicles and household gadgets, all of which heavily

rely on electricity as their primary power source.

1.2. Energy Scenario in India

India with a population of 1.42 billion is the most populated country. The vast
population of India requires a significant amount of energy, making it challenging to meet
the energy demand. India has a long history of prioritizing renewable energy sources. The
Indian government established the Commission for Additional Sources of Energy in
1981, which later evolved into the Department of Non-Conventional Energy Sources in
1982 [6]. To meet its future energy demands, India took significant steps by expanding
the Ministry of Non-Conventional Energy Sources in 1992, later rebranding it as the
Ministry of New and Renewable Energy in 2006 [7]. Among the various renewable
energy resources, particular attention has been given to the National Solar Mission, as
emphasized by Nigam in 2016 [8]. This initiative aims to utilize 40,000 MW and 60,000
MW of solar power through rooftop and ground-mounted solar panels, indicating a
strategic focus on solar energy development. In the broader context, Schmid et al.
underscore the challenges India faces regarding energy security, especially in light of the
Electricity Act of 2003 and subsequent tariff policies from 2006 [9]. These challenges
likely stem from the need to balance energy demands with sustainable practices and

regulatory frameworks.

(a) Energy demand in India (2022) (b) Gross Electricity generation in India
(2022)
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Figure 1.3. (a) The energy demand and (b) the total energy generation in India for the year 2022.



Concurrently, Garg et al. stress the imperative of boosting energy production from
renewable sources and slashing greenhouse gas emissions by 20% [10]. This emphasis
aligns with India's efforts to prioritize renewable energy, as highlighted by the National
Solar Mission, and reflects a broader commitment to environmental sustainability and
energy security. Figure 1.3(a) shows that in 2022, the majority of the energy demand was
for coal (56%) whereas the availability of renewable energy sources (RES) was only 5%,
with hydro accounting for 4%, gas 6%, nuclear 1%, and oil 28%, respectively [5]. Figure
1.3(b) illustrates the sources of electricity generated, in which 74% of the electricity was
generated by burning coal and the remaining electricity was generated from RES.
Asif et al. examined the challenges surrounding the expansion of renewable energy
technologies in the world and India [11]. It noted that the proposed ultra large-scale solar
and wind farms would occupy only a fraction of the country's available land and near-
offshore areas. This insight highlights the potential for significant renewable energy
development without substantial land use implications, reinforcing ongoing efforts to
prioritize renewable energy. Mathews et al. proposed that increasing the capacity of
renewable energy resources in growing countries namely China and India can lead to

successful energy security [12].

However, one of the main disadvantages of renewable energy is its intermittency,
as it is dependent on weather conditions. The availability of “solar” and “wind” energy
can vary depending on the time of day and season [13]. However, advances in energy
storage technology, namely batteries and supercapacitors are helping to mitigate this
issue. These devices allow for the storage of excess energy generated by renewable
sources, making them available for use when it is not being produced, such as at night or
during calm weather. Improving the capacity and efficiency of energy storage technology
is crucial in increasing the reliability and stability of renewable energy systems. Research
and development in this range are ongoing and new advancements in “energy storage”

devices are expected in the future [14].

1.3. Classification of energy storage devices

Energy storage devices are broadly classified into several categories, including
electrical (capacitor, supercapacitor, battery, fuel cell and superconducting magnetic
storage devices), mechanical (hydroelectric, flywheel, and compressed air storage
systems), chemical (hydrogen, liquid nitrogen, and biofuels), thermal (steam

accumulator, cryogenic liquid air, ice storage, and hot bricks), and biological (starch,



glucose, and glycogen) systems [15]. However, the current reports suggest that meeting
both the economic and technical requirements across various applications appears to be
challenging for any of the aforementioned energy storage devices. It is important to note
that renewable energy sources namely “solar” and “wind” power are not always
predictable and can be difficult for grid operators to control their energy generation [16].
In this regard, energy storage systems can help to address this issue and promote green
energy utilization over traditional fossil fuels for electricity generation. With increasing
concerns about the exhaustion of traditional fuels and their consequence on the
environment and global warming, there is a noticeable trend moving towards
electrochemical power systems namely supercapacitors, fuel cells, and batteries to deliver
clean energy. These systems are cleaner and more environmentally friendly than fuel
combustion systems. They also benefit from being driven by reactions at interfaces rather
than by volume-dependent heat-engine cycles, enhancing their efficiency and reliability.
Energy storage in electrochemical devices, such as batteries and supercapacitors, relies
on chemical reactions occurring at the interfaces between electrodes and electrolytes.
These reactions are affected by factors like the surface morphology, physical properties,
and chemical characteristics of the materials used in the system [17—19]. This allows for
the efficient storage and release of energy based on the design and materials used in the
system. This is different from traditional heat-engine cycles, which store and release
energy through changes in volume. The main energy storage devices that have been
commercialized include capacitors, batteries, fuel cells, and supercapacitors. While they
all contain a positive electrode and a negative electrode, they operate through different
mechanisms. In each of these devices, energy transfer takes place at the electrolyte-
electrode interface. A conventional capacitor uses a dielectric between two oppositely
charged electrodes, while supercapacitors, fuel cells, and batteries use an electrolyte
solution and a separator to avoid electrical short circuits occurring between the two
electrodes. In fuel cells and batteries, redox reactions occur at the cathode and anode,
converting chemical energy into electrical energy [20—-22]. To have a better understanding
regarding energy storage devices the upcoming sections provide thorough explanations

of batteries, capacitors, fuel cells, and supercapacitors.

1.3.1. Battery

A battery is an equipment that stores electrical energy in chemical form and
transforms it into electrical energy by allowing the movement of electrons through a

circuit. Batteries come in different shapes, sizes, and chemical compositions. They have



apositive and negative terminal and the flow of electrons between them powers connected
devices (see Figure 1.4). Batteries are categorized into two types: primary and secondary.
Primary batteries, such as dry cells and some alkaline batteries are single-use and cannot
be recharged. Secondary batteries, on the other hand, can be recharged and used multiple

times. For example, “lead-acid, nickel-cadmium, and lithium-ion batteries™ [23].
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Figure 1.4. Charging-discharging activity in a battery.
1.3.2. Capacitor

Conventional capacitors store energy electrostatically by accumulating charges on
opposite electrodes. During the charging process, the capacitor is linked to a voltage
supply, which creates a potential difference between the electrodes, causing positive and
negative charges to move toward the oppositely polarized electrodes. When the capacitor
is fully charged, it acts as a small voltage source to a load in a circuit and the current will
stop flowing once charge balance is achieved. Fundamentally, the capacitor acts like a
temporary voltage source, providing a burst of energy until its stored voltage and the

load's voltage become equal.



The following equation is used to determine the capacitor's capacitance, or its capacity

to hold charge [24].

C:% (1.1)

where “Q” is the charge stored and “V ” is the voltage across the capacitor.

Capacitor

Before charging both the plates
have equal positive and negative
charges

During charging, charges flow till
Developed voltage= Supply voltage

Conducting metal plate

» Dielectric (insulating material)

Conducting metal plate

Figure 1.5. Charge storage process in capacitors.

The capacitance of a capacitor is affected by several factors, including the area “A” of the
electrodes, the permittivity of free space “eo”, and the separation distance “d” between
the electrodes. These factors are connected as described by equation (1.2), which defines

the capacitance of the capacitor [25].

c=22 (1.2)

The capacity of a capacitor can also be represented by equation (1.3) when the gap
between the parallel plates is filled with a dielectric material. The capacitance of a
capacitor is primarily decided by the properties of the dielectric, the area of the capacitor's

plates, and the distance between the electrodes [26].



(1.3)

where “ £ 7 is the permittivity of the dielectric substance. Figure 1.5 illustrates a capacitor
with a dielectric material located between the conducting plates. The dielectric material
prevents any movement of electrons or charges. The capacitor stores energy in the form
of static electricity. Initially, both plates have positive and negative charges in equal
amounts. When an external voltage source is linked to the capacitor, the positive end of
the source attracts electrons from the plate connected to it, depositing them on the plate
linked to the negative end. As a result, charges build up on both plates—one plate is
negatively charged and the other is positively charged. The movement of electrons
continues until the developed voltage is equal to the supplied voltage. During discharging,
a load is connected to the circuit, and electrons move from the negatively charged plate
to the positively charged plate through the circuit, causing the connected load to function
[27,28]. The energy density (ED) and power rating of a capacitor are the two main
variables that affect its performance. The equation (1.4) represents the energy density,
which is the quantity of energy stored per unit volume and is directly correlated with the

capacitance of the capacitor [29].

ED=%CV2 (1.4)

where “ ED” denote the energy density, “C ” is the capacitance and “V ” is the potential

across electrodes.

The maximum power handling capacity of a capacitor is determined by the energy rate
delivery per unit of time. Some capacitors also take into account internal components like
electrode material, current collectors, and dielectrics, which mutually contribute to the
equivalent series resistance (ESR) of the capacitor. In such cases, the maximum power of
the capacitor can be represented by equation (1.5) [24,29].
D = v
4ESR

(1.5)

Conventional capacitors have relatively low ED, but they exhibit PD because of their

electrostatic mechanism of charge storage.



1.3.3. Fuel cell

Fuel cells stand out as remarkable devices that leverage chemical reactions to
generate electricity continuously. In contrast to batteries with finite energy stores, fuel
cells operate as long as they have a steady supply of fuel and oxygen. This sustained
functionality relies on redox reactions. Hydrogen (H>) is a common fuel, and when fed
into the cell, it splits into positively charged protons and electrons (see Figure 1.6). While
the electrons (e”) migrate via an outer electric circuit to initiate an electrical current, the
protons (H") pass via a membrane. Conversely, when airborne oxygen (O2) joins forces
with protons and electrons to make water (H20), some heat is released. This combination
of chemical reactions and electrical flow makes them a promising clean energy
technology. Fuel cells possess a high energy degree, enabling them to keep a significant
amount of energy in a compact space [30]. However, their power output, indicating the
amount of electricity they produce at a given time, can vary depending on the type of fuel

cell [30,31].

Anode Cathode
H, in = (] < 0O, (air) in
H,= 0,
Sl_lllr';::lts 0, (air) and
2 H,O0 out

Gas diffusion layer Proton exchange membrane

(Electrolyte)

Catalyst layer

Figure 1.6. Fuel cell proton exchange membrane.
1.3.4. Supercapacitor

Supercapacitors, which have "high power densities and excellent energy densities," are

energy storage devices that fill the void left by batteries and fuel cells [32]. Simply, the

10



main advantage of supercapacitors over capacitors can be explained in terms of
capacitance, a capacitor charged to 1 volt (V) with 1 farad (F) of capacitance will provide
1 ampere (A) current for 1 second time. It is worth noting that in practice, capacitors do
not have a capacitance of 1F, but rather in microfarads. In many electronic applications,
capacitances in microfarads are sufficient to power the device. In contrast to conventional
capacitors, supercapacitors have capacitances in farads (F), which means that they can
store electrical charges a million times more than capacitors [33,34]. In circumstances in
which transportation of energy is required at a slow rate over a longer period, the most

suitable choice would be a battery with a high ED and a low PD.
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Figure 1.7. Ragone plot of an energy storage device.

On the other hand, a supercapacitor with greater power density and intermediate energy
density would be a preferable choice in circumstances when energy needs to be provided
quickly over a short period. Therefore, when quick energy transfer is needed,

supercapacitors are frequently chosen over other electrochemical devices [35,36].

A helpful visual representation of the performance capabilities of various electrochemical
storage equipment is provided by the Ragone plot in Figure 1.7, which can be used to

compare the ED and PD of different devices [37]. According to observations, fuel cells
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exhibit the greatest specific energy density while simultaneously demonstrating the
lowest specific power density in contrast to lithium-ion batteries, capacitors, and
supercapacitors. Similarly, capacitors have the highest specific power density but the
lowest specific energy density. Supercapacitors have more specific power density than
batteries and fuel cells. The Ragone plot suggests that a rechargeable vehicle run by a
battery, which has a high energy density, can travel a greater distance before the battery
needs to be recharged. On the other hand, a vehicle powered by a supercapacitor, which
has a high-power density, can accelerate faster. The kinetic process in a battery is driven
by redox transitions of the materials inside it, which causes the volume of the battery to
change. These sudden volume changes reduce the lifespan of batteries and limit their
power delivery compared to supercapacitors. Therefore, supercapacitors are a preferred
option for fast recharging, rapid power delivery, and long durability (cycle life) over other
electrochemical devices [38,39]. Table 1.1 provides a comprehensive evaluation of the

characteristics of fuel cells, batteries, and supercapacitors [40-41].

Table 1.1: Comparison between fuel cells, batteries and supercapacitors.

electricity by
reacting hydrogen

with oxygen.

converted to electrical

energy by battery cells.

S.

N Fuel Cells Batteries Supercapacitors

0

1 | Fuel cells produce | Chemical energy is | Energy is stored at the junction

between the electrode and
electrolyte, commonly referred
to as either supercapacitors or

electrochemical capacitors.

2 | The total weight of
the fuel cell ranges
from 20 g to under 5
kg.

The weight of the

battery can vary from 1
g to more than 10 kg.

The weight of a supercapacitor
ranges from a minimum of 1 g

to a maximum of 230 g.

3 | It operates between
+25°C and +90°C

in temperature.

It operates between
-20°C and +65°C in

temperature.

It can function within a
temperature range of -40°C to
+85°C.
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Table 1.1 Continued

4

The charging process
generally spans from

10 to 300 h.

Charging of batteries
typically takes one to

ten hours.

Charging typically takes a few

mili seconds (ms) to second (s).

The efficiency of

energy is over 82%.

The energy efficiency

can reach up to 90%.

It possesses rapid recharge

capability and high cyclic
stability, achieving an energy

efficiency of 95%.

It remains reliable for
a period extending

from 1500 to 10000 h.

It has the capability to
withstand cycles
within the range of

150 to 1500 h.

It maintains excellent reliability
even after 50000 h or an

unlimited number of cycles.

The operating voltage

It can operate within

It operates within a wide range,

capacitance in farads

(F) 1s challenging.

capacitance is not

applicable.

of fuel cellsis 0.6 V. | the voltage range of | spanning from 2.3 t0 2.75 V
1.25t04.2 V.
8 | Calculating specific | The determination of | The capacitance falls within the

range of 100 mF to 1500 F.

It is employed in the
direct generation of

electricity.

It is utilized for long

extent backup.

It can serve as a short-term

backup.

Above mentioned table findings signifies that supercapacitors can use in applications

where rapid energy storage and release are vital, such as regenerative braking systems in

vehicles, peak power saving in power plants, and smoothing power delivery in renewable

energy systems [42,44]. Supercapacitors have an extended cycle span compared to

batteries and fuel cells, making them appropriate for applications where frequent charge-

discharge cycles are required without degradation. While batteries are better suited for

storing large amounts of energy over longer periods and supercapacitors can provide

bursts of power quickly. Supercapacitors can be used in conjunction with batteries to

enhance total performance and efficiency, especially in hybrid energy storage systems.
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1.4. Types of supercapacitors

Based on their charge storage techniques and the makeup of their electrodes,
supercapacitors are often separated into three types: hybrid supercapacitors,
electrochemical double layer capacitors (EDLCs), and pseudocapacitors [45]. The details
of each kind of supercapacitor are as follows:

» Electrochemical double layer capacitor (EDLC)

In an EDLC, two electrodes are connected to current collectors and submerged in an

electrolyte, with a separator in the center to allow for ion flow and prevent short-

circuiting.

Electrochemical double layer capacitor

ws Current collector

Solvated ions

N
%/

&

Electrode Separator

Ton adsorption at the electrode surface

Figure 1.8. Charge storage process in electrical double layer capacitor (EDLC).

When a voltage is employed between the two electrodes, the charge is stored at the
electrode-electrolyte junction due to the electrostatic force of attraction (as shown in
Figure 1.8). Enhancing the electrode-specific surface area can increase the charge storage
capacity. Due to the lack of faradaic charge transfer and the presence of ion adsorption
(an electrostatic process), EDLCs have high PDs, quick charging and discharging times,
and excellent cycle stabilities [46—48]. When a voltage is applied to an EDLC, charge is
stored at the point of contact across the electrodes and electrolyte due to electrostatic
attraction. An increase in the surface area of the electrodes may lead to a greater capacity
for charge storage. Because ion adsorption process and faradaic charge transfer are
present, a double layer forms at the electrode-electrolyte boundary throughout the

charging procedure as electrons go from the positive electrode to the negative electrode
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and cations and anions move to the positive and negative electrodes, respectively. The
capacitance of the EDLC is determined by the width of the double layer, and this process
is reversed after discharging. The electrolyte concentration does not vary during the
charge-discharge cycle because there is neither net ion exchange across the electrode and
electrolyte nor charge transfer inside the electrode-electrolyte junction [49,50]. Indeed,
while EDLCs offer numerous benefits, they do have some limitations. These include
lower energy density, a restricted voltage range, and relatively limited specific
capacitance [51]. However, these shortcomings have been addressed by pseudocapacitor

supercapacitor devices.

> Pseudocapacitors

Pseudocapacitors have a charge storage process that relies on reversible oxidation-
reduction reactions at or near the electrode surface, causing in higher capacitance and
energy density compared to EDLCs (see Figure 1.9). Their capacitance is roughly 10-100
times greater than EDLCs and the charge storage varies linearly with charging potential,
making it reliant on electron transmission as opposed to charge buildup in the double
layer. The example of a nickel oxide pseudocapacitor's charge storing mechanism is

shown in Figure 1.9. Usually, the oxidation state of nickel in nickel oxide (NiO) is +2.

Pseudocapacitor

Current collector

s Electrode

Separator ===

Charge transfer near the surface of the electrode (within some thickness)

Figure 1.9. Example of nickel oxide pseudocapacitor mechanism in potassium hydroxide

electrolyte (KOH).

During charging, KOH electrolyte ions interact with the nickel oxide, leading to the

oxidation of nickel. This process often involves the loss of electrons to the electrolyte.
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Consequently, the oxidation state of nickel increases, potentially reaching +3 in NiO
electrodes. This change in oxidation state is crucial for NiO's effective charge storage
[52]. During discharge, the reverse reaction occurs, returning nickel to its initial oxidation
state and enabling the capacitor to release stored energy. It's also worth noting that
pseudocapacitance coexists with double layer capacitance and different materials exhibit

distinct faradaic mechanisms due to unique physical processes [53,54].
Furthermore, pseudocapacitors can be categorized into three main types [55,56].

(a) Underpotential deposition: Underpotential deposition (UPD) occurs when a
monolayer of metal ions is formed above their redox potential at the surface of a different
metal. This happens reversibly, as protons or metal ions adsorb onto the surface of the
bulk electrolyte. The underpotential coating of lead (Pb) on a gold (Au) electrode is one

illustration of this, as shown in Figure 1.10(a).

(b) Redox transitions: When ions are electrochemically adsorbed on or close to the
surface of the electrode material, redox transitions take place, which are then followed by
faradaic reactions, allowing pseudocapacitors to store energy. Electrode materials namely
transition metal oxides, ruthenium oxide in its hydrous form (see Figure 1.10(b)), and
conducting polymers, undergo reversible redox reactions and can be used in
pseudocapacitors. Additionally, conducting polymers also demonstrate electrochemical
doping-dedoping, which is the process of adding or eliminating electrons from the
polymer through the function of an electric field. This enables the storage of energy in

the form of electrical charge [57].
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Figure 1.10. The electrodes in pseudocapacitors give rise to three distinct faradaic mechanisms,

each dependent on the materials properties.
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(c) Intercalation: Intercalation is a process in which ions penetrate through the layers or
tunnels of a redox-active material, resulting in a faradaic transition without altering the
material's crystallographic phase. An example of this is when lithium ions intercalate
through the layers of Nb2Os in a lithium electrolyte, as seen in Figure 1.10(c).
Pseudocapacitors positively have higher capacity and ED contrasted to Electric Double-
Layer Capacitors (EDLCs). However, their drawback lies in lower cycle stability, which
can negotiate the overall performance and reliability of pseudocapacitors over extended
usage periods. Nevertheless, these limitations have been addressed by hybrid

supercapacitor devices.

» Hybrid Supercapacitors

Hybrid supercapacitors utilize mutually electrostatic and pseudocapacitive charge
storage systems, which eliminates the limitations of each individual mechanism. This
results in superior specific capacity and enhanced specific energy contrasted to traditional
EDLCs. Additionally, these devices have excellent power density and cycle stability.
Hybrid supercapacitors and their electrodes can be grouped into various categories
depend on the materials employed for fabrication. One example is asymmetric hybrid
supercapacitor electrode material, which is composed of one EDLC material and one
pseudocapacitor material. In general, the negative and positive electrodes of asymmetric
hybrids are made of carbon-based and pseudocapacitive materials, respectively [58,59].
Battery-type hybrid supercapacitor electrodes are composed of one battery electrode and
one supercapacitor electrode. These hybrids address the requirements for both high PD
and high ED. It can be achieved by combining a elevated ED battery-type electrode with
an extreme PD supercapacitor electrode, resulting in rapid recharging times, exceptional
power density, and improved cycle lifespan for the hybrid supercapacitors. The composite
electrode, which combines conducting polymer, metal oxide, and carbon-based materials
in one electrode, is another kind of hybrid electrode utilized in supercapacitors. The
carbon-oriented materials offer an elevated surface area capacitive charge layer (electric
double layer) that improves the electrolyte-pseudocapacitive material interface [60,61].
Further, the pseudocapacitive materials undergo faradaic reactions, which raise the
capacitance of the composite electrode. The synergistic mechanism between carbon-
based and pseudocapacitive materials improves the operational potential window,
specific capacitance, corrosion stability, and cycle stability. Hybrid supercapacitors

exhibit symmetric or asymmetric types based on their configuration.
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Figure 1.11. Generalized energy storage process in hybrid supercapacitors.

The electrodes of symmetric hybrid supercapacitors consist of two similar
pseudocapacitive and EDLC materials. Asymmetric hybrid devices are made up of two
electrodes of dissimilar materials, which achieve more energy and power densities than
symmetric supercapacitors. However, symmetric supercapacitors are easier to fabricate
and cost-effective. The characteristics of a symmetric supercapacitor can be obtained by
considering a single electrode. Hybrid supercapacitors that utilize dissimilar materials for
each electrode have a substantial impact on the overall properties of the device. The
operational voltage of each electrode can limit the reflection of individual characteristics
in the device behavior. In asymmetric designs, the electrochemical characteristics of the
supercapacitor are determined by the overall device, rather than the individual electrodes.
As an example, a combination of NiO, activated carbon, and conducting polymer can
demonstrate dual charge storage mechanisms, encompassing both EDLC and
pseudocapacitance. In this type, the redox reaction takes place via NiO within the KOH
electrolyte (see Figure 1.11) and ion adsorption takes place via activated carbon. If we
combine NiO, activated carbon, and conducting polymer, the charge storage mechanism
will exhibit both EDLC (from the activated carbon) and pseudocapacitive properties
(from the redox transitions of the conducting polymer and metal oxide) [62,63]. The

components used to construct supercapacitors, such as electrode materials, current
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collector, electrolyte and separator are crucial for determining their performance in the

real world. Each component of the supercapacitor is described individually as follows.

1.5. Different electrode materials used in supercapacitors

» Category I: Electric double layer electrode materials
Commercially, various carbon allotropes namely activated carbon, carbon blacks,
carbon aerogels, graphene, and carbon nanotubes (CNT) show EDLC behavior (see

Figure 1.12) and find its applications as electrode materials in supercapacitors [64,65].

Electric Double Layer Capacitor

Carbon

Activated Graphene g::gig::’_
Carbon CNT s
derived

Carbon

Figure 1.12. Various EDLC electrode materials.

These materials exhibit superior characteristics such as increased conductivity,
elevated surface area, temperature stability, corrosion resistance, and porosity, all while
maintaining a relatively low cost. Each type of EDLC electrode material is described

individually as follows.
1. Graphene

Graphene i1s a 2D carbon allotrope that may be produced using a variety of
techniques. It is distinguished by the hexagonal arrangement of carbon atoms. High
electron mobility graphene is produced by mechanical exfoliation, and transparent,
conductive graphene sheets are produced via ultrasonic exfoliation. Chemical processes
like the reduction of graphite oxide, microwave-assisted reduction, and chemical vapor
deposition are employed to produce ultrapure-grade graphene by splitting monolayer
carbon. This remarkable material has widespread applications in various fields, including

solar cells, light-emitting diodes (LEDs), and mobile touch screens [66].
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2. Carbon Nano Tubes (CNT)

Carbon nanotubes (CNTs), an allotrope of carbon resembling a rolled-up
unbroken mesh of graphene hexagons at the nanoscale, present in two forms: “Single-
walled nanotubes (SWNT) and Multi-Walled Nanotubes (MWNT)” [67]. SWNTs, with
an outer diameter of 3 nm, exhibit an energy bandgap in the range of 0-2 eV, displaying
metallic or semiconducting properties. On the other hand, MWNTs consist of multiple
concentric tubes with a 3.4 A interlayer distance. CNT synthesis methods involve arc
discharge, laser vaporization, and chemical vapor deposition. CNTs discover applications
throughout a range of domains, such as sensors, hydrogen storage, solar cell construction,

charge storage, and electrochemical capacitors [68].
3. Carbon aerogel

Carbon aerogels are fabricated through the pyrolysis of organic precursors in the
existence of catalysts, exhibiting significant porosity, with 50% of pores measuring less
than 100 nm [69]. These materials exhibit remarkable properties like density, extreme
electrical conduction, and huge exterior area. Carbon-based materials are created via a
variety of processes, such as chemical vapour, thermal, and electrochemical activation
methods [70]. Carbon aerogels with fine porosity and enhanced surface area were
successfully synthesized by Li et al. (2006), yielding a greater capacitance of 110.06 F/g
[71].

4. Carbide-derived Carbon

Walter Mohun's extensive research in 1959 focused on the by-products generated during
the high-temperature production of SiCls [72]. Following this, from 1960 to 1980,
Russian scientists adopted halogen treatment as a key method for synthesizing carbon
aerogel (CDC). Various techniques, including chlorine treatment, vacuum processes, and
hydrothermal decomposition, were utilized in the synthesis. A greater surface area,
improved electrical conductivity, and higher porosity with micron-sized pores are some
of the distinguishing characteristics of CDC. CDC is positioned as an extremely efficient
electrode material for electric double layer capacitors (EDLC) because of these

properties.

The interaction of the de-isolated ion in the electrolyte with the pores has a vital function

in improving charge screening and confinement, thereby minimizing resistance loss and
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enhancing capacitance. In aqueous electrolytes, CDC demonstrates a 190 F/g capacitance,

while in organic electrolytes, it reaches around 180 F/g [73].
5. Activated Carbon

Activated carbon, obtained as a by-product (ash) through the coal pyrolysis process,
is a cost-effective form of carbon with an extremely porous organization and a substantial
surface area of approximately 300 m?/g [74]. This variant is known for its versatility and
finds applications in a diverse range of fields including industry, medicine, environmental
management, agriculture, alcoholic beverage purification, fuel preservation, gas
purification, chemical processes, and mercury scrubbing [75]. The fabrication of

activated carbon can be done via physical activation or chemical activation methods [76].

» Category II: Pseudocapacitor Electrode Materials

Pseudocapacitor electrode materials possessing the ability to facilitate rapid and
reversible redox reactions, along with a substantial capacitance contrasted to carbon-
composed materials, are identified as pseudocapacitive electrode materials. Specifically,
conducting polymers and metal oxides are considered excellent contenders for energy
storage technologies. Among the array of metal oxides, widely utilized supercapacitor
electrode materials are RuO,, MnO,, CoO,, V20s, NiO, and bismuth-based oxides,
recognized for their high specific capacitance and small resistance [77]. Pseudocapacitor
electrode materials namely metal oxides and conducting polymers are described

individually as follows.

Pseudo
Conducting supercapacitor Metal

Polymers electrode oxides
materials

Figure 1.13. Different kinds of Pseudocapacitor electrode materials.
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1. Metal oxide as electrode materials

It is commonly acknowledged that one of the utmost effective electrode materials
for pseudo capacitors is ruthenium metal oxide (RuO>). In an aqueous electrolyte, RuO»
displays a capacitance that ranges from 270 to 350 F/g with a maximum current density
of 400 mA/cm?® [78]. This material demonstrates high capacitance, particularly in acidic
electrolytes. In the charging and discharging duration, a redox reaction occurs,
contributing to its electrochemical performance. RuO; also exhibits favorable
characteristics, including low equivalent series resistance, elevated power, energy
density, excellent cyclic stability, reversibility, and conductivity [79]. When sulphuric
acid is used as the electrolyte, RuO: is stated to have a maximum capacitance of 750 F/g
[80]. But, with the known expensive nature of RuO», it is crucial to keep this cost factor
in mind when considering it for application. So, researchers are actively exploring
alternative metal oxide materials to overcome this hurdle. Recently researchers have
explored some alternative metal oxide electrode materials such as manganese oxide
(MnO,), cobalt oxide (Co0.), nickel oxide (NiO), vanadium pentoxide (V20s), and
bismuth oxychloride (BiOCl) [81-83]. Among these metal oxides, V205 and BiOCl are
gaining extensive attention due to their standout characteristics: superior theoretical
capacitance, larger conductivity, excellent cycle stability, and wide potential window.
These unique properties make them prime contenders in diverse energy-related endeavors

such as batteries, solar cells, and supercapacitors [84,85].

(a) Vanadium Pentoxide (V205)

Vanadium pentoxide (V20s) and its composite materials are getting the attention
of researchers for their potential in cutting-edge technologies. V>Os is abundant,
affordable, and environmentally friendly, making it a very attractive choice. Both the bulk
form and thin films of V20s have interesting physical and chemical features that can be
used for many practical applications. These include batteries, energy-saving windows,
light switches, solar panels for roofs, and rear-view mirrors [86]. They are appropriate for
use in multicolour electrochromic devices due to their presentation of photochromic and
electrochromic capabilities [87]. Vanadium oxides represent a category of transition
metal oxides characterized by vanadium oxidation states typically spanning from +2 to
+5. It holds considerable significance in technological applications due to its unique
properties. These oxides exhibit distinct characteristics based on their compositions,
including electrical, optical, and chemical properties, setting them apart from other

transition metal oxides and finding utility across various fields. Primarily known as low-
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mobility semiconductors with predominantly n-type conductivity, thin films of vanadium
oxides exhibit enhanced physicochemical properties at lower thicknesses. Vanadium
pentoxide, for instance, serves as an excellent cathode material, accommodating Li ions
within its tetrahedral sites, facilitating their insertion and deinsertion. This phenomenon,
termed electrochromism, manifests as a color change during the intercalation mechanism

of cations [88].

Moreover, vanadium oxides undergo transitions in their electrical behavior when
exposed to temperature variations, shifting from insulator to semiconductor to metallic
states [89]. They also demonstrate thermochromic behavior, altering color in response to
temperature changes, thereby affecting optical transmittance, reflectance, and emissivity.
Gasochromism, wherein the oxides change color upon exposure to organic gases, enables
applications in gas sensing, particularly for detecting hydrogen in organic environments
[90]. Beyond its role in sensing applications, vanadium pentoxide serves as a catalyst in
various chemical reactions, such as the contact process for sulfuric acid production.
Additionally, in thin film form, it enhances oxygenated dehydrogenation reactions. These
oxides exhibit versatility in sensing oxygen levels, pH, and infrared radiation, with their
conductivity varying between p-type and n-type depending on substrate and temperature

conditions [91].

Vanadium oxides possess a remarkable variety, with more than 15 distinct stable
phases found in their binary system with oxygen. These phases showcase vanadium in
various oxidation states, including the well-known V** (VO), V** (V203), V¥ (VO»), and
the highest achievable state, V°© (V20s). Interestingly, intermediate phases like V4Qo,
V6013, and V307 bridge the gap between V205 and VO,. The intermediate phases between
VO, and V03 are termed as Magneli phases. Another set of possible phases are V,Oazn,
where n=2 [92-94]. In the composition range from VO to V,0s in the vanadium-oxygen
system, the phase relationship is illustrated by the diagram (see Figure 1.14(a)) [95-97].
Figure 1.14(a) shows the equilibrium oxygen pressures over different vanadium oxide
phases as a function of temperature. These phases, characterized by varying
compositions, were observed to coexist at different temperature ranges [98]. Among the
different phases vanadium pentoxide (V20s), is the most stable vanadium oxide.
Vanadium oxide V,0s crystallizes in an orthorhombic unit cell structure within the Pmmn
space group. Its lattice parameters are characterized by a=11.510 A, b=3.563 A, and ¢
=4.369 A. Notably, the b and ¢ dimensions are frequently interchanged [99]. Within this
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structure, vanadium atoms are surrounded (enveloped) by oxygen atoms, forming

distorted trigonal bipyramidal shapes (see Figure 1.14(b)).

()

V,0;, ) VO, s V,0;

l l

Magneli Phases: Phases such as V,O,,
V,0,,, where3 <n <9 V¢0,; and V;0, has
e.g. V;05, V504, V,0,, been observed

Figure 1.14. (a) Oxidation States of Vanadium Oxide (Including major and intermediate forms)

(b) Orthorhombic unit cell crystal structure of V,0s.

This distorted trigonal bipyramidal structure creates a larger surface area for the vanadium
atoms compared to a simpler arrangement. With a larger surface area, more vanadium
atoms are available to participate in the chemical reactions at the electrode-electrolyte
junction. In addition, the distorted shape might also influence the electronic properties of
vanadium atoms, making them more reactive. This can improve the rate and efficiency of
the chemical reactions crucial for storing and releasing energy in pseudocapacitors [100].
In this favor, Liang et al. (2024) reported a study on vanadium oxide enriched with
oxygen vacancies, synthesized through a solvothermal approach followed by heat
treatment. This material showcased an impressive rate performance, achieving 411.98
mAh/g, along with exceptional cycling lifespan, retaining 92.8% capacity after 1500
cycles. The improved electrochemical characteristics of the vanadium oxide are ascribed
to an increased presence of oxygen vacancies. These vacancies offer additional active
sites for zinc-ion storage, expand layer spacing, and enhance the conductivity of
vanadium pentoxide [101]. Ingole et al. (2024) detailed the fabrication of hierarchically
structured nanoporous vanadium pentoxide transparent material, grown on a fluorine-
doped tin oxide substrate. The structural examination confirmed the formation of a pure
orthorhombic structure for the vanadium pentoxide, while microscopy images depicted a
well-organized three-dimensional spongy-like porous architecture. The deposition

method, employing automatic spray pyrolysis, demonstrated exceptional conformality,
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enabling the fabrication of high-aspect-ratio three-dimensional structured nanoporous
vanadium pentoxide electrodes tailored for advanced supercapacitor applications [102].
In addition, Pullanchiyodan et al. (2023) demonstrated the construction of an asymmetric
supercapacitor device utilizing a two-dimensional transition metal dichalcogenide
(molybdenum disulfide) as the negative electrode and a transition metal oxide (vanadium
pentoxide) as the positive electrode. Electrochemical and galvanostatic charge-discharge
analyses were conducted on both the positive vanadium pentoxide and negative
molybdenum sulfide electrodes in a three-electrode setup. The results indicated stable
operating potentials of -0.9 V and 1.0 V for molybdenum sulfides and vanadium
pentoxide electrodes, respectively. By combining these positive and negative electrodes
with an aqueous electrolyte containing 1 M sodium sulphate, an asymmetric device with

a broad functioning potential of 2.0 V was created [103].

V20s's structure and conductivity make it an excellent electrode material for
pseudocapacitors overall. Pseudocapacitors use reversible chemical reactions instead of
the physical separation of charges that ordinary capacitors use to store energy. In V20Os
electrodes, these reactions involve ions from the electrolyte interacting with the oxide
surface and injecting charge. This process is similar to batteries but with less extreme
voltage changes. V>Os is an appealing metal oxide due to its capability to exhibit several
oxidation states. These multiple oxidation states provide more opportunities for charge
storage reactions to arise within a pseudocapacitor [104].

(b) Bismuth oxychloride (BiOCl)

The use of bismuth-based oxide materials has increased significantly, as has
attention paid to them in a number of applications, such as photocatalytic materials, gas
sensors, energy storage devices, and catalysts. Their non-toxic properties and
affordability, together with their noteworthy qualities including high oxygen content,
excellent conductivity, and dielectric behaviour, are the main reasons for their popularity.
Furthermore, because bismuth-based compounds react redoxibly in aqueous electrolytes
throughout the -1-0 V potential limit, they have the potential to function as negative
electrodes [105]. Numerous researchers have documented the use of bismuth oxides and
hydroxides as pseudocapacitors in the context of supercapacitor applications. The
electrodeposition approach was utilized for the synthesis of a composite material
consisting of bismuth oxide adorned with titania nanotube arrays. Investigations were
conducted into how the morphology of the bismuth oxide state was affected by deposition

parameters, such as current density and time. The capacitance that was obtained at the
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greatest level was 430 mF/cm? [106]. Among the family of bismuth-based oxides, BiOCl
as electrode material shows its influence due to its unique combination of properties and
versatile functionality [107]. Bismuth oxychloride possesses a unique crystal structure
with lattice parameters a=b= 3.890 A, c= 7.370 A (see Figure 1.15). Within the crystal
structure, each bismuth (Bi) atom serves as a central point, bonded to four oxygen (O)
atoms and four halogen (Cl) atoms, forming a distinctive ten-sided shape known as a
decahedron. Notably, these eight bonded atoms can be viewed as composing two square

faces, with each containing two oxygen and two chlorine atoms.

BiocCl

Space group: P4/nmm
a=3.890 A, a=90°

b= 3.890 A, p=90°
c=7.370 A, y=90°

Figure 1.15. Crystal structure of BiOCI.

Positively charged sheets, comprising two bismuth atoms and three oxygen atoms
[B1,0,]*, are positioned between double layers of negatively charged chlorine ions (Cl),
resulting in the establishment of the BiOCllayer [108]. This unique arrangement develops
into a tetragonal crystal system, characterized by a square base for the unit cell replicating
the entire structure. The stacking of these layers along a specific direction (c-axis) defines
the overall structure. The internal layers of BiOCI are bound by strong covalent bonds,
but their interaction between layers depends on weaker van der Waals forces. It allows
flexibility within the crystal structure, this layered configuration enhances BiOCl's
suitability for energy storage systems. Because its structure offers ample active sites for
ion insertion and extraction through the charging and discharging phases in

electrochemical energy storage systems [109].
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BiOCl has the potential for various energy storage technological applications, spanning
from rechargeable batteries to supercapacitors and electrochemical capacitors. In lithium-
ion batteries, BiOCI can be utilized as a negative electrode material, offering high
capacities and improved cycling lifespan compared to conventional graphite-based
anodes. Its redox-active nature and favorable electrochemical properties make it a viable
candidate for next-generation lithium-ion battery technologies, contributing to elevated
EDs and longer cycle life [110]. BiOCl-based electrodes can also be utilized in
supercapacitors to store electrical energy via rapid faradaic redox reactions. Among the
notable new developments in electrode materials is BiOCl, which exhibits an excellent
90.3% cycle lifespan along with an extreme capacitance value of 1242 F/g at 1 A/g current
density. A capacitance of 124 F/g was obtained in the setting of an asymmetric cell with
the configuration BiOCl/activated carbon, retaining an amazing 82% retention even after
experiencing 3000 cycles [111]. BiOCl's increased specific surface area and conductivity
lead to improved cycling stability, power density, and capacitance, making it a suitable
material for higher-performance supercapacitor devices used in energy delivery and
storage systems. Moreover, BiOCI can be integrated into electrochemical capacitors
(ECs) or pseudocapacitors, where it functions as both an electrode and an electrolyte
material. The reversible redox reactions of bismuth and oxygen species allow effective
charge storage, leading to high energy densities and long cycle life in EC-based energy
storage systems. Given the abundance of sodium resources and the growing interest in
sodium-ion battery technology, BiOCl shows capability as an electrode material in
sodium-ion batteries [112]. Its electrochemical characteristics can be tailored for the
storage of sodium, providing a more environmentally friendly option for energy storage
than lithium-based systems. It can also help to further the development of sodium-ion

battery technologies for use in grid-scale energy storage applications.

In the present research work, V205 and BiOCI have been specifically chosen among
various metal oxides because the selection of electrode materials involves careful
consideration of multiple factors, including synthesis method, cost, production efficiency,
as well as chemical and electrochemical stability. To address these considerations, an
approach prioritizing ease, cost-effectiveness, and convenience in the preparation of V205
and BiOCl was chosen. Sol-gel and solvothermal methods were employed to synthesize
these materials, with solvothermal methods enabling the generation of diverse
morphologies for BiOCI. The resulting nanoparticles exhibit favorable characteristics,

such as high chemical, and electrochemical stability. This strategic selection and
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preparation methodology enhances the overall suitability of V2,05 and BiOCl as electrode

materials for supercapacitor applications.
2. Conducting polymers

These materials, predominantly utilized in pseudo-capacitor electrode
components, are valued for their swift and reversible oxidation/reduction processes as
well as their commendable electrical conductivity. The commonly utilized conducting
polymers encompass polyaniline, polypyrrole, and polythiophene. The synthesis of these

polymers can be carried out using chemical or electrochemical methods.
(a) Polyaniline (PANI)

Polyaniline (PANI) is an outstanding conducting polymer that has gathered
significant attention for its diverse applications in electronics, sensors, energy storage,
and corrosion protection [113]. Its unique properties stem from its distinctive chemical
structure, characterized by the repetitive arrangement of aniline monomers as shown in
Figure 1.16. At its core, polyaniline consists of a chain-like structure composed of aniline
units. Aniline (CsHsNHz) is an aromatic amine compound with a benzene ring and an
amino group (-NHb>) attached. In the polymerization process, multiple aniline molecules
undergo oxidative coupling reactions, forming covalent bonds between their aromatic
rings. The “delocalization of m-electrons” along the polymer chain allows for efficient
charge transport, enabling PANI to conduct electricity [114]. This conductivity can be
further enhanced by doping, a process in which additional molecules, ions, or groups are

introduced into the polymer matrix to modify its electronic properties.

Figure 1.16. Chemical structure of Polyaniline (PANI).
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Doping introduces charge carriers into the polymer, increasing its conductivity.
Common dopants for PANI include acids such as hydrochloric acid (HCl) or
camphorsulfonic acid (CSA), which protonate the nitrogen atoms in the polymer
backbone. In addition to its electrical conductivity, polyaniline exhibits intriguing redox
properties. It can undergo reversible oxidation and reduction reactions, switching between
different oxidation states. The most common forms of PANI include the fully oxidized
emeraldine salt and the partially reduced emeraldine base. The oxidation state of PANI
influences its color, with the emeraldine salt appearing dark blue or green and the
emeraldine base exhibiting a reddish-orange. This tunability of color and conductivity
makes PANI an attractive material for various applications, including electrochromic

devices and chemical sensors [115].

PANI is an admired material for supercapacitor devices that store energy
electrochemically. Unlike other conducting polymers, PANI utilizes its entire volume for
charge storage, leading to high capacitances (up to 950 F/g) [116]. It functions through
redox reactions, changing oxidation states as it stores and releases energy. However, PANI
has drawbacks. The charging and discharging process (doping/dedoping) causes the
polymer to swell, shrink, and crack, reducing its lifespan (cycle stability). Additionally,
PANI can degrade at high voltages, limiting its operating range. To address these
limitations, researchers are creating composite electrodes that combine PANI with other
materials namely graphene, metal oxides, carbon nanotubes, etc. A recent study by Yan
et al. (2010) demonstrated a successful approach using a simple chemical method for
PANI-based graphene oxide-carbon nanotube composite. The fabricated composite
electrode achieved exceptional capacitance (1035 F/g) and impressive stability (only 6%
capacitance loss after 1000 cycles) [117]. Similar to this, Ahmad et al. (2021) investigated
the use of a polyaniline/copper oxide nanocomposite in supercapacitors. At 0.5 mA/cm?,
the created nanocomposite demonstrated an areal capacitance of 169 F/cm? and a
maximum capacitance of 486.9 F/g. The superior function of the nanocomposite electrode
was linked to its low solution resistance and charge-transfer resistance, as evidenced by

electrical impedance spectroscopy [118].

In conclusion, PANI offers high capacitance and efficient charge storage mechanisms, but
its practical application is hindered by issues of mechanical stability and voltage
limitations. Through innovative composite strategies, such as those integrating graphene,

metal oxides, and carbon nanotubes, researchers are making significant steps toward
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overcoming these challenges, paving the way for improved supercapacitor devices with

enhanced performance and longevity in various applications.
(b) Polypyrrole (PPy)

Polypyrrole (PPy) also stands as a cornerstone in the domain of conducting
polymers, owing to its remarkable electrical conductivity, facile synthesis, and versatile
applications across various fields such as electronics, sensors, energy storage, and
biomedicine [119]. Polypyrrole possesses a distinctive chemical structure that forms the
basis of its fascinating properties and varied functionalities. The chemical structure of
polypyrrole is emblematic of its monomeric unit, pyrrole. Pyrrole, a five-membered
aromatic heterocycle, serves as the fundamental building block in the polymerization of
polypyrrole. The polymerization process involves the oxidative coupling of pyrrole
monomers, leading to the formation of a polymer chain with a conjugated m-electron
system. In its pristine form, polypyrrole consists of a linear chain of pyrrole units
interconnected through carbon-carbon (C-C) bonds, resulting in a polymeric backbone
characterized by alternating single and double bonds. Structurally, each pyrrole monomer
comprises a pyrrole ring with four carbon atoms and one nitrogen atom. The carbon atoms
form the framework of the ring (see Figure 1.17), while the nitrogen atom contributes to

the aromaticity of the system, enhancing its stability and conjugation.

Figure 1.17. Chemical structure of polypyrrole (PPy).

30



The presence of delocalized m-electrons within the pyrrole ring imparts
conductivity to the polymer chain, facilitating the efficient transport of charge carriers
along its backbone. This inherent conductivity is a hallmark feature of polypyrrole and
renders it suitable for various electronic and electrochemical applications [120]. The
chemical structure of polypyrrole is not limited to its pristine form but can be modulated
and tailored to accommodate specific requirements through doping and functionalization.
Doping implies the inclusion of dopant molecules or ions into the polymer matrix, which
induces changes in its electronic properties and enhances its performance. Common
dopants for polypyrrole include inorganic ions (e.g., Cl', Br", I') and organic molecules
(e.g., polystyrene sulfonate), which interact with the polymer chain via electrostatic
interactions or charge transfer processes [121]. Furthermore, the chemical structure of
polypyrrole can be modified through functionalization, wherein chemical groups or
moieties are attached to the polymer backbone to introduce desired functionalities or
improve compatibility with other materials. Functionalization strategies encompass
methods such as grafting, polymerization of pyrrole derivatives, and post-polymerization
modification. These approaches enable the incorporation of specific functional groups
(e.g., hydroxyl, carboxyl, amino) or biomolecules (e.g., DNA, proteins) into the polymer
structure, broadening its scope of uses in areas such as biosensing, drug delivery, and

tissue engineering.

For the creation of electrodes, PPy is a polymeric material that has been extensively
researched. It is prized for its remarkable qualities, which include high conductivity, quick
charge/discharge rates, significant energy density, ease of synthesis, dense mass,
flexibility, and affordability [122]. PPy exhibits a notably high volumetric specific
capacitance (400500 F/cm?) and flexibility, allowing it to be molded into various shapes
without compromising its electrochemical performance [123]. Researchers have
demonstrated the excellent flexibility of PPy-based supercapacitors with hydrogel
electrolytes, maintaining strong electrochemical performance [124]. Consequently, PPy
finds applications in manufacturing flexible, highly capacitive, and lightweight
supercapacitors, as well as flexible electronic devices like wristwatches, roll-up displays,
smartphones, wearable sensors, smart textiles, and more. This has sparked considerable
interest among researchers for future energy storage and electronic applications [125].
However, two main challenges hinder PPy's wider application in high-performance
supercapacitors: 1) the disparity between theoretical capacitance predictions and practical

values, and ii) reduced cycling lifespan during long-term charge-discharge processes, a
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common issue for most conducting polymers. To address these challenges, several
effective strategies have been developed: 1) synthesizing PPy with tailored morphology
and/or structure, ii) fabricating various PPy composites with carbon materials or metal
oxides, and iii) designing novel configurations for PPy-based supercapacitors [126].
These strategies aim to optimize PPy's capacitance while significantly enhancing its
cycling stability, covering the tactic for its broader utilization in advanced energy storage
systems.

(c) Polythiophene (Pth)

Polythiophene, recognized for its semiconducting properties, exhibits exceptional
mechanical stability, optical transparency, thermal resilience, and electrical stability,
coupled with a notable bandgap energy [127]. Its application in solar cells is attributed to
its ability to seamlessly integrate with metal electrodes and its overall stability [128].
When polythiophene is doped with n-type semiconductor materials, it establishes a
unique hybrid with exceptional electrical and optical properties. The presence of double
bonds in the Pth structure enhances its conductivity, facilitating the generation of polarons
and bipolarons through redox processes. This unique feature makes it a versatile material
suitable for use in polymer batteries, electrochromic devices, and solar cells [129].
Laforgue et al. (1999) synthesized polythiophene using a chemical approach, resulting in
an active material with a large capacity of 40 mA h/g and exceptional cycle stability,
maintaining capacity over 500 cycles [130]. Supercapacitors constructed with these
prepared polythiophene-based electrodes demonstrated a specific capacity of 260 F/g at
a current density of 2.5 mA/cm? In summary, the electrochemical activity of
polythiophene as a supercapacitor electrode material is influenced by circumstances such
as fabrication approach, substrate, and morphology. Polythiophene shows potential for
supercapacitors, yet it still faces limitations. Despite advances enhancing its performance,
it lags behind materials such as polyaniline and polypyrrole in critical aspects.
Polythiophene-based supercapacitors suffer from rapid power density loss and lower
overall capacitance. Overcoming these challenges requires continued development to

achieve competitiveness with alternative options [131].

In the present research work, polyaniline (PANI) and polypyrrole (PPy) were
selected as electrode materials within the domain of conducting polymers because they

exhibit the following unique properties that are pivotal for the present study [132-136].

o High Electrical Conductivity: Both PANI and PPy exhibit a noteworthy level of

electrical conductivity compared to their counterparts. This characteristic is
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paramount for facilitating efficient charge transport and overall conductivity
within electrode applications, encompassing batteries, supercapacitors, and

SENSors.

Superior Processability: PANI and PPy are renowned for their straightforward
synthesis and processing capabilities. They can be meticulously crafted into thin
films or coatings using established methods like chemical oxidation,
electrodeposition, or solution casting. This inherent versatility in processing
empowers the precise tailoring of their morphology and structure to flawlessly

align with the specific prerequisites of experimental design.

Robust Environmental Stability: PANI and PPy demonstrate a commendable
degree of resilience against environmental factors such as oxidation and
degradation. This stability is a crucial trait for applications where electrodes are
susceptible to exposure to fluctuating conditions over extended durations. It

guarantees long-term performance and unwavering reliability.

Doping Versatility: Both polymers possess the remarkable ability to undergo
doping with a variety of dopants (e.g., acids for PANI, dopant ions for PPy). This
process significantly modifies their electrical, chemical, and structural properties.
This versatility empowers the optimization of the electrodes for targeted
functions, such as augmenting charge storage capacity in energy storage devices

or refining sensitivity in sensors.

Applicability in Diverse Fields: PANI and PPy boast extensive utilization across
various applications, including batteries, supercapacitors, sensors, corrosion
protection coatings, and more. Their compelling conductivity, processability,
stability, and doping versatility render them ideal candidates for the present

research objectives outlined in this thesis.

By possessing this exceptional confluence of properties, PANI and PPy stand out as

the optimal choice for the electrode materials employed within this research endeavor.

Category I1I: Hybrid Electrode Materials

Hybrid supercapacitor electrode materials are categorized into two main types:

asymmetric and composite electrode materials (see Figure 1.18). As for asymmetric

hybrid supercapacitors, they incorporate both EDLC and pseudocapacitive electrode

materials, allowing for an arrangement of faradaic and non-faradaic storage mechanisms.
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Typically, carbon-based materials are employed in the negative electrode, while pseudo-

active materials are used in the positive electrode.

Pseudo/EDLC Electrode materials

Hybrid

supercapacitor

Electrode

Materials

Composite Electrode Materials

Figure 1.18. Types of hybrid electrode materials.

This configuration results in an asymmetrical hybrid supercapacitor that exhibits superior
energy density and power density compared to EDLC, as well as enhanced cyclic lifespan
compared to pseudocapacitors [137]. In composite electrodes, an interaction is achieved
by integrating carbon-dependent components with either metal oxides or conducting
polymers. This combination allows for the simultaneous occurrence of mutually physical
and chemical charge storage processes within a singular electrode. The incorporation of

faradaic reactions serves to amplify the capacitance of pseudoactive components [138].
1. Pseudo/EDLC electrode materials

Pseudocapacitive materials are mixed with carbon-based materials including
graphene, carbon nanotubes, and activated carbon to provide a wide range of
pseudo/EDLC electrode materials. Examples of pseudocapacitive materials include
“transition metal oxides like ruthenium oxide, manganese oxide, and vanadium oxide, as
well as conducting polymers such as PANI and PPy” [139]. These materials
synergistically enhance electrode performance by facilitating additional redox reactions,

thereby boosting overall capacitance and efficiency in Pseudo/EDLC systems.
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2. Composite electrode materials

Materials become composite when two substances are mixed in a manner that
renders them permanently inseparable. Carbon-based materials support charge transfer,
enabling double-layer charge storage through their large surface area. Better energy and
power densities in the composite materials are the result of this enlargement of the
interface between capacitive components and electrolytes [140]. The prospect of
combining carbon-based materials with conducting polymers is particularly encouraging,
as it enables the mixing of the two most cost-effective materials, resulting in significant
stable pseudocapacitance. As an example, Ren et al. (2015) formed a composite electrode
of molybdenum disulfide/polyaniline (MoS2/PANI) with activated carbon, resulting in
outstanding stable electrochemical performance, showcasing high energy density and

power density [141].

In the present research work, the focus is on utilizing V2Os-PANI and PPy/BiOCl
nanocomposites as electrode materials for supercapacitors. This choice is significant for

several reasons [142-145]:

1. Enhanced Capacitance: V,0s5-PANI and PPy-BiOCl nanocomposites combine
the high capacitance of pseudocapacitive materials (such as V205 and BiOCl) with
the strong conductivity and stability of polymers (PANI and PPy). This
combination results in electrodes that can store a larger amount of charge

compared to individual component forms.

2. Improved Cycling Stability: Supercapacitors require materials that can
withstand numerous charge-discharge cycles without significant degradation.
Both V205 and BiOCI are known for their stability in electrochemical processes,
while PANI and PPy contribute to mechanical robustness and structural integrity.
This ensures that the nanocomposite electrodes maintain their performance over

extended operational lifetimes.

3. Facilitated Charge Transfer: The nanoscale architecture of these composites
facilitates rapid electron and ion transport, crucial for achieving high power
densities in supercapacitors. This attribute is essential for applications requiring

quick charge and discharge cycles.

4. Environmental Friendliness: Utilizing materials like V205 and BiOCl reduces

reliance on rare or toxic elements, aligning with sustainable development goals.
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Additionally, polymers such as PANI and PPy are often synthesized from readily

available and environmentally benign precursors.

5. Versatility in Applications: The versatility of V,0s-PANI and PPy-BiOCl
nanocomposites allows for their potential application in various fields beyond
supercapacitors, including sensors, UV shielding, actuators, and energy storage

systems.

All things considered, the selection of V,0s-PANI and PPy-BiOCIl nanocomposites
as supercapacitor electrode materials reflects a calculated mixture of electrochemical
performance, stability, and environmental sustainability, making them viable options
for developing energy storage systems. In addition to their promising electrochemical
properties for supercapacitor applications, this thesis delves into the optical
applications of V20s-PANI nanocomposites. These materials present unique optical
characteristics due to the synergistic properties of vanadium pentoxide (V20s) and
polyaniline (PANI), which enhance light absorption and modulation capabilities. The
study investigates how the incorporation of V205 into PANI matrices can lead to
improved optical properties, including tunable band gaps and increased UV shielding

efficiency.

1.6. Other components of supercapacitors

» Current collectors

The components responsible for collecting the electrical current produced at the
electrodes and connecting it with external networks are known as current collectors.
Batteries and supercapacitors are two examples of electrical energy storage systems
whose behavior is significantly influenced by these current collectors. Strong mechanical
strength, high electrical conduction, low density, sustainability, and large electrochemical
stability are just a few of the qualities that the perfect current collectors for
supercapacitors should have. Despite the numerous advantages, metals have a major
drawback in their lower electrochemical stability which decreases the performance of
supercapacitors at high voltage levels. Additionally, metal-based current collectors are
limited in their application under acidic electrolytic conditions as these materials tend to

deteriorate in acidic environments, negatively impacting the electrochemical performance
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of the device. Materials including aluminium, iron, nickel, copper, stainless steel, and

alloys are frequently used as current collectors [146].

Nickel-based (nickel foam and nickel foil) current collectors are widely employed in
supercapacitor applications because of their superior mechanical strength, high electrical
conductivity, low contact resistance with electrode components, and relatively low cost
[143-146]. Nickel foam with an interior porous surface and increased contact area shows
remarkable capacitance compared to nickel foil, which has a flat surface. Throughout the
supercapacitor's cycle life, resistance within the device may grow due to the deterioration
of the electrode, current collector, and active material as the number of cycles increases.
To address this issue, polymeric binding materials like nafion, polyvinylidene fluoride
(PVDF), polytetrafluoroethylene, and others are combined with the active material to

ensure it remains firmly attached to the current collector over an extended time [147].

» Electrolyte

The electrolyte is a crucial component of electrochemical supercapacitors solid or quasi-
solid electrolytes and liquid electrolytes [148]. These classifications of electrolytes are
illustrated in Figure 1.19. The characteristics required of electrolytes in supercapacitors
are [149,150]: (1) High ionic conductivity. (ii) A broad potential window. (ii1) Small ionic
radius. (iv) Excellent electrochemical stability. (v) Low resistance. (vi) Low volatility.
(vil)) Low toxicity. (viii)) Low cost. (ix) High purity and easy availability. Aqueous
electrolytes are widely utilized for research purposes due to their affordability and ease
of handling during device fabrication and assembly. They offer lower resistance, higher
concentration of ions compared to neutral electrolytes, lower volatility, and reduced
flammability compared to other electrolytes (see Figure 1.19), which enhances safety in
environments with strict safety protocols. Compared to organic and ionic liquid
electrolytes, aqueous electrolytes have conductivities that are one to two orders of
magnitude higher. Regrettably, aqueous electrolytes have a very narrow potential window
that only extends to 1.23 V. In energy storage devices, various types of electrolytes such
as alkaline, acidic, and neutral are used in aqueous form. However, acidic and neutral
electrolytes have a higher rate of corrosion on electrodes compared to alkaline electrolytes
[151,152]. Despite the limitations of low specific capacitance, low ionic conductivity,
high volatility, flammability, toxicity, and cost, organic electrolytes are highly required
due to their broad electrochemical potency window of 2.5 to 2.8 V. In comparison,

aqueous electrolytes have a relatively narrow potential window. Ionic liquid electrolytes
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offer a wider electrochemical stability window compared to aqueous electrolytes,

however, their high viscosity leads to lower ionic conductivity.

Electrolytes

I
[ ]

Liquid Solid or quasi-solid state
. e Dry solid polymer | |
Aqueous Non-aqueous (PEO/LICl)
: ) e R e Gel polymer
Acid (HCI) - Organic (TEABF /ACN) (PVA/KOH + H,0)
Alkaline (NaOH or KOH) = Ionic liquid ((EMM][BEF,]) Inorganic (Li,S-P,Ss) J
Neutral (Na,S0,) == Mixture ((EMIM][BF,]+ ACN)

Figure 1.19. Categorization of electrolytes.

Liquid electrolytes have a smaller thickness, which might cause leaks in devices and
reduce their functionality. Supercapacitors are great for short-term energy storage, but if
they are broken, liquid-based devices could leak and endanger the environment. It is
helpful to utilise solid or quasi-solid state electrolytes to address the problem of liquid
leakage in devices. However, the low ionic conductivity of these solid-state electrolytes
leads to a decrease in capacitance and energy density. Therefore, compared to
electrochemical supercapacitors utilising alternative electrolytes, those based on aqueous
electrolyte exhibit superior capacitance, energy density, and power density. The higher
ion concentration and smaller ionic radius of aqueous electrolytes are responsible for this

superiority [153,154].

» Separator

The separator in a supercapacitor acts as a barrier between its two electrodes,
promoting ion movement through the bulk electrolyte while preventing short circuits.
Separators can be made from various materials, including paper, glass, ceramics, and
polymers [155,156]. Requirements of separator: (i) The separators must have non-
conductive properties. (i1) They should allow for the permeation of electrolyte ions and

exhibit low ionic resistance. (iii) They must be able to withstand volume and pressure
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fluctuations in the system to prevent swelling. (iv) The separators must be readily wetted

by the electrolytes.
1.7. Advantages of supercapacitors

Supercapacitors have the following advantages over other energy storage devices [157—

159].

(i) High specific power: The specific power of an electrochemical supercapacitor,
ranging from 1 to 10 kW/kg, is significantly greater than that of lithium-ion batteries,
which is around 150 W/kg. In electrochemical supercapacitors, electrical charges are
stored at and near the electrode surface, rather than throughout the entire electrode. This
results in faster charge-discharge rates compared to fuel cells and batteries, making them

ideal for high-power delivery applications.

(ii) Long cycle life: In general, the faradaic processes in batteries involve a change in
phase and conversion of electrode materials that are irreversible. On the other hand, the
reactions in energy storage systems are reversible, giving them exceptional cyclic
stability. The lifespan of energy storage systems can reach up to 30 years, with a
significant number of charge-discharge cycles ranging from 50000 to 1 million cycles. In
comparison, lithium-ion batteries have a cycle life of just 5 to 10 years, with a maximum

of 1000 to 10000 cycles.

(iii) Long shelf life: If rechargeable batteries are left unused for an extended period,
they deteriorate and become useless due to corrosion and self-discharge. Conversely,
supercapacitors maintain their capacitance and can be fully recharged to their original

state, even after long periods of inactivity.

(iv) High efficiency: During the charge-discharge process, supercapacitors are
reversible throughout the entire potential window, and the energy loss due to heat
dissipation is minimal and manageable. Additionally, the cycle efficiency of
supercapacitors is quite impressive, with a rate of nearly 95% even when operating at a

power density of 1 kW/kg .

(v) Wide operating temperature: Supercapacitors are capable of functioning in
extremely low and high temperatures, ranging from -40 to 85°C. This reliability makes
them a popular choice for use in military applications where energy must be sustained in

challenging conditions.
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(vi) Environmental friendliness: Generally, the materials used in the manufacture of
supercapacitors are non-toxic, and the resulting waste by-products can be disposed of

easily and safely.

(vii) Safety: Supercapacitors are considered safer than batteries, particularly lithium-ion

batteries, which can explode due to heat dissipation and thermal rundown conditions.
1.8. Challenges for supercapacitors

While supercapacitors have many advantages over fuel cells and batteries, they still face

challenges in some areas [160—-162].

(i) Low energy density: Supercapacitors have a lower energy density (around 5
Wh/kg) than batteries (>50 Wh/kg). The cost is increased overall when using a large
number of supercapacitors or a single, massive supercapacitor for applications that

demand a high energy capacity.

(ii) High cost: The price of the electrode materials, electrolyte, separator, and other
components are some of the elements that affect the cost of making a supercapacitor.
Despite their high cost, high surface area carbon materials and transition metal oxides like
RuO: are frequently found in commercial supercapacitors for practical uses. Additionally,
the cost increases significantly if organic electrolytes are used instead of aqueous

electrolytes.

To get beyond these restrictions and encourage the broad application of supercapacitors

in many industries, more effective electrode materials must be found.

1.9. Applications of supercapacitors

Solutions for portable energy storage are becoming more and more necessary. Because
of their high energy densities, batteries, and fuel cells currently dominate the industry.
Supercapacitors' high PD and lengthy cycle life, however, are making them more and
more popular in some applications where high power delivery is essential. In such
applications, supercapacitors are becoming the preferred choice over other energy storage
devices [163—166]. Some examples of these applications are listed below.

(i) Public sector: (a) Supercapacitors are utilized in digital cameras to produce flashes.

(b) Blueshift's portable speakers, manufactured by Sam Beck, use supercapacitors to

provide up to 6 hours of playback time after just 5 minutes of charging.
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(c) For security applications that require quick and temporary power supply,

supercapacitors are utilized.

(ii) Transport and automotive industry: (a) Electrical vehicles that require high

current for fast charging utilize supercapacitors.

(b) Supercapacitors play a significant role in regenerative braking systems as they quickly

recover and store braking energy.

(iii) Defence and military-based applications: In defense and military applications,
various tools such as communication devices, navigators, sensors, radar systems,
torpedoes, electromagnetic pulse weapons, radar antenna, missiles, and GPS, are utilizing

supercapacitors because of their requirement for large power and long cycle lifespan.

(iv) Memory backup: Supercapacitors provide backup power to devices such as PC

cards, RAM, and SRAM during unexpected power outages, thereby preventing data loss.

(v) Medical purpose: Supercapacitors can serve as backup power sources for medical

equipment to prevent potential failures during power outages.
1.10. Organization of thesis

Chapter 1 provides an overview of energy resources, including their classification and
current accessibility. The utilization and excessive use of non-renewable energy sources
result in numerous repercussions, such as the greenhouse effect, ozone depletion, and
rising sea levels due to ice melting. To address this issue, there is a rising emphasis on
the utilization of renewable resources. Various methods of generating energy from
renewable sources were explored, along with the challenges encountered in the
advancement of energy storage gadgets. Subsequently, the limitations in storing energy
derived from renewable sources and the complexities associated with storing a specific
amount of power using energy storage devices were deliberated. The discussion further
extends to the role of supercapacitors, recent advancements, and their applications in
energy storage. It offers brief overview of the concepts, types, and uses of supercapacitors
while contrasting them, in terms of PD and ED, with batteries and fuel cells. It also
describes the various methods of charge storage, the materials used for the electrodes, the

benefits and drawbacks of supercapacitors, and their most recent uses.

Chapter 2 presents an extensive review of the literature concerning electrode materials

such as V,0s, BiOCI, PANI, and PPy for supercapacitors. It explores diverse techniques
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employed in synthesizing these electrode materials. Furthermore, the chapter addresses

the current research gap and defines the objectives of the thesis.

Chapter 3 presents the experimental methods and procedures for conducting polymers,
manufacturing and characterizing metal oxides, and conducting polymer-based

nanocomposite electrodes for supercapacitor cells.

Chapter 4 presents the in situ polymerization of anilinium hydrochloride over V205 was
used to prepare PANI nanocomposites with varying weight percentages of V20Os (10, 20,
and 30 wt.%). V20s nanoparticles were synthesized using a simple chemical approach
and their purity was confirmed through Rietveld refinement. For fabricated electrode
materials, the pair of redox peaks as well as their shape in cyclic voltammetry suggests
the faradic pseudocapacitive properties. Among all prepared electrodes, 20 wt% V20s-
PANI (PV2) nanocomposite demonstrates a maximum capacitance of 820.5 F/g with
a decent capacitive lifespan of 88 % after 1000 charge-discharge phases. Besides this, the
ignition of a red LED using three PV2//PV2 symmetric devices connected in series

underscores its potential to advance energy storage applications.

Chapter 5 provides the UV-shielding efficiency and visible light transmittance of V20Os:
PANI nanocomposites where V205 acts as a UV absorber. UV-visible study shows that
different optical parameters changed considerably after doping and facilitated UV
shielding efficiency of the prepared nanocomposites in the area of interest. The weight
concentration of 30% V205 in the PANI matrix showed a 93% increase in UV shielding
efficiency with respect to PANI in the UVB region. Distinct changes including red shift,
narrowing of the band gap, better polarizability, tuned refractive index as well as
dissipation factor could provide valuable insight into the design and development of new

and superior UV shielding materials.

Chapter 6 gives the effects of different solvents for BiOCI synthesis by solvothermal
method to study its electrochemical and physical characteristics. In this chapter ethylene
glycol (EG), diethylene glycol (DEG), and triethylene glycol (TEG) are used to prepare
different 3D hierarchical BiOCl nanostructures. Among all three prepared samples,
BiOCI synthesized using TEG as the solvent (BT), exhibits a marigold flower-like
morphology with a higher specific area. However, the BT electrode exhibits the highest
specific capacitance due to its elevated electrical conductivity and expanded surface area,
leading to a diminished potential drop in the galvanometric charge-discharge study. In

three electrode configurations, an extreme capacitance of 665 F/g at 0.5 A/g was observed
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in an aqueous electrolyte solution with 93.8% cyclic stability after 2000 cycles. For the
two electrodes system, a symmetric supercapacitor cell was constructed with a BT//BT

configuration and demonstrates an extreme ED of 15.6 Wh/kg at 838 W/kg PD.

Chapter 7 provides the electrochemical properties of 3D porous PPy-BiOCl (wt.% of
PPy 5,7, and 9) nanocomposites. The prepared BP1 (5 wt.%) nanocomposite supported
on nickel foam textile exhibits high battery-type charge storage ability in an aqueous
electrolyte solution. The galvanometric charge-discharge study showed an excellent
capacitance of 659 F/g at 1 A/g. In the presence of an aqueous electrolyte, a symmetric
supercapacitor cell was constructed with two matching 3D porous BP1 electrodes. This
configuration unveiled an impressive ED of 24.0 Wh/kg at a PD of 750.0 W/kg. To
illustrate its practical viability, two BP1//BP1 symmetric devices were linked in series,
successfully powering a red LED for approximately 50 s with good light intensity. This

underscores the practical potential of the BP1 electrode in energy storage systems.

Chapter 8 summarizes the key findings and observations from the study, emphasizing

the major outcomes. It also identifies further research areas and potential future scope.
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Chapter 2

Literature Review, Research Gap, and Objectives

SUPERCAPACITORS

CONDUCTING
POLYMERS

- Nanocomposites

This chapter specifies a broad review of the current advances in the use of conducting polymers
for electrode material in supercapacitors. It particularly emphasizes the significance of PANI
and PPy, in combination with metal oxides such as V>Os and BiOCI. Furthermore, the chapter

addresses the present research gap and defines the objectives of the present study.



2.1. Literature Review

This chapter offers a broad review that investigates the research conducted on Vanadium
Pentoxide (V20s), Bismuth Oxychloride (BiOCl), Polyaniline (PANI), and Polypyrrole (PPy)
as electrode materials for supercapacitors. It provides a comprehensive understanding of these

materials' properties and their potential for enhancing supercapacitor performance.

» Wang et al. (2015) fabricated a three-dimensional composite of graphene and
polyaniline using a hydrothermal process. This method included polymerizing
polyaniline in a solution of graphene oxide. The resultant material is porous and three-
dimensional, with an outstanding specific capacity of 648 F/g at a low current density
of 0.5 A/g. Even with a high current density of 20.0 A/g, it maintains a large capacity of
356 F/g. After 1000 charge-discharge cycles lifespan, it still has a capacity of 537 F/g
at 1.0 A/g. These findings demonstrate the composite's tremendous potential as an
electrode material for supercapacitors [1].

» Balasubramanian et al. (2015) present a straightforward and eco-friendly method for
synthesizing carbon-coated vanadium pentoxide with a distinctive flowery structure in
a single step. They thoroughly investigate the structural, and supercapacitive attributes
of this material. Remarkably, the carbon-coated flowery vanadium pentoxide
demonstrates an impressive specific capacitance of 417 F/g and a good cycle lifespan
after 2000 continuous charge-discharge cycles. Additionally, they construct a two-
electrode symmetric device to assess its electrochemical performance, revealing a peak
specific capacitance of 101 F/g at a scan rate of 2 mV/s [2].

» Simotwo et al. (2016) developed freestanding, binder-free electrodes from high purity
polyaniline nanofibers using a single electrospinning process. The nanofibers' extremely
high polyaniline content (93 wt.%) was obtained by mixing ultrahigh molecular weight
poly(ethylene oxide) with polyaniline in solution, ensuring the necessary chain
entanglements for electrospinning. Polyaniline and polyaniline-carbon nanotube
electrodes showed competitive specific capacitances of 308 and 385 F/g, respectively,
at a current density of 0.5 A/g. After 1000 cycles, polyaniline and polyaniline-carbon
nanotube-based electrodes retained specific capacitance at 70% and 81.4%,
respectively. The porous three-dimensional electrode structure, which is made up of
nonwoven interconnected nanostructures, is responsible for the electrodes' promising
electrochemical performance [3].

» Huang et al. (2016) highlighted a significant challenge in the cycling lifespan of

bendable supercapacitors using conducting polymers as electrodes, attributed to
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structural breakdown from repetitive counterion flow during charging/discharging.
They introduced supercapacitors constructed with facilely electropolymerized
polypyrrole, demonstrating ultrahigh capacitance retentions. These electropolymerized
polypyrrole supercapacitors retained over 97%, 91%, and 86% of their capacitance after
15000, 50000, and 100000 charging/discharging cycles, respectively. Impressively, they
sustained over 230000 charging/discharging cycles while retaining approximately half
of their initial capacitance, marking an unprecedented achievement in long-term cycling
stability. The fully controllable electropolymerization process exhibited superiority in
molecular ordering, facilitating uniform stress distribution and charge transfer within
the electrodes. Remarkably, even after being left at ambient conditions for 8 months,
the electropolymerized polypyrrole supercapacitors maintained their excellent
electrochemical performance without degradation. These extremely stable
supercapacitors, coupled with excellent flexibility and scalability, hold significant
promise for the commercialization of flexible and wearable electronics [4].

» Zhao et al. (2016) described the fabrication of polypyrrole nanowires under mild
conditions using ferric chloride as an oxidant. These polypyrrole nanowires, with a
width of 120 nm, exhibit numerous nanogaps or pores due to their intertwined
nanostructures. Importantly, the polypyrrole nanowires were utilized as electrode
materials for supercapacitors. Upon electrochemical testing, it was observed that the
electrode based on polypyrrole nanowires exhibited a large specific capacitance of 420
F/g at 1.5 A/g and a good rate capability of 272 F/g at 18.0 A/g [5].

» Zheng et al. (2017) reported the successful synthesis of tungsten-doped vanadium
pentoxide nanobelts through a facile hydrothermal route combined with calcination. The
results indicate the successful doping of tungsten atoms into the crystal lattice of the
vanadium pentoxide matrix, leading to the formation of homogeneous solid solutions of
tungsten-doped vanadium pentoxide nanobelts. The electrochemical properties of these
nanobelts as supercapacitor electrodes were investigated using cyclic voltammetry and
galvanostatic charge-discharge methods. The tungsten-doped vanadium pentoxide
nanobelts exhibited excellent capacity and good rate capability. Specifically, their
specific capacitance was measured as 407, 381, 350, 328, 295, and 273 F/g at current
densities of 0.5, 1, 2, 5, 10, and 20 A/g, respectively. Additionally, these nanobelts
demonstrated excellent energy densities of 246 and 165 W h/kg at power densities of
0.99 and 39.60 kW/kg [6].

» Xu et al. (2017) have developed ternary composite of graphene/activated

carbon/polypyrrole for use as an electrode material in supercapacitors. This composite
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was synthesized through vacuum filtration and anodic constant current deposition
methods. The activated carbons situated between graphene sheets served as flexible
substrates for the deposition of polypyrrole nanoparticles. By adjusting different
deposition current densities and deposition times, morphologies and electrochemical
performances of the nanocomposite electrodes were tailored and optimized. Notably,
graphene/activated carbon/polypyrrole electrode demonstrated a maximum areal
specific capacitance of 906 mF/cm? with a polypyrrole loading mass of 2.75 mg/cm?
(equivalent to a specific capacitance of 178 F/ g) at a current density of 0.5 mA/cm?.
Even after 5000 charge-discharge cycles, the capacitance retention remained at 64.4%,
and after 500 stretching—bending cycles at a current density of 3 mA/cm?, it remained
at 83.6%. These flexible, free-standing, and binder-free graphene/activated
carbon/polypyrrole electrodes hold significant promise for use in flexible energy storage
devices [7].

» Wang et al. (2017) demonstrated the synthesis of nanostructured polyaniline with
varying morphologies by controlling hydrothermal conditions, and then composited
them with graphene sheets for use as electrode materials in supercapacitors.
Specifically, ultrathin polyaniline layers, ranging from 10 to 20 nm in total thickness,
were uniformly combined with graphene sheets through a two-step hydrothermal-
assisted chemical oxidation polymerization process. Alternatively, polyaniline
nanofibers with diameters of 50 to 100 nm were obtained through a one-step direct
hydrothermal process. Due to their ultrathin layer and porous structure, the
graphene/polyaniline composites in sheet form exhibited specific capacitances ranging
from 532.3 to 304.9 F/g at scan rates of 2 to 50 mV/s [8].

» Nie et al. (2017) introduced a simple and eco-friendly method to fabricate uniform
polyaniline thorn/BiOCl chip heterostructures at low temperatures without the
requirement of surfactants. In this approach, bismuth sulfide nanowires acted as
sacrificial templates and a bismuth source for BiOCI, facilitating the concurrent
formation of HCl-doped polyaniline conductive arrays and BiOCl chips supported on
residual Bi2S3 nanowires. Consequently, the resultant polyaniline thorn/BiOCI chip
nanocomposite demonstrated superior electrochemical performance as electrode
materials for supercapacitors in neutral media. This included increased specific
capacitance, enhanced rate capability, and reduced charge-transfer resistance compared
to individual polyaniline nanofibers. These improvements were attributed to the
distinctive hierarchical nanostructure of the polyaniline thorn/BiOCI chip and the

synergistic interaction between ionizable BiOCl and the polyaniline chain [9].
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» Palsaniya et al. (2018) detailed the synthesis of nanocomposites consisting of
polyaniline, graphene, and molybdenum disulfide, with equal weight proportions of
graphene and molybdenum disulfide. These nanocomposites were created via in-situ
oxidative polymerization of polyaniline, along with binary nanocomposites of
polyaniline-graphene. Analysis of their morphology confirmed the formation of well-
dispersed composite materials. The ternary composite exhibited a distinct interlayered
structure of graphene and molybdenum disulfide, enclosing polyaniline nanorods. This
unique arrangement conferred exceptional supercapacitive properties to the ternary
composite, making it ideal for energy storage applications, as evidenced by its improved
cyclic stability. Measurements conducted on symmetric supercapacitor of the ternary
composite polyaniline-graphene-molybdenum disulfide demonstrated a notably high
specific capacitance of 142.30 F/g under galvanostatic charge-discharge cycles,
surpassing that of binary composites. The substantial enhancement in cyclic stability led
to a remarkable capacitance retention of 98.11%, compared to approximately 40% for
pure polyaniline and approximately 60-96% for binary composites [10].

» Liu et al. (2018) conducted a study where they synthesized a nickel vanadate-
polyaniline composite through an in situ chemical bath method. Their findings revealed
that this composite exhibited exceptional electrochemical properties, boasting a specific
capacitance value of 2565.7 F/g at a scan rate of 5 mV/s, along with a wide potential
window and excellent rate capability. These characteristics surpassed those observed in
both nickel vanadate and polyaniline electrodes. The enhanced electrochemical
performance was attributed to the synergistic interaction between nickel vanadate and
polyaniline. Furthermore, they fabricated a symmetric, flexible, and transparent
supercapacitor using the nickel vanadate-polyaniline composite as the working
electrode. This device showcased a maximum areal capacitance of 58.5 mF/cm? at a
scan rate of 5 mV/s [11].

» Hou et al. (2018) reported the synthesis of vanadium pentoxide (V20s) nanosheets
through a V>Os xerogel solvothermal reaction in ethanol solvent at 200 °C for 12 hours.
These nanosheets offer enhanced ion accessibility and provide a larger surface area for
electrochemical reactions. Remarkably, V205 electrodes achieved a specific capacitance
of 298 F/g with robust rate capability. Even after 10,000 cycles at 200 mV/s, the
capacitance retained an impressive 85% retention rate. Additionally, asymmetric
supercapacitors were constructed using V>Os nanosheets and active carbon electrodes,

resulting in a specific capacitance of 13.2 F/g at 1 A/g current density [12].
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» Hong et al. (2018) introduced two electrode materials for a new asymmetric
supercapacitor (ASC): self-assembled camellia-like bismuth oxychloride (BiOCl) and
monodispersed activated carbon microspheres (AC). The activated carbon, synthesized
from a renewable carbon source, served as the positive electrode, exhibiting a specific
capacitance of 208 F/g at 1 A/g with 87.6% capacitance retention after 3000 cycles.
Additionally, they proposed an efficient method for preparing bismuth oxychloride with
controllable morphology, revealing its camellia-like morphology with a mesoporous
structure. As the negative electrode in the asymmetric supercapacitor, the bismuth
oxychloride electrode demonstrated a specific capacitance of 1243 F/g at 1 A/g, with
90.3% capacitance retention after 3000 cycles at 5 A/g. Combining activated carbon and
bismuth oxychloride, the full asymmetric supercapacitor cell exhibited a maximum
capacitance of 124 F/g at 0.5 A/g and good cycling stability, retaining 82% of the initial
specific capacitance after 3000 cycles at 1 A/g [13].

» Dutta et al. (2019) investigated the utilization of BiOCI nanosheets as anode material
for sodium-ion batteries, employing a novel electrolyte sodium perchlorate-
tetracthylene glycol dimethyl ether. This electrolyte prevents dendrite formation on the
anode surface, facilitating easy characterization and material analyses. In situ, PEIS
revealed distinct electrochemical phases, which were further analyzed using XRD,
Raman, and TEM techniques. During sodiation, BiOCI undergoes conversion to
metallic Bi alongside NaB1O3 and NaCl. Subsequent insertion results in the formation
of NazBi alloy along with NaBi and BiO compounds. Upon desodiation, sodium is
extracted from the system, leaving behind Bi and NaBi as irreversible products. The
study also identified previously undetected phases including NaBi, BiO, NaBiO3, and
Na3Bi0s4, indicating a complex multistep interaction between sodium ions and ionically
layered oxychloride nanosheets. This mechanism differs from the lithtum system, where
only Li3Bi formation was predicted, while NaBi and other compounds were observed
in this study. In addition to the mechanistic investigation, the authors reported a new
sodium-ion full cell (BiOCI-PB) capable of achieving a voltage of approximately 2.2 V
[14].

» Zhu et al. (2019) have introduced self-supported ultrathin bismuth nanosheets through
a straightforward method involving in situ topotactic transformation using BiOCl as the
primary template, termed TRA-BiOCI. Theoretical calculations suggest that the space
left by TRA-Bi1OCI after the release of O and Cl atoms is ample for the reversible
charge/discharge process of Bi «» Bi203. This spaciousness, coupled with the unique

structure, facilitates rapid electron transfer, reduces activation energy, and enhances
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stability. Consequently, TRA-BiOCI demonstrates a high capacity of 366 mA h/g
(nearly reaching the theoretical capacity of 384.7 mA h/g) and exhibits good stability,
retaining 82% of its capacity after 5000 cycles. Moreover, a NiC0204//TRA-BiOCl full
battery is constructed, showcasing a high energy density of 116 Wh/kg [15] .

Khalaj et al. (2019) presented a novel graphene/cobalt oxide/polypyrrole ternary
nanocomposite synthesized via a two-step technique. Cobalt oxide nanoparticles were
initially integrated into graphene sheets using a chemical precipitation method.
Subsequently, a conductive polypyrrole thin film was deposited onto the surface through
in-situ polymerization. These nanocomposites were then applied onto copper/copper
hydroxide substrates prepared via alkaline solution immersion. Electrochemical
assessments in a three-electrode system revealed a notable specific capacitance of
422 F/g at a scan rate of 10 mV/s and 385 F/g at a current density of 1 A/g in 6 M
potassium hydroxide. Additionally, an energy density of 13.4 Wh/kg was achieved at a
power density of 250 W/kg. The improved electrochemical performance of the ternary
nanocomposite stems from the synergistic interactions among its three constituents [16].
Mariappan et al. (2019) conducted a study where they synthesized ternary hybrid
nanocomposites employing different weight ratios of reduced graphene oxide,
polypyrrole (PPy), and either cobalt ferrite or iron oxide using a hydrothermal approach.
They found specific capacitance values of 261 F/g, 141 F/g, 108 F/g, and 68.3 F/g at 1
A/g in 1 M lithium nitrate electrolyte for compositions comprising 37 wt.% reduced
graphene oxide /58 wt.% polypyrrole /5 wt.% iron oxide, 32 wt.% reduced graphene
oxide/54 wt.% polypyrrole /14 wt.% iron oxide, 37 wt.% reduced graphene oxide /58
wt.% polypyrrole /5 wt.% cobalt ferrite, and 32 wt.% reduced graphene oxide /54 wt.%
polypyrrole /14 wt.% cobalt ferrite, respectively [17].

Mezgebe et al. (2019) present an uncomplicated method for controlling the core/shell
architecture of manganese dioxide nanorods and polyaniline through in-situ
hydrothermal polymerization. The structure and morphology of the resulting
polyaniline-coated manganese dioxide nanorods were meticulously characterized, and
their capacitance enhancement was thoroughly investigated. Experimental findings
unveiled that the specific capacitance of the manganese dioxide-polyaniline
nanocomposite (with 40% manganese dioxide relative to aniline monomer) reached
665 F/g at a current density of 1 A/g, surpassing that of pristine manganese dioxide
(273 F/g) and pristine polyaniline (434 F/g). Moreover, the nanocomposite retained 82%
of its original capacitance after 1500 consecutive cyclic voltammetry cycles at a scan

rate of 100 mV/s [18].
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» Rauhala et al. (2020) addressed the limited stability of polyaniline as an electrode
material for electrochemical energy storage due to its vulnerability to degradation. They
proposed enhancing durability through two methods: incorporating a carbonaceous
support and applying thermal treatments. The study focused on investigating the
degradation of a composite consisting of polyaniline and acid-treated multi-walled
carbon nanotubes when utilized as a positive electrode in a lithium-ion cell. The
composite was prepared by facile ultrasonic-assisted mixing of aqueous colloids,
followed by processing into binder-free electrodes and vacuum heat treatment (120—180
°C). Polyaniline alone displayed poor cycling stability, attributed to declining
conductivity and alterations in particle morphology. The inclusion of acid-treated multi-
walled carbon nanotubes was found to mitigate these changes and enhance the
electrochemical accessibility of polyaniline within the composite. Furthermore, heat
treatment improved the composite's stability during open circuit conditions by
facilitating polymer cross-linking. However, this stabilizing effect diminished with
prolonged cycling. Post-cycling electrode analysis revealed dedoping and side reactions
with the electrolyte in both pristine and heat-treated composites, albeit to a greater extent
in the pristine composite [19].

» Wang et al. (2020) reported the electrochemical performance of a polyaniline-coated
polylactic acid/multi-walled carbon nanotubes composite film electrode in two
commonly used electrolytes: sulfuric acid (acidic) and sodium sulfate (neutral). They
found that the optimal aqueous electrolyte for polyaniline-based electrodes in
supercapacitors was a mixed electrolyte containing 1.1 mol/L sulfuric acid and 0.1
mol/L sodium sulfate. Compared to the standard acidic electrolyte (1.0 mol/L sulfuric
acid), this mixed electrolyte enhanced the specific capacitance by 17.28%. Analysis of
the electrode and electrolytes after electrochemical cycles revealed that the addition of
neutral electrolyte sodium sulfate effectively inhibited the acid-induced hydrolysis of
polyaniline. This inhibition led to improvements in specific capacitance and cycling
stability [20].

» Viswanathan et al. (2020) investigated a nanocomposite consisting of reduced graphene
oxide and vanadium pentoxide synthesized through a chemical method, with a
composition of 7.69% reduced graphene oxide and 92.31% vanadium pentoxide by
weight. They examined the role of faradaic vanadium pentoxide in storing high energy
when combined with reduced graphene oxide. Parameters obtained from the linear
discharge approach include a specific capacitance of 120.62 F/g, a specific capacity of

144.74 C/g, an energy density of 24.12 Wh/kg, a power density of 2.647 kW/kg, and a
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columbic efficiency of 79.22% at a current density of 2 A/g. The nanocomposite
maintained 100% of its initial specific capacitance over 5000 cycles and retained 38%
of its initial specific capacitance [21].

» Shinde et al. (2021) introduced a room-temperature method for fabricating ultrathin
bismuth oxychloride supercapacitor electrode material on three-dimensional nickel
foam, employing a simple solution-based approach. The resulting free-standing bismuth
oxychloride ultrathin petal-type electrode material underwent thorough characterization
for crystal structure, surface morphology, and surface area using various analytical
techniques, before being applied in electrochemical supercapacitors. Electrochemical
analysis revealed an optimal specific capacitance of 379 F/g at a current density of 1.25
A/g. Assembled symmetric electrochemical supercapacitor devices with two identical
bismuth oxychloride electrodes and a 6 M potassium hydroxide electrolyte yielded an
excellent energy density of 12 Wh/kg and power density of 1125 W/kg, with
approximately 80% retention over 5000 cycles [22].

» Fu et al. (2021) presented a microwave synthetic method to grow vanadium pentoxide
on graphene, which is notable for its simplicity, speed, energy efficiency, and
effectiveness. This method yielded uniform vanadium pentoxide nanoparticles,
approximately 20 nm in size, evenly dispersed on graphene. The resulting vanadium
pentoxide/graphene composites were utilized in symmetrical supercapacitors,
demonstrating maximum specific capacitances of 673.2 F/g at 1 A/g current density,
along with 96.8% capacitance retention after 10,000 cycles at 1 A g'. Moreover, the
assembled devices exhibited an outstanding energy density of 46.8 Wh/kg at
499.4 W/kg power density characteristics [23].

» Rajkumar et al. (2021) reported the synthesis of iron cobalt oxide/polyaniline through
an in-situ polymerization method, aiming to explore its suitability as an electrode
material for supercapacitors. The iron cobalt oxide/polyaniline composite underwent
comprehensive characterization using various physico-chemical techniques.
Electrochemical analyses, including cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance spectroscopy (EIS), were employed
to assess its performance. Their results demonstrated a notable specific capacity value
of 940 C/g at a current density of 1 A/g through GCD measurements. This impressive
capacitive behavior was attributed to the material's porous nanorod-like structure, which
provided a large number of active sites, facilitating efficient ion and electron transport.

The straightforward one-step fabrication process further underscored the material's
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potential as an electrode material for advanced energy storage systems, emphasizing its
high specific capacity and promising applicability [24].

» Lietal (2021) stated the synthesis of nickel cobalt tetrasulfide nanoneedles via a two-
step hydrothermal approach on nickel foam. Subsequently, a layer of polypyrrole was
applied onto the surface of the nickel-cobalt tetrasulfide nanoneedles through in-situ
polymerization. The resulting nickel-cobalt tetrasulfide-polypyrrole composite was
evaluated for its potential in supercapacitor applications, revealing a capacitance of
1842.8 F/g at 1 A/g. Furthermore, an asymmetric supercapacitor device, featuring an
activated carbon negative electrode and nickel-cobalt tetrasulfide-polypyrrole positive
electrodes, showcased an energy density of 41.2 Wh/kg at 402.2 W/kg, along with
remarkable charge-discharge cycling stability (92.8% retention after 5000 cycles).
These findings highlight the promising prospects of nickel-cobalt tetrasulfide-
polypyrrole electrodes as materials for energy storage applications [25].

» He et al. (2022) reported the performance of a wood aerogel/polypyrrole composite
electrode, demonstrating its remarkable areal capacitance of 7.68 F/cm? at a current
density of 1.0 mA/cm?. They observed an acceptable capacitance retention of 82.6%
over 10,000 cycles at 10 mA/cm?. Furthermore, they achieved an impressive energy
density of 20 Wh/kg at a power density of 161.6 W/kg using a symmetrical
supercapacitor device employing the wood aerogel-based electrode [26].

» Kenesi et al. (2022) conducted a study where they synthesized a nanocomposite
consisting of polyaniline cadmium oxide graphene oxide using the co-precipitation
method. They then assessed its electrochemical performance, revealing promising
results. The polyaniline cadmium oxide graphene oxide nanocomposite displayed
superior electrochemical properties, boasting a specific capacity of 647 F/g, an energy
density of 116.6 W h/kg, and a power density of 388 W/kg when compared to alternative
electrodes. Stability tests indicated initial capacity maintenance of approximately 82%
after 500 charge-discharge cycles, suggesting favorable electrochemical stability.
Additionally, impedance spectroscopy studies revealed lower internal and charge
transfer resistance in the nanocomposite electrode materials [27].

> Bi et al. (2022) have presented the synthesis of V#*-rich vanadium pentoxide/carbon
aerogel composites as electrode materials for supercapacitors using in-situ hydrolysis-
condensation processing. The presence of carbon aerogel facilitates the deposition of
amorphous vanadium oxide and catalyzes the crystallization of V**-rich vanadium
pentoxide nanosheets at significantly lower temperatures. The uniform distribution of

vanadium pentoxide nanosheets within carbon aerogel provides a large specific area and
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numerous reactive sites, while carbon aerogel also enhances electrical conductivity and
structural integrity synergistically. Furthermore, the abundance of V*' ions enhance the
intrinsic electrical conductivity of vanadium pentoxide, facilitates ion diffusion, and
catalyzes electrochemical reactions. As a result, V#*- rich vanadium pentoxide/carbon
aerogel exhibits significantly enhanced specific capacitance, reaching 405 F/g at 0.5 A/g
current density [28].

Feng et al. (2023) describe the fabrication of high-performance negative electrodes
using bismuth carbonate (Bi20.CO3) nanosheets wrapped around bismuth oxide (Bi2O3)
arrays, employing a combination of electrical substitution, oxidative calcination, and
hydrothermal methods. The resulting copper foam/Bi203/B1202COj3 structure exhibits a
surface with cross-linked laminar features, effectively shortening the path for electrolyte
penetration. Through direct replacement growth of Bi on copper substrates, subsequent
composites are achieved, enabling improved adhesion between the electrode material
and the collector, facilitating charge transfer, and achieving ultrahigh loadings of 13.2
mg/cm? [29].

In addressing the energy density challenge of supercapacitors, Rohith R et al. (2023)
propose a novel solution: a hybrid electrode combining polyaniline (PANI) and
vanadium pentoxide V20s nanoparticles. Synthesized via an organic-mediated self-
stabilized polymerization method, PANI, when paired with nanostructured V:0Os,
exhibits a synergistic effect, overcoming the limitations of individual materials.
Through meticulous evaluation in both three and two-electrode symmetric
configurations, the PANI:V,0s hybrid electrode showcases impressive electrochemical
performance. Notably, among the varied compositions studied, PANI:V,0s = 3:1 ratio
electrode emerges as exceptional, boasting a gravimetric capacitance of 498 F/g at a
current density of 1 A/g. Even under high current densities, such as 20 A/g, this electrode
maintains 84% of its initial capacitance [30].

Temam et al. (2023) deliver a broad review of vanadium pentoxide (V20s) as a
promising electroactive material for supercapacitors. However, the widespread adoption
of V705 1s hindered by its low conductivity and lacking cycling lifespan. To address
these issues, researchers have proposed various strategies including structural,
morphological, and electronic property modifications, as well as doping and the
formation of nanocomposites. These approaches aim to enhance the performance of
V20s-based electrodes by mitigating the limitations [31].

Vishwakarma et al. (2024) synthesized V2Os using both solvothermal and hydrothermal

methods. Their findings revealed a notable difference in the specific capacitance of
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V205 produced by the two methods. Specifically, V2Os synthesized via the
hydrothermal method exhibited a two-fold extension in capacitance compared to that
produced by the solvothermal method. Their experimental findings indicated that V205
nanoparticles synthesized through hydrothermal means could offer a capacitance of 121
F/g, while those synthesized via solvothermal methods yielded a capacitance of 72 F/g.
These results were obtained at a current density of 1 A/g within the potential range of 0

to 0.45 V in an aqueous electrolyte [32].

2.2. Research gap identification

After reviewing various works of literature on metal oxides and conductive polymers for

renewable energy storage systems, the following research gaps have emerged:

a)

b)

d)

While V>0s has commonly been synthesized for supercapacitor electrodes using
methods like solvothermal or hydrothermal processes, there is a notable absence of

studies employing the facile sol-gel method.

Despite extensive research on V20s-PANI nanocomposites synthesized through the
electropolymerization method and their electrochemical performance, there is a lack of
investigations into synthesizing these nanocomposites through in situ polymerization,

particularly with varied weight percentages of V2Os in PANI.

The electrochemical performance of V,0s5-PANI nanocomposites in 6 M potassium

hydroxide (KOH) electrolytes is seldom documented in the literature.

There is a lack of research on synthesizing BiOCl as an electrode material using
different solvents such as ethylene glycol (EG), diethylene glycol (DEG), and
triethylene glycol (TEG) for supercapacitor applications.

The study into PPy-BiOCl nanocomposite electrode materials for supercapacitor

applications, along with their practical feasibility, is notably absent in the literature.

To address the identified research gaps, the present study aims to investigate optimal metal

oxides and conducting polymers, synthesizing their nanocomposites through user-friendly

techniques for energy storage applications. The study will prioritize the production of these

materials in large quantities, with a focus on eco-friendliness, easy accessibility, and cost-

effectiveness for the betterment of society.
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2.3. Objectives of the Present Work

The main aim and objectives of the study of the present research are:

a) Preparation and characterization of metal oxides nanoparticles to study their various
properties.

b) Synthesis of the conducting polymers and fabrication of nanocomposite.

¢) Prepared nanocomposite will be characterized with different techniques in order to

check their utility in applications for renewable energy sources.
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Chapter 3

Materials and Methods
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This chapter focuses on the experimental techniques utilized and the methodology described
for preparing and characterizing metal oxides and conducting polymers for Supercapacitor

applications.



3.1. Materials

Table 3.1 displays details about the precursor compounds, reagents, and other chemicals utilized

in the current study.

Table 3.1 Materials utilized in the present work.

Chemicals Provider Molecular weight (g/mol)
Ammonium metavanadate LOBA Chemie 116.98
Ammonium peroxydisulfate LOBA Chemie 228.20
Nitric acid LOBA Chemie 63.01
Ethanol LOBA Chemie 46.068
Anilinium hydrochloride LOBA Chemie 129.60
N-methylpyrrolidone LOBA Chemie 99.133
Potassium hydroxide LOBA Chemie 56.11
Hydrochloric acid LOBA Chemie 36.46
Acetylene black MIT Corporation 12.01
Conducting nickel foam Nanoshel -—--
Polyvinylidene fluoride MIT Corporation ~1,000,000
Ethylene glycol LOBA Chemie 62.07
Diethylene glycol LOBA Chemie 106.12
Triethylene glycol LOBA Chemie 150.17
Bismuth (III) nitrate LOBA Chemie 394.99
Sodium chlorate SIGMA 106.44
Pyrrole LOBA Chemie 67.09
Ferric chloride hexahydrate LOBA Chemie 270.29
Methyl orange LOBA Chemie 327.33
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3.2. Synthesis Process

3.2.1. Sol gel synthesis of V205

Figure 3.1. Preparation of V205 by Sol-gel method.

The sol-gel process is a wet chemical technique used for creating various nanostructures,
particularly metal oxide nanoparticles. In this method, a molecular precursor, often a metal
alkoxide, is dissolved in water or alcohol. Heating and stirring then facilitate its conversion into
a gel through hydrolysis or alcoholises. As the gel is initially wet, suitable drying methods are
employed based on the desired properties and application. Once dried, the gels are transformed
into powder form and subjected to calcination. The sol-gel method provides cost-effectiveness,
and its modest reaction temperature enables precise control over the chemical composition of
the resulting products. For the preparation of V205 metal oxide in this study, 7 gm of ammonium
metavanadate and 3.37 ml of nitric acid were dissolved individually in 150 ml of distilled water
and stirred for 15 min. Afterward, the two solutions were mixed in a beaker and stirred for 60
min. Later, the solution was allowed to settle down for the next 24 h, resulting in the formation
of precipitates of brown color. The precipitates were collected and to dry at room temperature
for 4 days. The final product was subjected to annealing in a muffle furnace at 400 °C for 4 h
(see Figure 3.1).
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3.2.2. Synthesis of PANI and their nanocomposites
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Figure 3.2. Synthesis of PANI by polymerization method.

Polyaniline (PANI) is synthesized through the polymerization of aniline monomers. The
chemical oxidative polymerization method is used to synthesize PANI polymer. This method
involves the oxidative polymerization of aniline monomers using various oxidizing agents such
as ammonium persulfate (APS), ferric chloride (FeCls), hydrogen peroxide (H202), or
potassium dichromate (K2Cr207). Typically, aniline monomers are dissolved in an acidic
medium, and the oxidizing agent is added slowly to initiate the polymerization process. This
method is widely used due to its simplicity and scalability. Polyaniline is synthesized by
oxidative polymerization of 0.1 M anilinium hydrochloride monomer in 1 M HCIl with an
equimolar amount of ammonium persulfate ((NH4)2S20s) solution and cooled in the ice bath
(04 °C). It took 14 h to complete the polymerization reaction with the dropwise addition of
((NH4)2S20g3) solution to the monomer. The resulting mixture is then vacuum-filtered and
washed multiple times with 1 M HCI, ethanol, and distilled water until the filtered solution
turns transparent. Finally, the obtained precipitates are dried in a vacuum oven at 60 °C for 8 h.

Similarly, polyaniline nanocomposites were also prepared with the addition of 10, 20, and 30
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wt.% of V20s in 0.1 M anilinium hydrochloride solution named PV1, PV2, and PV3,
respectively. Figure 3.2 shows the synthesis process of PANI.

3.2.3. Solvothermal synthesis of BiOCl

A solvothermal process occurs within a closed environment where a solvent, either
aqueous or non-aqueous, is present at a temperature exceeding the boiling point of the solvent
and under elevated pressure. In this study, a one-step solvothermal method is used to synthesize
different BiOCl 3D hierarchical nanostructures via various synthesis solvents such as ethylene
glycol (EG), diethylene glycol (DEG), and triethylene glycol (TEG) . In the synthesis method
1.458 g of Bi(NO3)3.5H20 dissolved in 75 ml of EG, DEG, and TEG solvents individually and
ultrasonicated solution for 20 min. After the ultrasonication process, 0.318 g of NaClO3 is added

to the solution and again ultrasonicated for 20 min.

@ . —u Bl &

e
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Figure 3.3. Solvothermal synthesis of BiOCl and their electrodes testing in a three-electrode system.

Subsequently, the resulting solution is poured into a 100 ml autoclave and heated for 3 h at 150
°C in a hot air oven. Once the mixture solution is cooled to room temperature, centrifugation is
employed to collect the produced precipitates. These collected precipitates are afterward
subjected to seven washes with deionized water to remove any impurities in the solution.
Finally, the material endured drying in an oven at 60°C for 12 h. The workflow of the synthesis

method is illustrated in Figure 3.3.
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3.2.4. Synthesis of PPy and their nanocomposites

Polypyrrole (PPy) is synthesized through the polymerization of pyrrole monomers. The

chemical oxidative polymerization method is used to synthesize PPy polymer.

FeCl; 6H,0
added drop wise

== .- After 24 h
2.75 g FeCl; 6H,0 MO (0.3 g) was 0.7 ml pyrrole monomer Polymerization
dissolved in 25 ml dissolved in 200 added started at 25 °C
D.I water ml D.1 water

Centrifugation .
PPy precipitates "
_ in D.I water o

Washing with D.I water Orange color .

and ethanol several time to indicates MO Filtered polypyrrole Black precipitates
remove MO precipitates formed and filtered

ﬂAfter washing
. Black precipitates

collected with filtration

No orange color Dried in oven at 60 °C Polypyrrole

Figure 3.4. Synthesis of PPy by oxidative polymerization method.

This method involves the oxidative polymerization of pyrrole monomers using FeCls as
an oxidizing agent. In this study, 0.2 g of methyl orange is mixed in 200 ml of deionized water
in a beaker. Subsequently, 0.70 ml of pyrrole monomer is added to create mixture “A”.
Separately, 2.6 g of ferric chloride hexahydrate is dissolved in 25 ml of deionized water to
prepare an oxidant solution, labeled solution “B”. Solution “B” is then added to mixture “A” in
a 300 ml beaker. The polymerization process occurred at room temperature, specifically 25°C.
Afterward, the resultant products are gathered through filtration and underwent washing using
a centrifugation machine. Water and ethanol are employed as medium for washing to eliminate
the oxidant, methyl orange, and oligomers. Figure 3.4 displays the synthesis procedure of PPy
by the oxidative polymerization method. PPy-BiOCl nanocomposites are fabricated via a

physical blending method, as depicted in Figure 3.5. The weight ratios of PPy in BiOCl are 5%,
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7%, and 9%. The nanocomposite components undergo thorough mixing using a mortar and

pestle to achieve a homogeneous blend.

Mortar
and Pestle

PPy-BiOCl nanocomposite

Figure 3.5. The physical blending process is employed to produce the PPy-BiOCl nanocomposites.
3.2.5. Fabrication of Supercapacitor Electrodes

A three-electrode apparatus is being used to conduct the electrochemical examination at
room temperature. The electrodes include the working electrode (ink-loaded nickel foam),
reference electrode (Ag/AgCl), and counter electrode (platinum wire). The experiment is being
carried out with 6 M KOH as the electrolyte. The mixture of active material V,0Os-PANI,
acetylene black, and Polyvinylidene fluoride (PVDF) binder are used to develop electrodes by
weight ratio of 80:10:10. Firstly, the mixture is properly grinded and an adequate amount of N-
Methyl-2-pyrrolidone (NMP) is added to form the ink, which is further ultrasonicated for 20
min. Afterward, nickel foam is dipped in a solution of HCI and ultrasonicated for 25 min to
remove any oxide layer or impurities. Later, the nickel foam is rinsed with deionized water to
eliminate any remaining acid. After removing any impurities, nickel foam is immersed in
ethanol for a couple of minutes and then rinsed in the deionized water. Finally, the nickel foam

is dried in a vacuum oven.

The previously formed ink is dropped cast onto nickel foam and subjected to vacuum
conditions at 60 °C for 12 h to dry. Figure 3.6 shows various steps involved in fabricating the
nanocomposite working electrode. A similar methodology is adopted for the preparation of

V205, PANI, BiOClI, PPy, and PPy-BiOCI electrodes.
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Figure 3.6. Fabrication of Supercapacitor electrodes.
3.3. Characterization Techniques

The sample's structural, morphological, optical, and electrochemical features were

explored through a series of characterization techniques.
3.3.1. X-ray diffraction (XRD)

X-ray diffraction stands out as a comprehensive and non-destructive method for
analyzing the crystalline properties of materials, identifying phases, and determining unit cell
features. When incident rays interact with a material sample, it leads to constructive
interference. According to “Bragg's law (n4A = 2dsin@), the path difference between the
reflected beams must be an integer multiple of the X-ray wavelength” [1]. When samples are
scanned over various 260 angles, the resulting data is displayed as a plot of 20 versus diffraction
intensity. To conduct these analyses, a Bruker D8 Gen 10 theta/theta powder X-ray
diffractometer was utilized. This instrument utilizes Cu Ka radiation, with a wavelength of
0.1542 nm, and is used at 40 kV voltage and 30 mA current. Every sample's diffraction pattern
was captured at a rate of 5 degrees per second, spanning a 20 range from 5 to 80 degrees.
Obtained outcomes were then compared with corresponding samples in the standard JCPDS

database.
3.3.2. Field emission scanning electron microscope (FESEM)

The electrochemical activity of an electrode in a supercapacitor is heavily influenced by the

particle size and shape. To visualize the diverse micro- and nano-sized morphological features
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of the samples created for this study, electron microscopy was employed. This advanced
technique applies a focused beam of electrons to capture high-resolution images of a specimen.
In electron microscopy, electrons are generated by an electron gun and then focused onto the
sample through a series of electromagnetic lenses. Upon striking the sample, these electrons
interact with its atoms, generating various signals such as secondary electrons, back-scattered
electrons, and X-rays [2, 3]. These signals are detected and utilized to create an image of the
sample's surface. Field Emission Scanning Electron Microscopy (FESEM) offers numerous
advantages over other microscopy techniques. It provides high-resolution images of surface
morphology, topography, and composition. Furthermore, FESEM enables the analysis of
samples at high magnification and under various conditions, including vacuum and low
temperatures. For visualizing the micro- and nano-sized morphological features of the catalyst
samples in this study, a JEOL field emission scanning electron microscope (FESEM) was
applied. The FESEM boasts a versatile range of features, including a magnification range of 25
to 1,000,000, an accelerating voltage range of 0.1 kV to 30 kV, and a probe current range from
a few pA to 200 nA. In sample preparation, electrode samples without carbon were mounted
onto an aluminum stub using a double adhesive conductive carbon tape, while carbon-
containing materials were affixed using copper tape and silver paste adhesive. Before image
acquisition, a conductive coating approximately 10 nm thick was applied by sputtering the

samples with a thin layer of Au for about 5 minutes.
3.3.3. Energy-dispersive X-ray spectroscopy (EDX)

EDX, referred to as energy dispersive spectroscopy (EDS) as well, serves as a non-
destructive analytical technique employed to glean insights into the chemical composition of a
sample. Widely utilized in materials science, geology, and biological sciences, EDX functions
by detecting the X-rays emitted when a sample is bombarded with a beam of high-energy
electrons [4, 5]. These emitted X-rays stem from the energy transfer occurring when the incident
electron beam collides with the sample's atoms. The energy of these X-rays is characteristic of
the originating element. Collected by a detector, the X-rays' energies are measured to deduce
the elemental composition of the sample. This process generates a spectrum of X-ray energies
corresponding to the elements present, with each element producing a distinct set of X-ray
energies. Consequently, EDX enables the identification and quantification of elements within
the sample. In conjunction with scanning electron microscopy (FESEM), EDX offers both
elemental analysis and high-resolution imaging of the sample surface. In the context of this
study, an EDX detector was utilized to acquire in-situ EDX spectra of various samples during

electron microscope imaging. However, owing to extreme magnification and material
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heterogeneity, the EDX spectrum may vary based on the imaging area. Hence, all EDX images
and data presented in this study solely serve to identify the presence of specific elements in the

sample rather than determine its precise composition.
3.3.4. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR is a valuable technique employed to investigate the vibrational properties of
molecular bonds within a sample. It assesses the absorption or transmission of infrared
radiation, offering insights into the sample's chemical composition and functional groups. In
operation, FTIR directs an infrared light beam through the sample, where it interacts with the
chemical bonds present. Various types of bonds absorb energy at distinct frequencies, which
are detected and transformed into a spectrum of infrared radiation absorbed or transmitted by
the sample. This spectrum, akin to a unique "fingerprint," unveils the chemical composition of
the sample, enabling qualitative and quantitative analysis. FTIR finds applications across
chemistry, materials science, and biology for the identification, characterization, and
quantification of diverse samples, including polymers, proteins, and pharmaceuticals [6]. In this
study, an FTIR spectrophotometer (Perkin Elmer Spectrum BX, USA) was utilized, employing
spectroscopic grade potassium bromide (KBr) in the dried form at 40°C. Spectra were obtained

over a range from 400 to 4000 cm ™.
3.3.5. Thermogravimetric Analysis (TGA)

TGA involves monitoring the change in weight of a material as it undergoes heating or
cooling, offering insights into its thermal stability. The sample is placed in a furnace, which is
then subjected to a constant rate of heating or cooling, while the sample's weight is continuously
monitored. The variation in sample weight is recorded as a function of temperature or time.
TGA is frequently utilized to assess the thermal stability of polymers, composites, and other
materials, as well as to explore their thermal decomposition behavior [7]. TGA can be coupled
with additional techniques such as FTIR or mass spectrometry to provide information on the
chemical composition of the sample as it experiences temperature changes. In this study, the
Perkin Elmer thermoanalytical instrument was employed to generate TGA curves of the
prepared samples under an inert nitrogen atmosphere, with a heating rate of 10 °C/min from
room temperature to 600 °C. Various properties of the samples, including weight percentage,
activation energy, oxygen index, and residual weight percentage, were determined through
TGA. For the thermal analysis, approximately 50 mg of powdered sample was precisely
weighed and placed in a clean alumina crucible. After loading the crucible into the Q600 SDT

thermal analysis instrument (TA Instruments), both heating and cooling cycles were
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programmed to ramp up at a rate of 10 °C/min from room temperature to 600°C. The peak
temperature was maintained for 30 minutes, and each sample underwent testing at least twice

to ensure reproducibility.
3.3.6. Ultraviolet-visible (UV-Vis) Spectroscopy

UV-Vis absorption spectroscopy serves as a widely utilized analytical technique for
gauging the amount of light absorbed by a sample within the ultraviolet and visible regions of
the electromagnetic spectrum. The underlying principle lies in molecules containing bonding
and non-bonding electrons, which can absorb photons from the UV (250-400 nm) and visible
(400-750 nm) spectra, leading to excitation to higher anti-bonding orbitals [8]. This technique
finds utility in both qualitative and quantitative analyses. By quantifying the light absorbed by
a sample at a specific wavelength, it becomes possible to detect the presence of certain
compounds or functional groups. Moreover, UV-Vis spectroscopy allows for the determination
of compound concentration in a solution using the Beer-Lambert law. This law correlates the
amount of light absorbed to the concentration of the absorbing species and the path length of

the sample [9].
A= % =alc 3.1)

In the Beer-Lambert law, denoted by Equation 3.1, symbols are defined as follows: A represents

absorbance, [, signifies the intensity of incident light, and / denotes the intensity of

transmitted light. Parameters a, L, and ¢ correspond to the molar absorptivity (extinction

coefficient), path length through the sample, and concentration of the compound, respectively.
3.3.7. Raman spectroscopy

Raman spectroscopy provides detailed insights into molecular vibrations, interactions,
and crystal structures. It serves as a non-contact and non-destructive technique for chemical
analysis. A Raman spectrometer typically comprises an excitation light source, sample
collection optics, monochromator, and a detector. Its operational principle relies on the inelastic
scattering of monochromatic light. When a monochromatic laser beam strikes the sample, light
scatters in various directions. "Rayleigh scattering" occurs when the frequency of scattered
radiation matches the frequency of the incident radiation. Stokes and anti-Stokes scattering take
place when the scattered radiation frequency is respectively lower or higher than that of the
incident radiation [10]. A Raman spectrum is typically depicted as intensity versus wavelength

shift and can be recorded over a wavenumber range of 4000-10 cm™'. In the present work, a
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RENISHAW spectrophotometer equipped with a laser source emitting at a wavelength of 532

nm was utilized for Raman spectroscopy analysis.
3.3.8. X-ray photoelectron spectroscopy (XPS)

XPS was employed to analyze the chemical composition and electronic states of the
samples. The photoelectric effect is the underlying basis of XPS, where electrons from
incoming photons interact with the surface of the sample to produce photoelectrons. These
emitted photoelectrons were then captured and measured by an electron spectrometer,
generating an energy spectrum [11]. Using the XPS apparatus, the elemental content and
electronic structure of the produced samples were examined, specifically the Thermoscientific

NEXA model.
3.3.9. Brunauer-Emmett-Teller (BET)

BET theory describes the physical adsorption of gas molecules onto a solid surface and
is a foundational method for measuring the specific surface area of materials. BET theory is
applicable to multilayer adsorption systems and typically employs non-reactive probing gases
to measure surface area. Nitrogen (N:) is the most commonly used gas for BET analysis, which
is generally performed at the boiling point of nitrogen. Although nitrogen is the primary
adsorbate, other gases such as argon, carbon dioxide, and water can also be used to measure
surface area under different conditions, though less frequently. The specific surface area is
inherently dependent on the measurement scale and the adsorbate's properties, such as its
adsorption cross-section. Consequently, the specific surface area values obtained through BET
analysis can vary based on the adsorbate used. For the present study, N2 adsorption-desorption
1sotherms were employed to analyze the surface area and pore size distributions of the samples,

with all measurements conducted using an Autosorb iQ.
3.3.10. Electrochemical Characterization

Electrochemical investigations were conducted on metal oxides, conducting polymers,
and their composites using a half-cell setup, which employed a three-electrode system with

potassium hydroxide (KOH) aqueous solution as the electrolyte.
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Figure 3.7. Electrochemical workstation Autolab PGSTAT204.

Specifically, the electrodes utilized were Ag/AgCl, platinum wire, and the synthesized metal
oxides, conducting polymers, and their composites coated onto nickel foam, serving as the
reference, counter, and working electrodes, respectively. All electrochemical assessments were
carried out using an electrochemical apparatus manufactured by Autolab PGSTAT204 (see
Figure 3.7). In electrochemical investigations, the three-electrode (half-cell) system is typically
employed to determine specific electrochemical properties of a material, while a two-electrode
(full-cell) system is recommended for assessing the performance of supercapacitor (SC) devices
[13]. In the three-electrode setup, comprising working, reference, and counter electrodes, all
are immersed in an electrolyte solution. As depicted in Figure 3.8, the electrochemical
workstation controller oversees the current flow from the counter to the working electrode by
gauging the potential difference between the working and reference electrodes. This resultant
current is directly proportional to the voltage established between the working and reference

electrodes.
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Figure 3.8. A schematic representation of a three-electrode electrochemical (half-cell) system.

It is then converted to a voltage signal by a current-to-voltage (I/V) converter and
subsequently recorded by the data acquisition system over time. It's important to highlight that
an ideal electrometer should possess a sufficiently high electrical resistance to maintain zero
input current [ 14]. This is crucial because any current passing through a reference electrode has

the potential to alter the actual potential, thus impacting the precision of the data collected.

Current Collector
Electrode Material
ectrode Material T
Solid Electrolyte —
Electrode Material

Supercapacitor Cell

Current Collector

Figure 3.9. Schematic of two electrode setup.

In a two-electrode (full-cell) setup, two working electrodes are placed together with a
solid electrolyte acting as a separator. This configuration resembles a packed supercapacitor

cell and provides a more accurate depiction of the electrodes' electrochemical behavior within
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the device [15]. Figure 3.9 illustrates a schematic of this setup. The working electrodes of the
half-cells exhibit double the potential window compared to the electrodes in the full cells, as

per the specified potential window on the electrochemical system.

Various techniques, such as cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), and electrochemical impedance spectroscopy (EIS), can be utilized to investigate the
electrochemical capacitive performance of developed materials. Assessing the electrochemical
characteristics of thin layers is particularly crucial for their utilization as active electrodes in
supercapacitor devices. CV, GCD), and EIS analyses are conducted on synthesized metal
oxides, conductive polymers, and their composite electrodes within a three-electrode system.
These investigations aim to evaluate their electrochemical performance in a constructed

supercapacitor cell.

» Cyclic voltammetry (CV)

Cyclic voltammetry provides insights into various parameters such as potential window,
redox activities, reproducibility, capacitance, ion transport kinetics, and material resilience.
During cyclic voltammetry, potential is applied between the reference and working electrodes,
while the working electrodes and counter concurrently capture current. A typical CV, as
depicted in Figure 3.10 (a), showcases distinctive features: the rectangular shape designating
the EDLC nature of the electrode material, and the existence of oxidation and reduction peaks

in the positive and negative potential range signifying battery-type behavior [16].
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Figure 3.10. (a) A typical cyclic voltammetry curve (b) Schematic diagram of a GCD curve.
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» Galvanostatic charge-discharge (GCD)

GCD analysis is widely employed to measure important parameters such as power
density, energy density, specific capacitance, cycling stability, and Coulombic efficiency. In this
study, the electrode receives a steady current that is delivered in both positive and negative
directions; the current direction changes at a predetermined cut-off voltage. As seen in Figure
3.10 (b), the GCD curve's form exposes the electrode materials' energy storage process. A
pseudo-capacitive diffusion-controlled redox process usually has a nonlinear, plateau-shaped
curve. On the other hand, perfect Electric Double-Layer Capacitors (EDLC) exhibit

symmetrical features and flawlessly linear profiles [17].

» Electrochemical Impedance Spectroscopy (EIS)

EIS is a versatile technique employed in scientific inquiry to elucidate the electrical
characteristics of materials, particularly electrode materials. Rather than simply observing a
material's behavior under a single condition, researchers employ EIS to investigate its response
across a range of conditions. In the present study, the experiment is conducted under open circuit
conditions, where no direct connection to an external electrical circuit is established. A small
alternating current (AC) voltage with an amplitude of 10 millivolts is applied to the system

[18].
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Figure 3.11. Schematic EIS curve with fitted equivalent circuit.
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Researchers systematically vary the frequency of this voltage signal, sweeping from a low
0f 0.01 Hz to a high of 100 kHz. This approach allows for a comprehensive examination of how
the material reacts to different electrical signals. The resulting data is typically visualized using
a Nyquist plot, Figure 3.11 a graphical representation of impedance as a function of frequency.
Within this plot, an inset often presents a model that effectively fits the experimental data,
aiding in interpretation. One key parameter of interest is the charge transfer resistance (Rct),
which can be inferred from the semicircular feature frequently observed in the EIS curve. This
parameter provides valuable insights into the material's ability to facilitate the movement of
charges. Furthermore, the intersection of the semicircle with the horizontal axis yields
information about the solution resistance (Ro), reflecting the resistance associated with the
electrolyte solution surrounding the electrode. The size of the semicircle itself indicates Rect,
with a larger semicircle suggesting greater charge transfer resistance and hence a more hindered
charge movement within the material [19, 20]. Lastly, consideration is given to the Warburg
impedance (represented by W), which reflects the diffusion of ions within the material. Overall,
EIS facilitates a comprehensive understanding of the electrical behavior of electrode materials,
with implications spanning diverse fields such as energy storage, corrosion mitigation, and

sensor technology.
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Chapter 4

Enhanced Electrochemical Performance of in situ Polymerized V,Os-PANI
Nanocomposites for Supercapacitors Application

° b;eparator

K
PV2

In-situ polymerization in PANI

In this chapter, the preparation of PANI nanocomposites with varying V>Os weight percentages (10%,
20%, and 30%) was achieved through in situ polymerization of anilinium hydrochloride over V>Os. The
V205 nanoparticles were synthesized via a straightforward chemical method, and their purity was
verified through Rietveld refinement, which confirmed the advantageous electrochemical properties of
V>0s, characterized by a high oxidation state of vanadium (V) that facilitates efficient electron storage.
The electrochemical performance of the fabricated electrode materials was analyzed using cyclic
voltammetry (CV), which revealed a pair of redox peaks indicative of faradic pseudocapacitive behavior.
Among the various electrodes, the 20 wt% V>0s-PANI (PV2) nanocomposite exhibited the highest
capacitance of 820.5 Fg' at 1 A g, along with a commendable cycle stability. The PV2 electrode also
demonstrated a low charge transfer resistance (Rct) of 0.5 Q and a reduced solution resistance (Ro) of
0.31 Q in a 6 M KOH electrolyte, contributing to its superior electrochemical performance. The
enhanced capacitance and stability of PV2 were attributed to its well-ordered structure and increased
active sites, as observed through FESEM, which facilitate efficient ion and electron transfer.
Furthermore, the symmetric supercapacitor configuration of PV2 electrodes showed impressive energy
and power densities of 4.6 Wh kg™ and 80.7 W kg, respectively. Notably, the ability to power a red LED
using three PV2//PV2 symmetric devices connected in series highlights its potential for advancing

energy storage applications.



4.1. Introduction

With gradual growth in the demand for high-performance energy storage systems,
supercapacitors become the first choice of researchers due to having an extensive range of
potential applications, namely; backup power sources, electronic fuses, power supply devices
for electric vehicles, etc. owing to their ability to provide long life cycle, quick charge—
discharge rates, superior power density (PD), and low cost of maintenance [1-4]. These
properties make them well-suited for use in hybrid electric motor vehicles and compact
electronic gadgets, which are becoming prevalent in today’s society. Various research groups
are actively working to expand the performance of supercapacitors and to upgrade new ways
to use them in a variety of applications. Although supercapacitors have many advantages over
batteries, but the main limitation of supercapacitors is that they have lower energy density (ED)
compared to batteries [5,6]. Supercapacitors are grouped into two categories based on the nature
of electrode material utilized in their manufacturing: electric double layer capacitors (EDLC)
and pseudocapacitors [7,8]. EDLC capacitors rely solely on elevated surface area carbon
electrode material, supported by essential parts namely as electrolytes solution and current
collectors, while pseudocapacitors use RuO>, NiO, MnO,, Fe304, V205 metal oxides and
conductive polymers [9-11]. In electric double layer capacitors, charges are separated at the
electrode-electrolyte junction and stored through electrostatic means. In contrast,
pseudocapacitors exhibit fast, reversible faradic redox reactions on the electrode surface,
resulting in greater capacitance and high ED than electric double layer capacitors. Conducting
polymers are appealing materials for use in pseudocapacitors due to their high specific
capacitance, controllable electrical conductivity, fast charge—discharge process, and low cost
[12-14]. Among the various conducting polymer, PANI has gained significant attention from
researchers because of its high specific capacitance, favorable environmental strength,
exceptional electrical conductivity, and synthesis process [15]. Zhang et al. investigated the
electrochemical performance of polyaniline in 0.1 M neutral electrolytes and reported that the
produced polymer has a reasonable capacity of 187 F/g at 1 A/g of current density (CD) [16].
Despite of its positive features, the use of conductive PANI is limited due to its poor cycle
lifespan in the charge-discharge process. Consequently, many studies aim to improve the
operational efficiency and specific capacitance of PANI. One such common approach to
enhance polyaniline electrochemical properties is by incorporating inorganic nano additives
namely graphene or metal oxide nanoparticles in a polymer matrix. These additives can
significantly alter the electrical, optical, and dielectric attributes of the developing

nanocomposite pseudocapacitors [17-20]. The addition of inorganic nanoparticles in the

91



polymer matrix creates a higher specific surface area or smaller diffusion path due to the greater
porosity. This allows faster transport of electrolyte ions and can boost the adsorption—desorption
of electroactive species, resulting in increased current and superior performance of electrode
for supercapacitors application [21]. Among the various metal oxides, Vanadium oxide (V20s)
has received significant consideration in recent years due to its layered structure, high oxidation
state and ability to easily diffuse in electrolyte ions, which allows high capacitance storage
capability. Kannagi et al. reported a specific capacitance of 431 F/g for the V>Os spheres
electrode [22]. However, the electronic conductivity of V20s is relatively limiting its
application in supercapacitors. Therefore, composite materials consisting of V2Os and PANI
have the potential to manage the problems (poor stabilities of PANI and low conductivity of
V>0:5), resulting in superior properties for supercapacitors. These composites have a synergistic
effect on enhancing surface area, minimizing particle dimension, preventing particle cluster,
improving cyclic lifespan, and providing extra pseudocapacitance. The presence of V20s in the
composite offers physical and mechanical strength for the polymer and acts as a charge storage
material, while the PANI provides strong conductivity due to its flexible and polymeric nature.
This results in significantly better performance compared to the individual component
materials. Tuning of the potential window by making the use of appropriate electrolyte solution
effectively improve the performance of the electrode in the supercapacitor. Roy et al. reported
V20s5-PANI nanocomposites and his finding demonstrates that V20s-PANI electrode can reach
a maximum specific capacitance of 538 F/g at a lower CD of 1 A/g in 1 M H>SO4 electrolyte
[23]. Bai et al. also reported that V>Os-PANI nanocomposites can achieve the largest
capacitance of 450 F/g at 1 A/g of CD in a 5 M LiCl electrolyte solution [24]. The widely used
electrolyte, H>SOy4 is highly corrosive and can damage the conductive electrodes, which can
reduce the performance and lifetime of the supercapacitor [25]. Another commonly employed
electrolyte, LiCl has relatively low ionic conductivity, which can limit the efficiency of charge
transfer. On the other hand, KOH electrolyte is an ideal alternative because it offers a well-
balanced combination of ionic conductivity, solubility, and compatibility with a diverse array
of electrode materials [26]. Thus, the diffusion of KOH electrolyte ions within the electrode is
beneficial to achieve the high specific capacitance value. The conductivity of the electrolyte
solution is also influenced by its concentration. Literature witnessed that 6 M concentration of
KOH is often considered ideal for conductivity because it provides a high concentration of ions
in the solution [26,27]. Below this optimum concentration of KOH, the available number of
ions is not that much sufficient to cause ion-ion interaction but also at the same time they offer
a scope of improvement in the conductivity by increasing the molar concentration. At

concentration higher than 6 M results in ion-ion interactions which leads to the formation of
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clusters and hence making the solution ion deficient which results in a decrease in conductivity.
In the study, V20s5-PANI nanocomposites were successfully synthesized via the in situ
polymerization method. The work comprehensively investigated their structural, morphological
and thermal properties. Additionally, electrochemical behavior of the synthesized V20Os-PANI
nanocomposite materials was assessed in a 6 M KOH electrolyte solution after being deposited

onto a nickel foam substrate.
4.2. Experimental Procedures

4.2.1. V205 synthesis

7 gm of ammonium metavanadate and 3.37 ml of nitric acid were dissolved individually
in 150 ml of distilled water and stirred for 15 minutes. Afterward, the two solutions were mixed
in a beaker and stirred for 60 minutes. Later, the solution was allowed to settle down for the
next 24 hours, resulting in the formation of precipitates of brown color. The precipitates were
collected and left to dry at room temperature for 4 days. The final product was subjected to

annealing in a furnace at 400°C for 4 hours.
4.2.2. PANI and V:0s-PANI synthesis

Polyaniline was synthesized by oxidative polymerization of 0.1M anilinium
hydrochloride monomer in 1M HCI with an equimolar amount of ammonium peroxydisulfate
((NH4)2S205) solution and cooled in the ice bath (0-4°C). It took 14 hours to complete the
polymerization reaction with the dropwise addition of ((NH4)2S20s) solution to the monomer.
The resulting mixture was then vacuum-filtered and washed multiple times with 1M HCI,
ethanol, and distilled water until the filtered solution turned transparent. Finally, the obtained
precipitates were dried in a oven at 60 °C for 8 hours. Similarly, polyaniline nanocomposites
were also prepared with the addition of 10, 20, and 30 wt.% of V20Os in 0.1 M anilinium
hydrochloride solution named as PV1, PV2, and PV3, respectively.

4.2.3. Fabrication of electrode

A mixture of V20s-PANI, acetylene black, and polyvinylidene fluoride (PVDF) binder
was used to develop electrodes with weight ratio of 80:10:10. Firstly, the mixture was properly
grinded and an adequate amount of N-Methyl-2-pyrrolidone (NMP) was added to form the ink,
which is further ultrasonicated for 20 minutes. Afterwards, nickel foam dipped in a solution of
HCI and ultrasonicated for 25 minutes to remove any oxide layer or impurities [28]. Later, the
nickel foam rinsed with deionized water to eliminate any remaining acid. Thereafter for the

removal of any impurities nickel foam immersed in ethanol for couple of minutes and finally
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rinse in the deionized water. Finally, the nickel foam dried in a vacuum oven. The previously
formed ink was drop casted onto nickel foam and subjected to vacuum conditions at 60 °C for
12 hours to dry. Similar methodology is adopted for the preparation of V20s and PANI

electrodes.

4.3. Results and discussions

4.3.1. XRD study

The X-ray diffraction pattern of V,Os displayed in Figure 4.1. The high-intensity peaks
observed at 20 = 15.39%, 20.19°, 26.15°, 30.9% and 34.2° corresponding to planes (200), (001),
(110), (400), and (310), respectively, indicated the development of highly crystalline
nanoparticles corresponding to the orthorhombic crystal structure (JCPDS no: 01-085-0601)
with lattice parameters; a = 11.512 A, b=4.368 A and c = 3.564 A.

(110)

V205

(001)

Intensity (a.u.)
(200)
(400)

% o
(211) >(111)

-

15 20 25 30 35 40 45 50 55 60 65 70
20 (degree)

Figure 4.1. XRD of synthesized V,0s metal oxide.

Rietveld analysis is used to explore the X-ray powder diffraction data by comparing the
observed data with the available referred XRD data based on the proposed crystal structure
[29,30]. By adjusting the various parameters of the crystal structure, the Rietveld method can
eliminate inaccuracies and provide the most accurate representation of the crystal structure of

the material. In the present work, Full Prof Suit software is used to refine the XRD data for the
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synthesized V20s powder sample. The Rietveld plot, shown in Figure 4.2, shows the peak
shapes fitted by refining the Gaussian and Lorentzian contributions separately. The refined
parameters include the zero-shift correction, phase fractions, unit-cell parameters, background
parameters, and peak shape parameters. These parameters are adjusted iteratively until the best
agreement between the observed and referred XRD patterns is achieved. The stable refinements
and satisfactory fits, as indicated by the smoothness of the Yobs-Ycalc curve, illustrate the
reliability of the Rietveld refinement process for the V2Os nanoparticles (see Figure 4.2). The
refined parameters had regular convergence, indicating that the result obtained by the

refinement process is robust.
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Figure 4.2. Rietveld refinement of V,0Os. The pink circles lines show the experimental (Yobs) and the
continuous brown shows simulated (Ycal) intensities. The tick mark indicates all the positions of the

Bragg reflections.

The Bragg R-factor and weight fraction are commonly used indicators of the quality of
the fit between the observed and referred XRD patterns and always appreciable to be lower in
value. In the present work, the Bragg R-factor is 9.17 % and the weight fraction is 5.71 %,
indicating a good fit. The resemblance of the results as obtained by fit indicator () = 1.87 %,
reveals the close mapping (see Figure 4.2) and reflects the high quality of the prepared V»0Os
nanoparticles. Furthermore, the observed orthorhombic structure is of having space group

(Pmn2,) along with refined lattice parameters a= 11.48000 A, b= 4.36000 A, c= 3.55000 A,
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and cell volume = 177.6874 (A)’. Williamson-Hall calculations are used to determine the

micro-strain and crystallite size of V205 (see Figure 4.3) using the following equation [29].

ﬂtcosﬁz%+4gsin0 4.1)

where [, indicates FWHM in radian (obtained from the Rietveld refinement) of different peaks,

@ (radian),¢,k,Aand D is the bragg angle in degree, lattice strain, shape factor, wavelength

of X-ray and average crystallite size (nm) of the crystal, respectively.
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Figure 4.3. Williamson—Hall Plot for V,0Os.

The average crystallite size (D) is calculated from the intercept (%j and found to be

84.68 nm, whereas slope of plotted data is used to calculate the lattice strain ( & ), which is

given as 0.000074.

To have a further insight, Rietveld refinement is used to characterize and envisage the electron
density inside the unit cell through GFourier software. The obtained concentration of the
electron density helps to recognise the atomic position of the constituent elements within the

unit cell. Following equation is used to compute the electron scattering density d(x,y,z) [30].
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1 =27zi(hx+ky+lz—ay,y
d(x,y,z)=;ZtF(hkl>|e2 (hetrle ) (4.2)

hkl

where F,, is the amplitude of the structure factor, ¢, is the phase angle of each Bragg

reflection, and d(X, y, z) is the electron density at a positions (x, y, z) in a unit cell of volume
(V). The representation of the electron density maps could be as either two- or three-

dimensional Fourier map.
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Figure 4.4. (a) Two-dimensions individual atoms electron density maps on the xz plane in the unit cell.
(b) Map of the individual atoms electron densities in the unit cell of V,0sin three-dimensions, electrons

per cubic angstrom (e/A%), unit is used to estimate electron density.

Electron density distribution through 2D Fourier map helps to identify the different
density level (see Figure 4.4(a)). Thicker electron density contour leads to indicate heavier
element. Whereas 3D Fourier map helps to identify single electron density level by producing
chicken-wire style network (see Figure 4.4(b)). Two and three-dimensional mapping of the
V705 unit cell on the plane xz (y = 0) are shown in Figure 4.4(a-b). As it is evident from the
figure that, green to red-brown-colored areas reflect increasing levels of electron density
surrounding the vanadium (V) cation, and the rest of the area covered by the blue color
represents the zero-level density contour. Meanwhile, the presence of oxygen anion reflected
through cyan color indicates lower electron density than V cations observed through electron
density indicator. In electron density maps (see Figure 4.4(a-b)), Vanadium ions exhibit a high
electron density in their higher oxidation state (V*°) which allows them to store and release a
substantial number of electrons. These properties could be helpful in supercapacitor to attain

high energy storage capacity.
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XRD patterns of the prepared nanocomposites with different concentrations have been
assessed and are given in Figure 4.5. Intensity of the peak is found to be better developed with
concentrations preferably along (200) plane at 20=25.18°, as well as embedded with low-
intensity kink at an angle 13.7° and 20.76°. The observed XRD pattern reflects that the peak
profile of prepared nanocomposites are mostly similar to that of the free PANI (except the shift

in the peak position towards lower angle side).

Intensity (a.u.)
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Figure 4.5. XRD patterns of PANI, PV1 (10 wt% V20s-PANI), PV2 (20 wt% V20s-PANI) and
PV3 (30 wt% V,0s-PANI).

The observed intense peak corresponds to (200) shows that the PANI has some sort of
crystallinity, which might be due to the high ordered system of the PANI developed because of
regular repeated monomer units of PANI. However, the degree of crystallinity could also be
affected by the crystallographics radii (0.18 nm) as well as the shape (spherical) of used
monobasic acid (HCI) as a dopant [31]. Moreover, the absence of the V05 peaks in the
nanocomposites might be due to the distortion in the crystal arrangement, which led to the
transformation of V2Os into amorphous state and hence in XRD pattern the free PANI peaks
are predominant. Wrapping of the V2Os by the polymer chain could be accepted as the possible
reason. Another possible reason could be the acting of the PANI as a shell structure in the form
of sheathe surrounding the core V,0s. The addition of V,0s oxide induces a notable shift in the
high-intensity peak (200) of PANI, towards the lower-angle side. This shift is evident by the
observed changes in peak angles, which are -0.09°, -0.32°, and -0.01° for PV1, PV2, and PV3,
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respectively. However, the most significant shift is observed in PV1 and PV2 nanocomposites.
This intriguing phenomenon can be attributed to the increased interchain spacing and enhanced
interchain order within the PANI matrix, resulting in a pronounced delocalization of electrons
would collectively contribute to creating better pathways for charge carriers to move through
the material, leading to higher conductivity within PV1 and PV2 nanocomposites. This special
property of nanocomposites proves to be highly advantageous by facilitating electron transport
in supercapacitors and explained in electrochemical analysis section. On the other hand, the
peak position for PV3 nanocomposite approaches towards higher angle side (as compare to
PV1 and PV2) and in alignment with pure PANI peak position. This observation points towards
the congregation of V205 oxide within the polymer matrix, seems to be responsible to limit the
overall properties of the nanocomposite. The obtained results are further supported by

estimating the chain separation (R) for the prepared samples by following expression [32].

po 3
&sind

(4.3)

The calculated values for V205, free PANI and for PV1, PV2 and PV3 are 1.50, 1.54, 1.55,1.56
and 1.54 respectively. It is to be noted that the resemblance in the value of R for free PANI and

PV3 clearly favours the dominance of PANI beyond the optimum doping concentration i.e. 20

wt.% of V720s.
4.3.2 Morphological study

The morphology of fabricated V2Os oxide was examined by FESEM and shown in
Figure 4.6.

Figure 4.6. FESEM of V,0:s.
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It has been noted that V>Os shows randomly orientated nanoflake-like morphology. The
chemical composition of V20s is measured through energy dispersive X-ray (EDX) spectra
displayed in Figure 4.7. The obtained elemental composition is 64.66 % and 35.34 % atomic
percentages for V and O, respectively, which are in good concordance with the outcomes
attained by electron density mapping (see Figure 4.4(a-b)). Furthermore, there were also
observed additional peaks in the EDX spectrum. These peaks may arise due to gold coating
used in sample testing because gold coating indeed shows its own characteristic peaks ~2-2.3

keV in the EDX spectrum due to its high atomic number and strong electron backscattering.

. Spectrum 1

Al
E=E

Weight % 70

RO RO A

Figure 4.7. EDX spectrum of V,0s.

Figure 4.8. (a) Recorded FESEM images of PANI without magnification (b) with magnification.
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Figure 4.9. Recorded FESEM images of nanocomposites (a-b) PV1 (10 wt% V»>0s5-PANI) (c-d) PV2
(20 wt% V»0s-PANI) (e-f) PV3 (30 wt% V,0s-PANI).

The FESEM image of pure PANI displays the irregular porous morphology with
randomly oriented grains as shown in Figure 4.8(a-b). Figure 4.9(a-f) shows the FESEM images
for PV1, PV2 and PV3 nanocomposites, it has been observed that the irregular grains of PANI
seem to align into uniform grains and lead to enhance porosity (see Figure 4.9(a—d)). This kind
of morphological change is the result of uniform dispersion of filler (V20s) in the polymer
matrix [33]. The improved porosity as a result of grains alignment might be ascribed to the pi-
basic character of the amino group, which permits the donation of their lone pair to the

unoccupied valence orbitals of filler [34]. This led to provide more active sites for V2Os-PANI
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nanocomposites and improving the electrochemical performance of electrodes in
supercapacitors. Furthermore, for the increased concentration i.e. PV3 nanocomposite shows
aggregated morphology which could be ascribed to poor dispersion as well as the development
of high stress inside the polymer matrix (see Figure 4.9(e-f)). Therefore, it is noted that the
incorporation of nanoparticles up to 20 wt.% is sufficient to prevent nanoparticle aggregation
for promoting superior nanocomposite properties. As a result, the capability of nanoparticles to
grow uniformly with high porosity inside PANI matrix is inhibited at higher concentration (>20
wt.%), as shown in Figure 4.9 (d). Hence, it is concluded that the optimum concentration of

V205 in the PANI should be up to 20 wt.% for ordered and porous morphology.
4.3.3. TGA study

The thermal stability of V20s, PANI, PV1, PV2 and PV3 was studied by
thermogravimetric analysis (TGA). In this analysis, TGA curves of weight loss % were
recorded at temperatures ranging from room temperature to 600 °C for prepared samples (see
Figure 4.10). The related thermal kinetics for prepared samples given in Table 4.1. The PANI,
PV1, PV2 and PV3 showed three stages of weight loss. The first weight loss % observed below
110 °C arises mainly due to loss of water or volatile solvent and the unreacted acid trapped in
the PANI [35]. The second weight loss % stage ranging between 114-263 °C, which attributes
to the degradation of benzenoid ring structure of polymer or removal of dopant or acid from
polymer (PANI) backbone. For third weight loss % stage, the temperature ranging from 277-
570 °C commonly accountable to the thermal decomposition of the PANI chain [36]. Table 4.1.
showed the weight loss % of V20s, PANI, PV1, PV2 and PV3 at mid-point temperature of
different stages. From the calculated results (see Table 4.1) it is clear that mid-point temperature
range for first stage weight loss is alike for all the samples whereas in case of second and third
stage a clear variation has been observed. At the end of degradation, the residue weight % for
V20s, PANI, PV1, PV2 and PV3 nanocomposites noted to be 98.2, 58.3, 60.2, 63.1 and 53.6 %
respectively. It has been observed that weight loss % is less in PV2 (see Figure 4.10) i.e., more
residue is left for PV2 nanocomposite which suggest that PV2 is more thermally stable than the
other nanocomposites. The improved thermal stability observed in this study can be attributed
to two factors: the inherent high thermal stability of V205 networks and the strong interactions
between V»0s particles and the polymer matrix. Specifically, the interaction between V2Os and
PANI chains restricts the thermal motion of macromolecules, increases the rigidity of
macromolecular chains which leads to enhance the energy required for movement and breakage
of polymeric chains. As a result, the mobility of PANI chains in the nanocomposite is reduced,

which suppresses chain transfer reactions and slows down the degradation process. However,
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beyond 20 wt.% the stability of the composite is affected by the agglomeration as confirmed in

FESEM.
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Figure 4.10. TGA curve of V,0s, PANL, PV1(10 wt% V,0s-PANI), PV2 (20 wt% V,0s-PANT) and PV3

(30 wt% V20s-PANI).

Table 4.1. TGA data of PANI, PV1 (10 wt% V20s-PANI), PV2 (20 wt% V,0s-PANI) and PV3 (30

wt% V20s-PANI) nanocomposites.

First Stage Second Stage Third Stage

Mid- Weight Mid-point Weight  Mid- Weight
Sample Name point loss (°0) loss (%)  point loss (%)

(‘0 (%0) (‘0
PANI 70 6.6 207 18 499 31
PV1 72 8.1 208 18 500 31.6
PV2 75 6.6 216 15.2 507 28
PV3 71 8.1 209 19 497 33

Further, the activation energy of the samples was calculated through the TGA using the Coats—
Redfern method [37], and the values for V,0s, PANI, PV1, PV2, and PV3 nanocomposites
were found to be 9.5, 5.6, 5.3, 5.2 and 5.4 KJ/mol respectively. Consequently, the PV2

nanocomposite demonstrates superior thermal stability compared to PV1, PV3, and PANIL.
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4.3.4. FTIR study

The FTIR (Fourier Transform Infrared Spectroscopy) spectrum of V,0s, PANI, PV1,
PV2, and PV3 nanocomposites was recorded in the range of 400-4000 cm™ (see Figure 4.11).
The spectra of V20s shows three absorption band at 464.89, 829.52, and 1011.4 cm™'. The
absorption band at 464.89 cm™! has been assigned the stretching modes of the oxygen, which
are shared among three vanadium atoms and the peak located at 829.52 cm™! corresponds to V-
O-V vibrations [38]. Whereas the high absorption at 1011.4 cm™' confirms the orthorhombic
structure of V2Os and is in agreement with XRD data [39].
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Figure 4.11. FTIR spectra of pure V,0s, PANI, PV1 (10 wt% V,0s-PANI), PV2 (20 wt% V,0s-PANI)
and PV3 (30 wt% V,0s-PANI).

The prominent peak (1011.4 cm™) of orthorhombic V2Os structures appeared due to the
unshared stretching vibration of V=0 [40]. PANI spectra show absorption peaks at 1101.95,
1291.26, 1473.16 and 1557.11 cm™!. The absorption peak at 1101.95 cm™ displays the stretching
mode of C=N for quinoid rings and the peak appearing at 1291.26 cm™' demonstrates the
stretching of C-N in the amine group. The peak located at 1473.16 cm! attributes the stretching
mode of two doubly bonded carbon (C=C) in the benzenoid ring and the absorption peak at
1557.11 cm™ attributes the stretching vibration of two carbon (C=C) [36]. According to Figure
4.11 spectra of PANI nanocomposites it is found that after the incorporation of V205 into PANI

matrix, there is a noteworthy increase in the intensity of (C=N) quinoid rings, (C-N) amine
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group, doubly bonded carbon (C=C) stretching and vibrational peaks (see inset of Figure 4.11).
This effect indicates a decrease in the electrostatic and van der Waals interactions in the PANI
matrix with the addition of V>Os, which allows the vibrational motion of bonds, leading to an
increase in the dipole moments of these bonds [36]. A minor shift in the peak locations of
several functional groups was observed towards a lower wavenumber with the addition of filler
in the PANI matrix, which supports the existence of interfacial interactions between the two
phases. The broadening of the peaks observed in the quinoid, amine, and doubly bonded carbon
stretching groups points to the presence of intermolecular interactions between the two phases.
These intermolecular contacts influence neighbouring molecules, leading to induce more

vibrations.
4.3.5. Raman spectral analysis

The Raman spectrum of V,0s is shown in Figure 4.12(a), where peaks located at 101,
145, 198, 284, 305, 406, 484, 531, 704, and 996 cm™! correspond to the Raman signature of
V705 crystal. Peak at 101 cm™! is due to external Ty modes [45]. Most prominent low-
wavenumber band at 145 cm™! arises from the skeleton bending vibration, while the peaks at
198 and 284 cm ™! result from the bending vibrations of the Oc-V-Oy bond. Bending vibration
(B) of V-O. and bending vibration of the V-Op-V bond occur at around 305 and 406 cm™'. While
the stretching vibration (S) of V-O. bond and stretching vibration of the V-O,-V bond occur at
approximately 531 and 704 cm’!, respectively. Peak at 145 cm™! corresponding to the skeleton
Raman mode, is indicative of the layered structure of V05 material. On the other hand, the

peak at 996 cm™!

, corresponding to the stretching of vanadium atoms connected to oxygen
atoms through double bonds (V=0), is indicative of the formation of V205 nanoparticles
[45,46]. Raman spectrum of PANI, recorded with 785 nm excitation (see Figure 4.12(b)),
displays various bands in the 1100-1700 cm™! wavenumber range, which correspond to the
stretching modes of various bands [47]. The Raman band at 1595.8 cm™! represents the C-C
stretching vibration of the benzene ring. The band at 1508 cm™! corresponds to N-H deformation
vibrations. The 1341-1352 cm! range gives information on carrier vibrations in PANI's C-N*
polaronic structure. The band at 1233 cm™ corresponds to the polaronic unit's C-N stretching
mode. A strong Raman band at 1170 cm™! corresponds to C-H vibrations in aromatic rings. The
Raman band in the 1000400 cm™! region gives insight into the deformation vibrations of
benzene rings [48]. Bands at 806.3 and 415 cm™ correspond to in-plane and out-of-plane
vibrations of the ring of the protonated emeraldine form of PANI [49]. Raman spectra of doped

PANI with V205 displays no new peaks, indicating that the structure of the polymer remains

unchanged without any deformation.
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Figure 4.12. (a) Raman spectra of pure V,0Os (b) Raman spectra of pure PANI, PV1 (10 wt% V,0s-
PANI), PV2 (20 wt% V»0s5-PANI) and PV3 (30 wt% V,0s-PANI) samples.

Furthermore, Raman spectra towards higher wave number is commonly associated with a
reduction in the chemical bond length of the molecules. In the case of PV1, PV2 and PV3, as
the weight percent of V2Os in the PANI matrix increases, the bond length of the V205 and PANI
molecules is likely to decrease, leading to a shift in the Raman spectra towards higher wave

numbers.

The observed slight blue shift in the Raman band from 1595 to 1599 cm! i.e. towards higher
wavenumber could be arises due to introduction of the defects due to V20Os inclusion. This leads
to increase the vibrational frequencies of the chemical bonds in the PANI and hence due to the
quantization of the energy levels the density of electronic state changes, induces changes in the

electronic structure of the PANI [50].
4.3.6. Electrochemical study

The appropriate potential window is selected in the span of -0.01 to 0.5 V. A comparative
cyclic voltammogram study of V,0s, PANI, PV1, PV2 and PV3 is shown in Figure. 4.13(a).
CV shows pair of redox peaks C' and C" correspond to K* extraction and insertion in V20s
material [23,24]. The CV of PANI shows pair of peaks: A'/A" at 0.308/0.199 V indicates the
transition between leucoemeraldine and emeraldine states while peaks B'/B" point toward the
switching between emeraldine and pernigraniline states of polyaniline [51]. The CV curve of
PV1, PV2 and PV3 shows the merging of V205 and PANI, indicating the effective assimilation
of V20s in the polyaniline matrix. The CV curve (see Figure. 4.13(a)) of the V,0s, PANI, PV1,

PV2 and PV3 electrodes at a scan rate of 10 mV/sec precisely illustrates a high unified area
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under the curve for PV2, suggesting that the PV1 as well as PV3 electrodes have poor

electrochemical activity due to the low charge diffusion rate.
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Figure 4.13. (a) Cyclic voltammogram of V»>0s, PANI, PV1 (10 wt% V,0s-PANI), PV2 (20 wt%
V20s-PANI), and PV3 (30 wt% V>,0s-PANI) at a 10 mV sec™’. (b-f) CV curve of PANI, V,0s, PV1,
PV2, and PV3 electrodes at different scan rates.
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The electrode with a more contact area (PV2) provides a more appropriate alleyway for ion

diffusion in the electrode peak and indicates outstanding faradic behavior [52].

The obtained geometry of CV curve for all samples is found to be different from that of
rectangular shaped ideal electric double-layer behaviour of CV curve. This indicates the growth
of the redox reaction and pseudocapacitive behavior of electroactive materials [53]. The CV
curves of PANI, V,0s, PV1, PV2 and PV3 at different scanning rates such as 5, 10, 20, 40, 60,
80, 100, 150 and 200 mV sec™! displayed in Figure 4.13(b-f) indicate that redox peak raises with
the increment of scan rates. Furthermore, the movement of oxidation-reduction peaks in the
direction of higher and lower potentials (See Figure 4.13(b-f)) reflects the strengthening of the
electric polarization and viable kinetic irreversibility of the KOH ions on the electrode's surface

[54]. Using the equation (4.4) the specific capacitance (C) can be determined [55].

A

=— = 4.4
ms(V, V) @

where, “ 4 is the area under the CV curve, “m ” is the loaded mass of material, “s is the scan

rate, “V,” is anodic potential and “V,” is cathodic potential.
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Figure 4.14. Specific capacitance of PANI, V,0s, PV1 (10 wt% V,0s-PANI), PV2 (20 wt% V,0s-
PANI) and PV3 (30 wt% V»0s-PANI) at various scanning rates.
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The calculated values of “C” for V20s, PANL PV1, PV2 and PV3 at 10 mV sec’! scan rate
found to be 140.98, 413, 442, 638 and 380 Fg! respectively. The variation of “C” with the

increasing scan rate from 5 to 200 mV sec™! (see Figure 4.14) can be described on the basis of

the flow of KOH ions and charges inside the electrode materials.
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Figure 4.15. (a) GCD curve of V20s, PANI, PV1 (10 wt% V,0s-PANI), PV2 (20 wt% V20s-PANI)
and PV3 (30 wt% V,0s-PANI) at a 1 Ag™. (b-f) GCD curve of PANI, V,0s, PV1, PV2 and PV3 at

varied current densities.
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At a lower scanning rate, the ions from the KOH solution have a plentiful time to contact the
maximum surface area of the electrode materials. Consequently, the significant number of ions
collected at the electrode surface leads to an improvement in the “C” value of the electrode.
However, when the scan rates rise, the mobility of charges per unit of time increases, which
results in a smaller amount of ion gathering at the interface of the electrode and gives a decrease
in specific capacitance value. Thus, the CV study showed that the PV2 electrode is more

suitable compared to PANI and V20s.

The GCD study of the V,0s, PANI, PV1, PV2, and PV3 electrodes was conducted in the
appropriate potential window range 0-0.4 V (see Figure 4.15(a)). In the GCD profile for all
electrodes the peak corresponds to discharge curves demonstrated the non-linear behavior of
electrodes and suggested that all of the fabricated electrode materials have pseudocapacitive
properties [56]. The discharge time of PV2 is found to be widely extended signifying the higher
charge storage capacity of the electrode. The specific capacitance (C) of fabricated electrodes
can be calculated by using equation (4.5) [55].

C= (4.5)

where, “ [ ” is current density, “z” is discharging time and “V ” is potential window used in

GCD curve.

The calculated values of “C” for V20s, PANI, PV1, PV2 and PV3 electrodes at 1 Ag™! current
density are 190, 485, 618, 820.5, and 417 Fg'! respectively are in accordance to CV study.
Furthermore, the GCD curves of PANI, V,0s, PV1, PV2 and PV3 were examined at various
current densities (see Figure 4.15(b-f)) and the “ C ” values were calculated using equation (4.5)
and plotted in Figure 4.16(a). From the plot it is evident that PV2 electrode shows higher “C”
values as compared to pure PANI, which further confirms the formation of a porous structure
to improve the electrochemical activity of the electrode. Moreover, the obtained trend of the
graph clearly depicts the gradual decrement of “C” with increase in current density, which is

in good agreement with earlier reports [57-59].

The decrease in the “C” values might be due to diffusion effect which inhibits the further
migration of electrolytic ions to the electrode. Hence, charge storage is no longer possible in
the active area of the surface. For practical application it is important to check and analyze the

long-term stability of the fabricated electrode.
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Figure 4.16. (a) Change of PANI, V,0s, PV1 (10 wt% V,0s-PANI), PV2 (20 wt% V,0s-PANI) and
PV3 (30 wt% V,0s-PANI) specific capacitance at altered current densities. (b) Cyclic stability of
PANI and PV2 electrodes.

Table 4.2. Comparison of Specific capacitance of PANI and PV2 (20 wt% V,0s-PANI) electrode with

reported electrode materials.

Materials Electrolyte  Current density Specific capacitance  References
(CD) (©)
(Fgh

PANI-Coated MnO, 1M H>S0O, 0.5 mAcm’! 257 [60]
PANI-Grafted MnO» 1M H>S0, 0.5 mAcm’! 407 [60]
PANI 2M H,SO, 0.1 Ag’ 457 [61]
Hollow Carbon-PANI  2M H,SO, 0.1 Ag’ 525 [61]
PANI/Fe;04 IM H,SO4 0.5 Ag’! 572 [62]
PANI-TiO» IM H,SO4 1 Ag’! 732 [63]
MnS/GO/PANI 6M KOH 1 Ag! 773 [64]
PANI 1M H2SO4 0.2 Ag! 300 [65]
PANI-GO 1M H2SO4 0.2 Ag! 555 [65]
V>0s-PANI 1M H2SO4 1 Ag! 538 [23]
V>0s-PANI 5M LiCl 1 Ag! 450 [24]
V>0s-PANI 0.5M 1 Ag! 1115 [48]

LiClO4

propylene

carbonate
PANI 6M KOH 1Ag! 485 Present work
(20 wt% V20s-PANI) 6M KOH 1 Ag! 820.5 Present work
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Figure 4.16(b) shows the electrochemical stability of the PV2 electrode. The recorded
retention rate of the capacitance is 88% up to 1000 cycles suggests the good stability of the
fabricated electrode. It is to be noted that the inclusion of the V>Os contribute to enhance the
poor stability of the PANI i.e. 77%, helps to improve the retention rate and maintain up to 88%.
A comparison of PANI and V,0s5 doped PANI electrode capacitance with reported electrode

materials has been shown in Table 4.2.

Electrochemical Impedance Spectroscopy (EIS) is the most important tool to analyze
the electrochemical activity of electrode materials. Fig. 4.17(a-b) shows Nyquist plots of PANI,
PV1, PV2 and PV3 electrodes.
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Figure 4.17. (a) Nyquist plot of PANI, PV1(10 wt% V,0s-PANI), PV2 (20 wt% V,0s-PANI) and PV3
(30 wt% V»0s-PANI) (b) magnified view of PANI, PV1, PV2 and PV3.

The Nyquist plot has also been further simulated using ZSimpWin (ver. 2.0) with an
electrical equivalent circuit (shown in the inset of the Figure 4.17(a)) to confirm experimental
findings of EIS. The simulated profiles for all samples are in good agreement with experimental
data and are displayed by the red (solid) line. The impedance plots of PANI and its
nanocomposites showing two different patterns, semi-circular portion at high frequencies and
a linear component at low frequencies. In electrochemical impedance spectroscopy, the semi-
circular section in the high-frequency region represents the charge transfer resistance (Rct) at
the electrode-electrolyte interface. By extrapolating the curve of the real part Z' in this region,
the solution resistance (Ro) can also be determined. The electrode exhibits capacitor behavior
in the low-frequency region, indicated by the slope of the straight line. The solution resistance
(Ro) values of PANI, PV1, PV2, and PV3 were found to be 0.51, 0.52, 0.5, and 0.71 Q, whereas
electrodes exhibited Rct values of 1.6, 0.7, 0.31, and 2.4 Q respectively. Figure 4.17(b) clearly
indicates that PV2 electrodes displayed the lowest value of Ro and Rct. PV2 electrode has a
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smaller semicircle diameter than the PANI, PV1, and PV3 electrodes, signifying a lower charge
transfer resistance in the electrode. PV2 electrode shows ideal capacitive behavior and could be
confirmed from the observed trend in the low-frequency region which is closer to the imaginary
axis (that is y-axis) than the other samples. Therefore, EIS study clearly demonstrated that PV2

electrode offered best supercapacitor performance.

To have further insight into our electrochemical investigation, we examined the storage
mechanisms of the prepared electrodes. Charge storage primarily comprises three key elements:
the initial two attributed from faradic surface redox reactions and intercalating (diffusion)
pathways, giving rise to pseudo-capacitive behavior. Meanwhile, the third component is
associated with interfacial effects, attributed to the creation of an electric double layer (EDL).
These contributions were examined by analyzing the correlation between the CV peak current

‘1’ and scan rate ‘v’, as given by equations (4.6) and (4.7) [66].
i=av (4.6)
log(i) = log(a) + blog(v) 4.7)

The ‘b’ parameter values can be determined from the slope of equation (4.7). In literature, it is
reported that the 5’ value equal to 1 signifies pseudocapacitive behavior, while a value equal
to 0.5 suggests a battery-like (diffusion-controlled) process, respectively [66]. The anode peaks
in pure PANI, V705, PV1, PV2, and PV3 exhibit ‘b’ values of 0.66, 0.55, 0.67, 0.58, and 0.57,
respectively (see Figure 4.18(a)). These values indicate that the specific capacitances of the
electrodes are influenced by both diffusion-controlled and pseudocapacitive behavior. Further,
the diffusion-controlled and pseudocapacitive contribution can be studied using the CV curves

and equations (4.8) and (4.9)[67].

iVy=Kv+ K" (4.8)
’g/? =KV +K, (4.9)

The parameters ‘K’ and ‘K>’ are tuneable quantities derived from the slope and y-axis intercept

-1/2» 1/25

of the curves between ‘i v and ‘v">’. The parameters ‘K;v’ and ‘Kov'?’ represent the
fractions that signify the capacitive and diffusion-type behavior, respectively. Figure 4.18(b)
illustrates the fractions representing the contribution of battery-type (diffusion-controlled)
process behavior of PANI, V,0s, PV1, PV2 and PV3. Based on the aforementioned
calculations, the diffusion contributions for PANI are as follows: 72%, 69%, 64%, 59%, 52%.,

46%, and 42% at a scan rate of 5, 10, 20, 40, 60, 80 and 100 mV sec!, respectively.
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Figure 4.18. (a) Graph depicts the relationship between the log of peak current and the log of the scan
rate for the anodic peaks. (b) Percentage of diffusion contribution by PANI, V,0s, PV1 (10 wt% V20s-
PANI), PV2 (20 wt% V,0s-PANI) and PV3 (30 wt% V,0s-PANI) at altered scan rates. (c-d) Separation
of percentage contributions of capacitive and diffusion current of PANI and PV2 (20 wt% V,0s-PANI)

with respect to a fixed scan rate of 10 mV sec™.

Similarly, for PV2, the ratios of diffusion contribution are, 76%, 72%, 68%, 64%, 59%,
52%, and 46% at a scan rate of 5, 10, 20, 40, 60, 80, and 100 mV sec ! respectively. At a lower
scanning rate, the electrolyte ions are granted additional time to effectively engage with the
electrode materials, leading to a significant involvement through faradaic interactions. On the
other hand, at higher scan rates, charge storage predominantly occurs through non-faradaic
pathways due to the limited time for electrolyte-ion interaction with electrode materials. The
cyclic voltammograms obtained at a scan rate of 10 mV sec™' for PANI and PV2 electrode
materials are depicted in Figure 4.18(c-d). The portion of the CV curve that looks in a blue
color illustrates the current attributed to the battery-type (diffusion) mechanism and region
shaded in cyan color represents the charge storage associated with the capacitive mechanism.

Hence, the aforementioned outcomes clearly indicate that introducing V>Os into the PANI
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matrix significantly improves its battery-type (diffusion) mechanism. The improved
electrochemical performance of PV2 can be ascribed to several factors. Firstly, the distribution
of V205 nanoparticles within porous PANI shortens the distance for electron transfer and ion
diffusion, while the considerable specific surface area offers more sites for electrochemical
reactions and improved pathways for ion diffusion within the composite structure [70].
Additionally, the crystalline V20Os can contribute to capacitance via diffusion, as suggested by
the energy storage mechanism. The presence of high-valence vanadium (V>*) allows for the
storage of more charges than low-valence vanadium (V*" and V**) [71]. Furthermore, PV2
synergistically enhances electrical conductivity and structural integrity, resulting in an

increased capacity for storing charges through diffusion-based mechanisms.
4.3.7. Practical applications of fabricated electrode

For practical purposes, we evaluated the performance of symmetrical PV2 electrodes
within a 6 M KOH electrolyte to determine the amount of voltage that the electrochemical
system could store. To achieve this, we immersed two electrodes in the electrolyte solution and
supplied voltage through a direct current (DC) battery. Following the charging process, we

measured the voltage stored within the electrochemical system using a multimeter.

K+

PV2

Figure 4.19. (a) Intial reading of two PV2 (20 wt% V,0s-PANI) immersed electrode in electrolyte
solution. (b) reading of PV2 electrode in multimeter after 10 sec. (¢c) PV2//PV2 symmetrical assembled
supercapacitor device. (d) ignition of a red LED using PV2//PV2 symmetric devices. (¢) schematic of

PV2//PV2 symmetical device.

The initial reading was recorded at 1.07 V (see Figure 4.19(a)). However, it rapidly
decreased to 0.769 V (see Figure 4.19(b)), indicating that our electrochemical system can retain

approximately 0.75 V over time. This implies that a stable potential of 0.75 V might be
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attainable for a symmetrical PV2 electrochemical system. Further, the PV2//PV2 symmetric
supercapacitor device was assembled using two equal-sized PV2 electrodes with wet 6 M KOH
Whatman filter as a separator (see schematics in Figure. 4.19(¢)). However, for symmetrical
device configuration, it is possible to calculate theoretical ED and PD by using three electrode
outcomes. The ED (Wh kg!) and PD (W kg!) can be computed using equation (4.10) (4.11)
[72].

2
p- " (4.10)
8x3.6
PD:E—]{)X36OO 4.11)

where “V ”, and “T ” denote potential window, and discharging time/4 respectively for the PV2

electrode.

The ED and PD values for the PV2//PV2 symmetric device are 4.6 Wh kg™ and 80.7 W
kg! respectively at a 1 A g'! of CD. In addition, to assess the practical viability of the PV2
electrode, a PV2//PV2 symmetrical supercapacitor device was established (see Figure 4.19(c)).
Three cells were connected in series, charged using an external power source with a voltage of
3 volts, and subsequently discharged by illuminating a red LED. The successful illumination of
the red LED by the PV2//PV2 device suggests that the PV2 electrode displays a potential

candidate for next-generation energy storage devices.
4.4. Conclusions

In summary, V,0s nanoparticles were successfully synthesized by sol-gel method and
doped in PANI matrix with different wt.% using in situ polymerization method. The prepared
nanoparticles were characterized through XRD to determine the electron density, microstrain
and crystallite size via Rietveld refinement and Williamson-Hall calculations. Uniform
dispersion of V20s inside the PANI matrix was confirmed through FESEM, showing the
alignment of non-uniform grains to uniform grains giving a porous morphology for PV2
nanocomposites which is valuable for good electrochemical activity. FTIR and Raman spectra
of the V,0s5-PANI nanocomposites show shifts in peaks, providing evidence of the effective
intercalation of V205 into the PANI matrix. In the electrochemical studies, among all electrodes
PV2 electrode presented a prominent specific capacitance of 820.5 Fg! at a current density of
1 Ag'! and demonstrated a decent cyclic lifespan with a capacity maintenance rate of 88% after

1000 cycles. Additionally, the PV2 electrode also delivered a good ED and PD of 4.6 Wh kg !
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and 80.7 Wkg ! respectively. Finally, the successful illumination of a red LED by the
symmetric device strongly suggests that the PV2 electrode is a promising candidate for next-

generation energy storage devices.
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Chapter 5

Enhancing the optical and UV-shielding characteristics of polyaniline by
incorporating V205 nanoparticles into polyaniline
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The goal of this research is to meet the scientific community's demand for UV protective materials,
especially UV shielding coatings that are both transparent to visible light and effective in blocking UV
radiation. To do this, we created conducting polymer nanocomposites of V>0s5:PANI by polymerizing
V205 with PANI and utilizing ammonium persulfate as an oxidizing agent. This work examines the UV-
shielding effectiveness and transmittance of these nanocomposites, in which V>Os acts as a UV absorber.
UV-visible spectroscopy demonstrated considerable changes in optical properties as a result of doping,
increasing the UV shielding efficacy of the nanocomposites. Specifically, a 30% weight concentration
of V>0Os in the PANI matrix resulted in a 93% improvement in UV shielding efficacy in the UVB region
compared to pure PANI. The observed red shift, decreased band gap, enhanced polarizability, and
modified refractive index and dissipation factor provide important insights into the design and

advancement of new UV shielding materials.



5.1. Introduction

Fabrication of a variety of polymer nanocomposites by incorporating various nanofillers
to upgrade and diversify the properties of polymer materials has emerged as an area of growing
research [1]. Composite materials based on inorganic filler and conductive polymers have
drawn the keen attention of researchers to develop novel functional materials to meet the
demands of contemporary engineering functions. It is important to note that polymerization as
well as reaction conditions have a huge impact on the morphology, composition and physical
attributes of conducting polymer nanocomposites. The attributes of polymer materials were
reported to be improved and diversified by the addition of nanofillers as well as by reaction
mechanism, particularly their superior optical features, UV shielding, and electrical
conductivity [2-4]. Out of these numerous physicochemical properties of polymer
nanocomposites, the shielding against UV light allows very special applications. Hazardous
effect of UV radiation affects a variety of materials and living organisms. UV region covers the
wavelength range of 100-400 nm and is divided into three bands; UVA (320 to 400 nm), UVB
(290 to 320 nm), and UVC (100 to 290 nm), respectively. It is a well-acknowledged truth that
the ozone layer blocks UVC completely along with a less portion of UVB. However, UVA and
most of the parts of UVB rays get transmitted, resulting in photo-aging of the skin as well as
the breakdown of several organic compounds, including polymers, bleaches, and tinctures [5].
Hence, there is a need to develop UV shielding material capable of blocking harmful UV rays
present in the light spectrum. Polymer nanocomposites can be effective in managing the
negative effects of UV light exposure because they have a high refractive index, helps to scatter
UV light and exhibits good transparency in the visible region resulting in minimal impact on
visible light transmission. These properties of polymer nanocomposites make them a promising
candidate for UV shielding applications. Polymers are chosen as the base material due to their
short price, ease of processing, visible transparency, lightweight, flexibility as well as potential
to shield UV rays with good stability making them a versatile and practical choice for UV

shielding applications.

In the past few decades implanting of inorganic UV absorbers namely TiO», ZnO, CuO,
CdS, Si0;, and CeO: in the polymer matrix has attracted the attention of the investigators due
to the origin of unique properties and enhancement in the optical properties of the
nanocomposites [6]. Zhang et al. reported ZnO/PMMA nanocomposite films and their result
reveals that prepared ZnO/PMMA film can completely absorb UV radiation with good
transparency in the visible region [7]. Wang et al. also prepared TiO»/polyacrylate

nanocomposite film with outstanding UV-shielding characteristics [8]. Doddapaneni et al.
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reported CuO/PMMA nanocomposites and their findings demonstrate that the
nanocomposites with CuO nanoparticles absorb UV rays more effectively than pure PMMA
[9]. However, despite the ability to block UV rays, nanofillers lead to the generation of free
radicals, which can further degrade the polymer matrix. These factors can lead to a reduction
in the lifetime and applicability of the composite material. Hence there is a need to develop UV
absorbers that alleviate limitation scarcity by stimulating the optical properties of the

composite.

Conducting polymers are preferred over non-conducting polymers for UV shielding
because they can absorb and disperse UV radiation as electrical energy, making them more
effective in blocking UV light than non-conducting polymers. Furthermore, conducting
polymers may be directly doped to change their electrical conductivity and optical
characteristics, allowing them to be customized for specific UV shielding applications [10]. In
this context, polyaniline (PANI) polymer is recommended as the basis matrix for nanofiller
dispersion due to its unique qualities such as high refractive index and protective ability. PANI,
a conductive polymer, is also noted for its durability and resistance to degradation due to strong
chemical bonding in the repeating units of aniline. Additionally, PANI is a conjugated polymer
that can absorb UV rays due to its electron-rich structure. PANI may also have a high extinction
coefficient, making it an excellent choice for UV shielding applications [11]. These properties
make PANI an attractive material for use in UV-blocking coatings, solar cells, rechargeable
batteries, and sensors [12,13]. Whereas the existence of aromatic assembly in the PANI chain
has low photostability which serves as a limitation in optical applications. Therefore, there is a
need to enhance the photostability of PANI relating to UV absorption potential along with

visible transparency.

V705 are a class of crystalline materials that have received broad consideration due to
their high specific surface area, wide optical band gap, good electrical conductivity, excellent
chemical and optical conductivity, etc. These special qualities of V205 ensure their applicability
in technological applications such as solar cell optical windows, solar cell interfacial layers, gas
sensors, catalysts, electrochromic devices, electrode material in supercapacitors and optical
power limiting [14—18]. Hou et al. reported that V2Os is a crucial material for photogenerated
carriers, kinetic behaviours as well as for improving the ability of a material to absorb UV light
[19]. Maruthi et al. studied that the addition of V20s in the PANI polymer matrix improves the
dielectric behavior as well as the electromagnetic shielding ability of polymer nanocomposites
and forms an efficient composite network between V20s and polymer [20]. Putrolaynen et al.

reported V2Os thin film and suggested that UV resistance can be improved with the help of
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some organic compounds [21]. To the best of our knowledge, the reported investigations have
less focus on the optical properties as well as UV shielding effect of V205 as an inorganic filler

in PANI matrix.

In this chapter, we studied the physical and optical properties of pure V2Os, pure PANI,
and PANI doped with different weight percentages (10, 20, and 30 wt.%) of V20s. We also
investigated the extent to which V,0s can alter the optical as well as UV shielding abilities of
PANI and can be found at a later stage. Here, in this chapter in situ polymerization has been
adopted to achieve the above-mentioned properties since it provides a regular dispersion of

nanofiller in the polymer matrix.
5.2. Results and discussion

5.2.1. Structural properties

Figure 5.1 shows XRD patterns of V20s, pure PANI, and PANI- with varying
concentration of V20s. Figure 5.1(a) shows the XRD pattern of V2Os with diffraction peaks
located at 20 = 15.38°, 20.28°, 21.71°, 26.16°, 31.04°, 32.38°, 33.32°, 34.31°, 36.03°, 41.25°,
45.46°, 47.35°,48.80°, 51.22°, 55.64° and 61.1° respectively (JCPDS-01-085-0601).
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Figure 5.1. XRD patterns of (a) pure V,0s (b) pure PANI and V,0s: PANI nanocomposites.

According to Scherrer's formula, the average crystalline size of V205 for the (0 2 0), (0
01),(011),(110),(040),(101),(111)and (13 0) diffraction peaks came out to be 62.83
nm with orthorhombic crystal structure [22]. The obtained results reflects that the as prepared
V205 has good crystallinity, high purity with predominant orientation along (110) plane. The
XRD patterns of pure polyaniline in Figure 5.1(b) show a relatively intense and wide band at

20 = 25.2° with two distinct shoulders at 16° and 22°. The observed broad peak at 26 = 25.2°
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might be due to the overlapping between the prevailing (110) reflection of V05 and the peak
associated to the pure PANI. Increase in the intensity of this peak with different doping
concentration (10, 20, & 30 wt. %) as well as the absence of any impurity peak defines the
excellent harmony between V20s and the polymer matrix. The obtained results reflects that the
as prepared V2Os has good crystallinity, high purity with predominant orientation along (110)

plane.
5.2.2. Optical properties
5.2.2.1. UV-vis absorption and transmission

The absorption spectra of pure V20s, PANI, and V>0s: PANI are shown in Figure 5.2. The
pure PANI sample has a low absorbance, which increases as the V205 concentration in PANI is
increased. Peak absorption intensity increased as V20Os nanoparticle concentration increased
because V205 as a doping agent can increase the surface area of PANI. In other words, the
roughness of the PANI surface increases as the concentration of V2Os increases, which gives
light rays more possibilities to be absorbed. Hence, the strong absorption occurred. Further in
the case of V20s: PANI the graphs for all concentration follows the almost saturated trend for
higher wavelength or we can say in the visible region due to its polymer-filler complexation.

Hence, the prepared samples could be better applicable for UV shielding applications.
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Figure 5.2. Absorption spectra of pure PANI, V,0s and V,0s: PANI nanocomposites.
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Figure 5.3 shows transmittance spectra of pure V,0s, PANI, and V>0s: PANI nanocomposites
studied in the wavelength range (200-800 nm). Pure PANI shows good transparency more than
90% in the visible region. In contrast, the transmittance of PANI decreases with an increase in
vanadium concentrations. It is conspicuous to note that the rough surface of PANI with
V205 has provided high absorption, which results in poor PANI transmittance as V»0Os

concentration increases.
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Figure 5.3. Transmittance spectra of pure PANI, V,0s and V,0s: PANI nanocomposites.

Optical windows in devices are mainly used to protect optical equipment and electrical
sensors from the surroundings. Moreover, a transmission level of at least 80% is required for
optical window materials [23]. Therefore, these samples can be utilized as an optical window
in optical devices because they show average transmittance in a wide wavelength range, which

is above 80% for pure PANI and V>0s: PANI nanocomposites.
5.2.2.2. Optical parameters

Tauc's model is used to calculate the absorption edge of the transitions [24]
_ _ opti\m
ahv=C (hv-E,"") (5.1)
where hv is the photon energy, C; is constant, E,°! is the optical energy band gap and a is the
absorption coefficient. For allowed direct transition (m = %j Figure 5.4 (ahv)? vs (hv) plot

could be used to calculate the optical band gap. Polyaniline (PANI) exhibits two distinct optical
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band gaps: E, (B)", attributed to the m—n" transitions of the benzenoid units, and Eg (Q)°PY,
associated with the polaron/bipolaron transitions within the quinoid structures (Q-band) [25].
The incorporation of V20Os leads to a reduction in both energy band gaps, due to an increase in
localized states and structural defects within the band gap, indicating successful blending and

strong interaction between V205 and the polymer matrix.
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Figure 5.4. Plot of (a¢hv)? vs (hv) for PANI, V,0s and V,0s: PANI nanocomposites.

The extinction coefficient k is calculated from the absorption coefficient using relation [26].

al
k=— 52
iy (5-2)

The absorption coefficient (o) indicates how far photons can travel through the material before

being absorbed. The following relation has been used to determine the absorption coefficient
(o) [27].

o 2.3(;3/1 (5.3)

Since our sample is in solution form, the thickness ‘¢ should be taken as the length of the
cuvette, which is 1 cm. Therefore, the relationship between optical absorbance ‘A’ and thickness
‘t’ can be simplified with ‘t’ set to 1 cm. The dependency of ‘4’ on the wavelength (A) is shown

in Figure 5.5. It clearly shows that the extinction coefficient decreases with increasing

130



wavelength due to the light scattering mechanism and the values of ‘A’ increase as the
concentration of V,0s increases. The initial decrease in the extinction coefficient within the UV
range (280-310 nm) is primarily due to the higher photon energy. This energy is adequate to
excite electrons from the valence band into the conduction band, effectively surpassing the
optical band gap. On the other hand, the increase in extinction coefficient in the range of 310-
400 nm with the concentration of V2Os in the V20Os: PANI samples is attributed to the surface
plasmon absorption phenomenon. In these polymer nanocomposites, this absorption leads to
photon energy scattering or reflection, thereby hindering electron excitation in this spectral

region [26].
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Figure 5.5. Extinction coefficient of V20s, PANI, V,0s: PANI nanocomposites.

The refractive index (n) can be determined through the utilization of reflectance (R) and

extinction coefficient (k) [28].

n{ 4R 2 _k2}2+(1+R)
(1-R) (1-R) (5.4)

The variations of refractive index with wavelength are shown in Figure 5.6 for the
prepared sample. As the concentration of V20s increased, it has been observed that the values
of the refractive index also increased. Hence, these materials with a high index of refraction can
be used in waveguide technology, anti-reflection coatings, and manufacturing solar cells

[29,30]. The imaginary (&;) and real (e&:) components of the dielectric constant were estimated
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via the &= 2nk and &= n>- k? relations. Figure 5.7 and Figure 5.8 depict the variation of & and
& with wavelength for all samples [31]. Despite belonging to the same modality curves, the
observed values of the real parts are much greater than those of the imaginary parts. The values
of & reflect how the dipole motion of the polymer matrix absorbs energy from the input electric
field, and & is associated with a formula that describes how much the speed of light will slow

down in the material [32,33].
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Figure 5.6. Variation of refractive index with wavelength of PANI, V.05 and V,0s: PANI
nanocomposites.
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Figure 5.7. Plot of (a) imaginary part of the dielectric constant (b) real part of the dielectric constant
for PANI, V,0s, and V,0s: PANI nanocomposites.

The relation (5.5) can be used to calculate the dissipation factor (tand), which is a

measurement of mechanical power loss by the oscillator [34].
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tand = &
r (5.5

)

Figure 5.8 shows the dependence of dissipation factor vs A for pure PANI, V,0s, and V20s:
PANI nanocomposites. It is clear that the dissipation factor increases as the concentration of
V>0s increases, indicating a direct relationship between V205 concentration and the material's
propensity to dissipate energy. Wemple and DiDomenico's single oscillator model can be

utilized to calculate the single-oscillator energy (Eo) and dispersion energy (Eq) [35-37].

(5.6)
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Figure 5.8. Variation of tan 6 vs A for PANI, V;0s and V,0s: PANI nanocomposites.

In equation (5.6), Eo is associated with the minimum direct band gap and corresponds to the
energy difference between the center of gravity of the valence band and the conduction band.
On the other hand, Eq is proportional to the average strength of interband optical transitions and
remains constant within the band gap. The graph of (n>~1)"! versus (hv)? presented in Figure
5.9 can be utilized to determine the values of Eq and Eo, as detailed in Table 5.1. The amount of
V>0s as a doping agent in the produced samples enhances the localized states in the energy gap,
promoting low energy transitions and lowering the E, value. There is a change in the material's
structural order, which causes Eq values to increase as V2Os concentration increases. Another
important parameter is oscillator strength (f), which is calculated by using equation (5.7)

[38,39].
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(5.7)
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Figure 5.9. Variation of (n>-1)vs (hv)? for PANI, V,0s, and V,0s: PANI nanocomposites.

Table 5.1. Optical parameters of pure V,0s, PANI, and V,0s: PANI nanocomposites.

Samples Eq (B)P  E4(Q)*t Ea(eV) E, €1 (e*/nc?) (N/m*) (107)
(eV) (eV) (eV) (nm?)

PANI 3.40 2.59 7.80 5.32 3.21 9.08

V,0s e e 47.35 10.55 5.62 56.2

10% V,0s: 3.30 2.50 11.95 4.96 4.53 18.6

PANI

20% V10s: 3.21 2.47 17.96 4.69 4.61 22.58

PANI

30% V:0s: 2.78 2.25 18.97 4.48 4.67 22.66

PANI

Table 5.2. Other important optical parameters of pure V20Os, PANI, and V,0s: PANI nanocomposites.

Samples f(eV)?:  Six10'2(m?) M1 (nm) ni

PANI 41.49 24 315.86 1.56
V205 499.5 70 355.0 2.34
10% V20s: PANI  59.27 30 291.40 1.84
20% V20s: PANI  84.23 41 280.7 1.95
30% V20s: PANI  84.98 59 271.06 2.28
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The values of average oscillator strength (S1) and average oscillator wavelength (A1) can be

calculated for V2Os: PANI nanocomposites by using (5.8), (5.9) and (5.10) equations [40,41].

@:1_@)2

Equation (5.8) can be written in the following form:

2o SA : (5.9)
%)
A

The average oscillator strength (S, ) can be calculated as

(I’ll _1)
ﬂ 2

1

S = (5.10)

Where n; denotes the refractive index at zero photon energy and can be calculated using

equation (5.11).
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Figure 5.10. Variation of (n>-1)'vs (L) for PANI, V,0s, and V,0s: PANI nanocomposites.

1
E. )2
n, :[H_Edj (5.11)
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The values of A1 and S; were obtained from the slope and intercepts of ((n? - 1)'vs (1)) (see
Figure 5.10). Table 5.2 demonstrates that the oscillator parameters increased with the
concentration of V20s in PANI. Table 5.2 also includes the computed values of oscillator
strength and refractive index at zero photon energy for pure PANI, V20s, and V:0s
nanocomposites. Additionally, nonlinear parameters such as the nonlinear refractive index,
first-order susceptibility, and third-order susceptibility were computed using equations (5.12),

(5.13), and (5.14) [41].

Ed

7E, (5.12)

) -
esu) =
X (esu) 4

4
7P (esu)=6.82x107" [%J

0

(5.13)

3)
n® (esu) = 1274

! (5.14)
where the nonlinear refractive index, first and third orders of susceptibilities are n®, ¥ and
+® respectively. It has been found that as the V,Os concentration in the PANI matrix increases,
the values of n®, ¥, and ¥V’ also increase ( see Table 5.3). For each concentration, the values
of n® and ® are higher than for pure PANI. As a result, the as-synthesized samples have

improved nonlinear parameters that could be used in nonlinear optical applications.

The dielectric constant of lattice (e1) and the carrier concentration in terms of electron effective
mass (e?/nc?) (N/m*) were calculated from the intercepts and slope of ((n?) vs (L)) respectively

(see Figure 5.11) [42].

o)
A (5.15)

The values of (e?/nc?) (N/m*) increase as the concentration of V20s increases (see Table 5.1).

This indicates that adding V,Os as a doping agent enhances the concentration of charge carriers
inside the PANI matrix. The energy loss of the materials is represented by the energy absorption
produced by individual electron transitions or the cumulative effects created inside the solid.
The surface energy (SELF) and volume energy (VELF) loss functions are used to represent this
energy loss. The probability that fast electrons will lose energy while moving through the bulk

or surface of the material is represented by these two functions (VELF and SELF), respectively.
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Figure 5.11. Variation of (n)*vs (A)? for PANI, V,0s, and V,Os: PANI nanocomposites.

Table 5.3. Non- linear optical parameters of pure V2Os, PANI and V>0s: PANI nanocomposites.

Samples vV (esu) 3 (esu) n® (esu)
PANI 0.10 0.03x107"? 0.72x10°12
V20s 0.35 2.74x10712 4.4x101

10% V20s: PANI 0.2 0.22x107'2 4.5x10712

20% V20s: PANI 0.30 1.45%10712 2.8x10°11

30% V20s: PANI  0.33 2.18x107'2 3.6x10!!

According to the following equations, surface energy and volume energy are both linked

to the real (&;) and imaginary components (&) of the complex dielectric constant [43].

2
&

VELF = :

v (5.16)

82
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Figure 5.12(a-b) illustrates how the volume and surface energy loss functions for V2Os: PANI
nanoparticles depend on photon energy. It is clear from the Figures that both functions increase

with the increase in V2Os concentrations.
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Figure 5.12. (a) Volume energy (b) surface energy loss function for PANI, V,0s, and V,0s: PANI
nanocomposites.

Optical conductivity can be calculated and used to investigate the electronic states of

materials [44].

—o— PANI
8.0x10"° 4 4 V505

—#—10% V705: PANI

——20% V705: PANI
6.0x1010 | —30% V20s: PANI
_ 6
i
72}
S’
g- 4.0x10"° -
g4
o]
2.0x101°

0.0 L—— e — : ———
2.0 2.5 3.0 35 4.0

hv (eV)

Figure 5.13. Optical conductivity of PANI, V,0s, and V;0s: PANI nanocomposites.

The following formula can be used to calculate the optical conductivity (o,,, ) of PANI,

V7205, and V20s: PANI nanocomposites [45].
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anc
o, =— (5.18)
P A
Here c, a, and n are the speed of light in a vacuum, absorption coefficient, and refractive
index respectively. According to Figure 5.13, there is a noticeable increase in optical
conductivity as photon energy rises. This increase in optical conductivity in nanocomposites

correlates with higher concentrations of V20Os. This phenomenon occurs because V20s, acting

as a dopant, modifies the defects and density of localized states within the PANI matrix [44].

5.2.2.3. Optical study analysis

To investigate the interaction of the vanadium nanoparticle in the polymer matrix as well as
access the applicability of prepared nanocomposites, a complete analysis of their optical
properties were performed through optical measurements. Collective view of the obtained
spectrums indicates that absorption spectrum is not a single absorption but having different
absorption peaks due to different coordination between oxygen and V>* ions [46]. Further
absorption found to be strong in the UV region along with weakly extended tail in the visible
region. Starting from as prepared V20s, which shows major absorption band at peak position
~282 nm and broad absorption band in the range 425 to 549 nm (see Figure 5.2). The observed
absorption bands attributes to the electronic transition from the O-2p valance band to the empty
V-3d orbitals and d-d charge transitions of V05 [47]. In case of PANI two major absorption
peaks at ~ 266 nm, ~ 361 nm along with one broad peak at ~ 515 nm has been observed. The
origin of absorption band in the UV region is the characteristic of the aromatic nuclichain and
assigned to m-m* transition in the benzeoid rings. The broad peak observed in the visible region
is due to the excitation of an electron from the highest occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital (LUMO) [48]. Further for the case of prepared V2Os:
PANI nanocomposites absorption band appears in wavelength range from ~ 250 to 650 nm.
Furthermore, the absorption band in case of nanocomposite found to be red shifted with increase
in filler concentrations. The observed red shift corresponds to the m — * transition of benzenoid
rings into quinoid rings. This means that the interactions between V205 and PANI results in
narrowing of the band gap, which causes hassle fee transition of the electrons [49]. This is in
good agreement with obtained decrease in the optical bandgap from 3.4 to 2.7 eV (see Figure
5.4). Added to this absorption found to be increased in the UV region, facilitated by the
excitations of the donor level electrons to the conduction band. Collectively all observed
findings indicates the doping of V20s on the quinoid ring of PANI facilitates electron
delocalization among the composites and leads to form a conductive V,0s: PANI composite.

V205 shows 82% transparency in the visible region whereas PANI shows 92% transparency in
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the visible region (see Figure 5.3). Pure PANI was transparent more in the visible region (480-
800 nm) and shows 92% of transmittance. Most of or more properly we can say that UV part
has been absorbed by PANI. However, if we take the case of V2Os the obtained result reveals
82% of transmittance along with nearly 10% part of the UV region. Further, the analysis of
nanocomposites with concentration (10, 20, and 30 wt.%) indicates that the percentage of
transparency remains nearly comparable to that of PANI with a small increment in absorbance
(up to 10%). Additionally, data reveals that with an increase in the vanadium oxide content

transparency decreased showing a red shift.
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Figure 5.14. Transmittance of V20Os: PANI nanocomposites at specific wavelengths (UVA, UVB, and
UvC).

To quantify the performance of PANI with the addition of different concentration of V20s in
case of absorbance to have its applicability in UV shielding, we investigated the transmittance
data for the different UV regions. In Figure 5.14, transmittance (%) of different (10, 20, and 30
wt.%) V20s: PANI nanocomposites in UVA, UVB and UVC regions represented by blue, red,
and black lines, respectively. It has been observed that 10% V20s: PANI nanocomposite shows
maximum transmittance of 83% for UVB region, however with increase in V2Os concentration
up to 30 wt.% in PANI, transmittance reduced to 71%. Consequently 10% V20s: PANI
nanocomposite shows maximum transmittance of 79% for UVA and minimum transmittance
of 68% for 30% V20s: PANI nanocomposite. But transmittance showed differing trend for
UVC and observed maximum value of 73% transmittance for 30% V20s: PANI and minimum

value of 69% transmittance for 20% V20s: PANI. The observed data clearly indicates that the
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addition of V,0s in proportion influenced the transmittance of UVB and UVA regions which
are more harmful to the human being. To have further insight of the UV shielding capability of
nanocomposites and the contribution of filler, we investigate the UV shielding effect shown by

V05 nanoparticles in PANI matrix (see Figure 5.15).
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Figure 5.15. UV shielding increment of V,0Os: PANI nanocomposites at specific wavelengths (UVA,
UVB, and UVC).

It reflects that the proposed nanocomposite shows good shielding of UV light at 350 nm (UVA),
310 nm (UVB), and 270 nm (UVC) as compared to pure PANI. Pure PANI shows shielding as
follows 25% for UVC, 15% for UVB, and 18% for UVA (see inset of Figure 5.15), whereas
the percentage was found to be increased with an increase in doping concentration. For instance,
30 wt.% of V205 doped PANI shows an increment in UV shielding with respect to PANI of the
order of 8% of UVC, 93% of UVB, and 77% of UVA. Therefore, results reveal that
incorporation of V205 can be in favour of shielding of UV light and result in a novel transparent
material with excellent UV shielding, especially in the UVB region.

Looking again on to the obtained result it is observed that there is an abrupt increase in the UV
shielding response beyond 10 wt.% doping i.e., for 20 and 30 wt.% of V,0s. Moreover, the
prepared nanocomposites found to be more suitable for shielding UVB part of the UV spectrum

up to 93% with respect to PANI (see Figure 5.15). Better polarizability of the V205 than PANI
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could be one of the reasons behind such behaviour. Decrease in the band gap with an increase
in concentration could be another probable reason, which supports by the increase in dielectric
constant as well as carrier concentration. Added to this increased refractive index as well as
dissipation factor points toward the roughness of the surface due to an increase in localization
state have resulted in increased absorbance. Also, the observed trend of the graph reveals an
overlapping situation for higher doping concentration. Therefore, in this study, it is clear that
doping of V,0Os plays a vital role in the modification of the calculated optical parameters which
indicates an improvement in the UV shielding efficiency of the nanocomposites in the area of
interest. In other words, we could state that the solid solution of V205 in PANI should not be

completely excluded and its range should be found to be less than 30 wt.% of V20s doping.

5.3. Conclusions

In situ polymerization technique successfully employed to synthesize V20s:PANI
nanocomposites. The prepared nanocomposites showed high purity without the presence of any
impurity peaks defining the good harmony between V205 and PANI investigated through XRD
scans. Additionally, the XRD peak intensities of prepared nanocomposites increases with
doping concentration of V20s, which signifies excellent dispersion in the prepared
nanocomposites. Therefore, the modulation of different optical properties of V20s:PANI
nanocomposites were mediated by the excellent dispersion of V;0s in polymer matrix.
Furthermore, we also investigated the UV shielding performance and visible light transmission
of fabricated nanocomposites. It is observed that 30 wt.% V,0s:PANI nanocomposite displayed
a 93% enhancement in UV shielding performance with respect to PANI in the UVB range.
Conclusively the prepared nanocomposites could deliver important insight for the design and

advancement of novel outstanding UV-protecting materials.
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Chapter 6

Role of Different Solvents in Improving the Electrochemical Performance of
BiOCl Battery-type Electrode Material for the Supercapacitor Devices
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This investigation examines the effects of different solvents for BiOCI synthesis by solvothermal method
to study its electrochemical and physical characteristics. Herein, ethylene glycol (EG), diethylene
glycol (DEG), and triethylene glycol (TEG) are used to prepare different 3D hierarchical BiOCl
nanostructures. Among all three prepared samples, BiOCI synthesized using TEG as the solvent (BT),
exhibits a marigold flower-like morphology with an extended surface area. However, BT electrode
exhibits the peak specific capacity owing to its elevated electrical conductivity and expanded surface
area, leading to a diminished potential drop in the galvanometric charge-discharge study. The prepared
BT electrode material was utilized as the working electrode material in the supercapacitor. In three
electrode configurations, an extreme specific capacity of 665 F/g at 0.5 A/g was observed in 6 M KOH
aqueous electrolyte solution with 93.8% cyclic reliability after 2000 cycles. For the two electrodes
system, a symmetric cell was fabricated with a BT//BT configuration and demonstrates a extreme
energy density (ED) of 15.6 Wh/kg at 838 W/kg power density (PD). Notably, the practical viability of
the constructed symmetric cell was validated through the illumination of a red LED and supported the

application of BT electrode for energy storage technology.



6.1. Introduction

To enhance the electrochemical performance of supercapacitors using metal oxides
with pseudocapacitive properties has proven highly effective strategy. The electrochemical
functioning of supercapacitors is significantly altered by the electron transport attributes of the
electrode materials [1,2]. In this context, bismuth oxides and bismuth oxyhalides exhibit
attractive properties to accelerate the multi-electron transfer processes during electrochemical
reactions and make them highly favorable candidates for supercapacitor applications. Various
nanostructures of bismuth oxides, including nanosheets and nano belts, have been explored
for their potential application in supercapacitors [3]. These nanostructures have shown good
specific capacitances ranging from 98 to 996 F/g. The use of electroplated Bi2Os films on
copper substrates as supercapacitor electrodes was earliest introduced by Gujar and his co-
workers [4]. Ma et al. introduced an asymmetric cell by employing MnQO; as the cathode and
B-Bi2O3 as an anode electrode, which rose in an impressive ED of 32.4 Wh/kg [5]. Bismuth
oxychloride (BiOCl), a close relative of the same group, exhibits a tetragonal lamellar
arrangement. This structure involves stacking [Cl-Bi-O—-Bi—Cl] sheets through van der Waals
forces, particularly via the Cl atoms, along the c-axis [6]. The fabrication of various BiOCl
morphologies has been described in the literature using a variety of synthesis techniques.
BiOCl with different nanostructures has a potential future in photocatalysis, optics,
electronics, and biomedicine due to its excellent crystalline structure, geometric anisotropy,
amazing photostability, favorable electrical properties, and non-toxic nature [7]. So far, a wide
array of micro and nanostructures of BiOCl has been successfully synthesized, including
nanocrystals, nanowires, nanofibers, nanobelts, nanosheets, nanoplates, thin films, intricate
flower-like hierarchies, hollow microspheres, and porous nanospheres [8]. Up to now,
numerous capable reports of BiOCl have arisen such as Dutta and his co-workers fabricated
BiOCl doped multi-walled carbon nanotubes-based nanocomposites electrode, achieving a
maximum specific capacitance of 421 F/g at 5 mV/s scan rate and demonstrates outstanding
longevity, retaining an impressive capacitance ~94% even afterward undergoing 2000 cycles
[9]. Recently, Shankar et al. utilized BiOCI and FeOCI/BiOCl nanomaterial as anode
electrodes and studied their electrochemical attributes. Prepared pure BiOCI and
FeOCI/BiOCl nanocomposites attain largest capacitance of 228 F/g and 424 F/g respectively
at 1 A/g current density (CD) [10].

Characteristically, BiOCl materials have a tendency to adopt 2-dimensional (2D)
nanosheet morphologies due to their intrinsic layered crystalline structure. Nevertheless, a

suitable template agent can be used to organize 2D material nanosheets into 3-dimensional
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(3D) hierarchical microspheres of BiOCI. In comparison to 2D nanosheets, 3D hierarchical
structures exhibit significant potential for practical applications due to their essential
properties. This includes rapid interfacial charge transfer and a multitude of reactive sites,
these combined benefits substantially enhance electrochemical as well as photocatalytic
activity, making them highly promising materials for practical applications [11,12]. In this
regard, our research group recently reported a 3D hierarchical BiOCI flower nanostructure
with exposed {010} facets to provide improved PMMA photocatalytic functions [13].
Consequently, significant attempts have been made to synthesize 3D hierarchical structures
but the studies are limited to checking their photocatalytic activity only. According to the
aforementioned literature survey, BiOCI shows its potential in supercapacitor applications as
electrode material. Therefore, detailed research is needed to synthesize 3D hierarchical
nanostructures containing multiple active sites, which can achieve excellent electrochemical

performance.

The hydro/solvothermal method is the most popular synthetic approach in experiments
because it makes it possible to fabricate BiOCI nanostructures with outstanding efficiency and
accuracy [14]. Particularly, it has the capability to create intricate self-assembled three-
dimensional (3D) architectures of BiOCI using the hydro/solvothermal method. BiOCl 3D
microspheres were successfully synthesized by Zhang et al. under the influence of ethylene
glycol, resulting in good photocatalytic activity [15]. Wang et al. exposed the (001) facet by
hydrothermally synthesizing porous BiOCI micro flowers while using glycerol as a structure-
directing agent [16]. These investigations show the solvents used in the hydro/solvothermal
process have a substantial impact on the shape and surface structure of the nanomaterial. The
solvent used in synthesis serves as a template agent and structure-directing agent [17]. In
general, the solvent can effectively regulate the crystal growth, self-assembly, and nucleation
processes. Consequently, new structures with diverse forms and surface characteristics can be
attained through innovative architectures. However, there is a need for a systematic
investigation into the correlation between various solvents and the morphologies/surface
properties of BiOCI. This will provide directions for creating a straightforward and efficient
method for producing controllable BiOCI hierarchical nanostructures, along with improved

electrochemical properties.

This work presents a novel and highly effective solvothermal strategy employing
different glycols as mediating agents. This method enables the precise fabrication of BiOCI
nanostructures, allowing us to investigate the impact of different glycol solvents (specifically

ethylene glycol, diethylene glycol, and triethylene glycol) on the resulting structure,
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morphology, and electrochemical behavior of the BiOCIl material. The fabricated BiOCl in
triethylene glycol solvent with marigold-like flower nanostructure responded
electrochemically more efficiently than other nanostructures. Furthermore, the symmetric
supercapacitor device constructed from BiOCl material with a marigold flower-like
morphology showcases remarkable electrochemical performance. Notably, the practical
feasibility of this device is demonstrated by a glowing red LED, which signifies its suitability

in energy storage systems.

6.2. Experimental Procedures

6.2.1. Synthesis of BIOCI 3D hierarchical nanostructures

A one-step solvothermal method was used to synthesize different BiOCl 3D
morphologies via various synthesis solvents such as ethylene glycol (EG), diethylene glycol
(DEG), and triethylene glycol (TEG). In the synthesis method 1.458 g of Bi(NO3);.5H20
dissolved in 75 ml of EG, DEG, and TEG solvents individually and ultrasonicated solution for
20 min. After the ultrasonication process, 0.318 g of NaClO3 was mixed into the solution and
again ultrasonicated for 20 min. Subsequently, the resulting solution was exiled into a 100 ml

autoclave and heated for 3 h at 150 °C in a hot air oven.

Table 6.1. Synthesis of BiOCI 3D hierarchical nanostructures under experimental conditions.

Sample name Precursor name Reagent Solvent used Morphology

BE Bismuth Nitrate Pentahydrate ~ Sodium Chlorate Ethylene Glycol Rice like

BD Bismuth Nitrate Pentahydrate ~ Sodium Chlorate Diethylene Glycol  Allium flower-like
BT Bismuth Nitrate Pentahydrate ~ Sodium Chlorate Triethylene Glycol ~Marigold flower-like

Once the mix solution cooled down to normal temperature, centrifugation was used to collect
the produced precipitates. These collected precipitates were afterward subjected to seven
washes with deionized water to eliminate any impurities in the solution. Finally, the material
endured drying in an oven at 60°C for 12 h. Table 6.1 shows the synthesis process of 3D

hierarchical nanostructures of BiOCl under specified experimental conditions.
6.2.2. Fabrication of supercapacitor electrode

To fabricate the working electrode for the supercapacitor in a three-electrode system,
BiOCI active material, carbon black, and PVDF binder were mixed in NMP solvent with an
80:10:10 wt.% ratio. In the next step, 1h ultrasonication was required to form a uniform ink.

This ink was then applied with a micropipette to a 1 x 1 cm? nickel foam surface. Subsequently,

151



the electrode was heated at 70°C for 13 h. The mass loaded on nickel foam was 4 mg and acted
as the working electrode in a 6 M KOH electrolyte solution. Platinum wire was utilized as the

counter electrode, while Ag/AgCl was employed as the reference electrode in a three-electrode

system.
6.3. Results and discussion

6.3.1. Structural Elucidation and Surface Morphology

X-ray diffraction (XRD) analysis was utilized to investigate the crystal structures of
BiOCl nanoparticles. Figure 6.1 depicts the XRD patterns of the BiOCI samples fabricated
through 3 h of solvothermal treatment using bismuth nitrate pentahydrate as a precursor and
sodium chlorate as an oxidizing agent in different solvents, namely EG, diethylene glycol DEG
and TEG. All the diffraction peaks in XRD data closely match (see Figure 6.1) with tetragonal
phase of BiOCI (Reference code. 96-901-1783).
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Figure 6.1. illustrates the XRD patterns of the BiOCI products synthesized using various solvents: (a)

BE (b) BD, and (c) BT samples.

The pronounced and well-defined diffraction peaks of XRD indicate that the BiOCl
nanoparticles exhibit a high degree of crystallinity. The observed peaks correspond to the
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crystal planes (001), (002), (101), (110), (102), (111), (003), (112), (200), (201), (004), (211),
(212), (114), (220), (301) and (006) of tetragonal BiOCI, with 20 values of 11.7°, 23.8°, 25.9,
32.6°, 33.63%, 34.5° 36.2°, 40.9%, 46.7°, 48.2°, 49.4°, 53.9°, 58.5° 60.47°, 68.1°, 74.6° and
77.5°, respectively. The Debye-Scherrer formula was employed to determine the crystallite
size, which was derived from the full width at half maximum (FWHM) observed in the various

diffraction peaks [18].

Do kA

where, “D” represents the average crystallite size, “A” denotes the X-ray wavelength,” &k ”

stands for Scherrer constant, “ 8 represents the FWHM of the diffraction and “ 6 is the

Bragg diffraction angle. The typical crystallite sizes for BE, BD, and BT samples are around

19 nm, 17 nm, and 14 nm, respectively.

Experimental findings suggest that the size of crystallites is responsive to the specific
glycol solvent employed during the solvothermal treatment. Therefore, to achieve smaller
crystallites, it is preferable to use glycol solvents with a higher number of oxygen atoms
(TEG). Conversely, to obtain larger crystallites, glycol solvents with fewer oxygen atoms are
more suitable (EG). This change in crystalline size could be also attributed to the varied polar

characteristics of these solvents [19].

The morphologies of the prepared BiOCl samples (BE, BD, and BT) were studied
through FESEM images. Figure 6.2(a-1) depicts FESEM images of BiOCl samples at high and
low magnification, which were synthesized using different solvents. To prepare a variety of
uniform hierarchical nanostructures with various morphologies (see Figure 6.2(a-c)) BiOCl
was prepared using EG, DEG, and TEG solvents. The obtained 3D hierarchical nanostructures
of BiOCl using EG, DEG and TEG solvents exhibited sizes ranging from ~1-6 um (calculated

using Imagel] software).

The high magnification FESEM images (Figure 6.2(d-f)) clearly show rice-like (BE),
allium flower-like (BD), and marigold flower-like (BT) morphology of BiOCIl respectively.
Each of the hierarchical nanostructures was made up of multiple radially growing nanorices
for BE, nanoflakes for BD, and nanosheets for BT samples, which provides a noteworthy
surface-to-volume ratio leading to the establishment of a porous structure. The characteristic
thickness of these nanoflakes or nanosheets was found to be ~9-21 nm. The rice-like BiOCl

grains (BE) were self-assembled and formed a highly close-packed hierarchical nanostructure.
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BE

BD

Figure 6.2. (a-i) FESEM images of 3D hierarchical nanostructures of BE, BD, and BT samples.

Furthermore, in BD and BT samples nanosheets or nanoflakes were uniform self-
assembled, and formed loosely packed nanostructures. The sequence of a loosely arranged
uniform configuration was BT>BD>BE. This sequence indicates that the BT sample
demonstrates a significant surface-to-volume ratio, resulting in the establishment of a porous
nanostructure with amplified surface area, which makes BT samples a potential candidate to

offer superior electrochemical performance.

The chemical composition of the BE, BD, and BT samples has been confirmed through
EDX spectra (see Figure 6.3(a-c)). Figure 6.3(a-c) unveils the existence of carbon (C), oxygen
(O), bismuth (Bi), and chlorine (Cl) atoms in the prepared sample. The presence of bismuth,
oxygen, and chlorine in the BiOCl sample is attributed to the chemical composition, while the
carbon signature originates from the carbon tape used for sample fixation. EDX analysis
reveals a higher intensity peak of bismuth and chlorine for the BT sample (see Figure 6.3(c)).
This indicates a larger concentration of these elements in BT. The substantial presence of
bismuth and chlorine can influence a material's electrochemical behavior. For example,
bismuth can enhance conductivity, while chlorine might modify the material's stability or act

as a dopant, potentially improving its electrochemical function.
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Figure 6.3. EDX spectra of (a) BE (b) BD, and (¢) BT samples (d-g) Elemental distribution mapping
of BT sample.

Figure 6.3(d) shows the structural hierarchy of the BT sample, representing the
nanostructural arrangement and elemental distribution. For a more comprehensive
visualization, the elemental mappings of Bi, O, and CI are individually illustrated in Figure
6.3(e—g). Notably, these mappings emphasize the regular distribution of the significant
constituents Bi, O, and Cl throughout the surface of the sample. Furthermore, BET analysis
was used to examine the sample's pore size distribution and surface area, as shown in Figure
6.4(a-c). As observed from Figure 6.4(a-c), the adsorption-desorption curves exhibit
characteristics consistent with a type-IV isotherm with an H3 hysteresis loop, confirming the
mesoporous nature of the samples [20]. However, the BJH (Barrett-Joyner-Halenda) pore size
distribution of all samples further confirmed the mesoporous structure (see Figure 6.4(a-c)

inset).
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Figure 6.4. N, adsorption-desorption isotherm of (a) BE (b) BD (c) BT samples and the inset of the

figures shows the BJH pore size distribution of corresponding samples.

The pore size distribution for the prepared samples primarily falls around 3.19 nm for
BE, 2.5-6.6 nm for BD, and 2.29-18.04 nm for BT. Additionally, BE, BD, and BT samples
were found to have surface areas of 21.58, 24.65, and 29.85 m?/g, respectively. As a result, it
is expected that the mesoporous structure of the BT sample could be particularly favorable for
supercapacitor applications which is later discussed. The BT sample reveals a notably elevated
surface area in contrast to earlier reported works [21,22]. This suggests that the synthesized
nanoparticles possess potential not only for supercapacitors but also for a broad range of
photocatalytic applications with less duration time preparation method i.e. 3 h solvothermal

treatment.

FTIR spectroscopy was employed to further elucidate the chemical assemblies found
within the synthesized BiOCl samples (see Figure 6.5(a)). In all samples, the bands observed

at 1281 and 1051.8 cm™ can be attributed to the asymmetric and symmetric stretching
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vibration peaks respectively of the Bi-Cl bond within the BiOCI structure [23]. The absorption
peaks observed at 1610 cm™ signify the flexural vibrations associated with the hydroxyl

groups [24].
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Figure 6.5. (a) FTIR (b) Raman spectra of prepared BE, BD, and BT samples.

The peaks observed around ~516 cm™' in the FTIR spectra (see Figure 6.5(a))
correspond to the valent symmetrical A,y mode vibrations of the Bi-O stretching mode [23].
The Raman spectra were used to confirm the purity of the prepared samples (see Figure 6.5(b))
illustrating one prominent band with two weaker bands. The band mentioned at 144.7 cm™ is
designated as the Aig type internal Bi-Cl stretching [25]. The less intense bands observed at
200.6 cm™! are attributed to the E, type internal Bi-Cl stretching. Additionally, the band at 62.6
cm’! is assigned to the A, external Bi-Cl stretching mode [26]. These wavenumbers are
reliable with values reported in the literature, indicating the high purity of prepared BiOCl

samples.

6.3.1.1. Possible mechanism of hierarchical nanostructures with different morphology
Due to implementations of the identical conditions in fabrications of the samples,
contribution of the parameters such as pH as well as temperature in the growth of the distinct
morphologies would be considered negligible. So, the solvent is the only factor capable of
influencing material morphologies. This underscores the significant role of solvents in
determining the varied range of morphological outcomes. The present study emphasizes the
profound significance of the solvent in variations within morphological outcomes. As a first
thought, we proposed that the formation mechanism of 3D BiOCI nanostructures included
initial nucleation of amorphous prime particles (Solvent, Precursor, Capping agent), succeeded

by the subsequent cluster and crystallization of these prime particles. This hypothesis points
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towards the anisotropic growth characteristics of BiOCl crystals and is well understood from
the results of our experiments as follows. Bismuth alkoxide was formed by dissolving
Bi(NOs3)3.5H20 in various polyol solvents, as illustrated in Figure 6.6 [27-30]. After that when
a solution is subjected to solvothermal treatment, the bismuth alkoxide weakens, leading to
the gradual formation of BiO". Simultaneously, CI” ions were produced through the reduction
of NaClO3 through polyols. BiOCIl nuclei were established in the next step and rapidly
expanded into primary particles. Subsequently, with time, these BiOCI nuclei came together
to form 3D microspheres exhibiting crystallographic orientation. This alignment was
controlled via the objective of reducing the overall energy of the whole system as the growing
mechanism extended [31]. It persisted in its growth by merging with the remaining primary
particles, ultimately giving growth to hierarchical nanostructures through the phenomenon
referred to as Ostwald ripening [29-31]. Unique characteristics of solvents namely viscosity,
chelation capacity, basicity, vapor pressure, and hydrogen bonding exert diverse influences on
the eventual buildings and geomorphologies of developed micro-nanostructures [32]. The
polyol used in this work has the ability to construct long chain-like or crosslinked network
structures through hydrogen bonding with interactions between its multiple hydroxyl groups

[33].
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Figure 6.6. 3D hierarchical nanostructures of BiOCI possible growth mechanism.
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It was proposed that the aggregated nanoplates could act as a template, controlling the directed
assembly and development of the nanoparticles, which results in the creation of BiOCI
structures [34]. The varying viscosities of the polyols could be considered another possible

reason for the variation in formed hierarchical nanostructures.

It is to be noted that TEG has comparatively higher viscosity than DEG and EG which
prevented BiOCI nuclei from diffusion and led to the development of highly loosely packed
uniform hierarchical nanostructures [35]. Furthermore, the fluctuating polarity of solvents
could also be contributed to the observed differences in morphologies and it is important to
note that TEG exhibits higher level of polarity compared to DEG and EG. This increased
polarity of TEG facilitates the adsorption of CI anions onto specific crystal facets through
robust hydrogen bonding interactions between the protic solvent and bismuth molecules.
Consequently, this helps in the growth of a higher symmetry compared to DEG and EG
microstructure in BiOCl as shown in Figure 6.6. This experimental finding deduces that
polyols play a valuable job in the synthesis of BiOCl as reducing and morphology-directing
agents. Their multiple roles make polyols a crucial component in producing BiOCl 3D-

hierarchical nanostructures with the desired properties.
6.3.2. Supercapcitive study and charge storage mechanism

To evaluate the supercapacitive properties of synthesized BiOCl nanoparticles the CV
and GCD measurements were used. CV characteristics of BE, BD, and BT are represented in
Figure 6.7(a), showing the redox behavior of the samples under a 5 mV/s scanning rate within
a voltage selection of -1 V- 0 V. Notably, all samples exhibited distinct redox peaks, indicative
of faradaic-type behavior. These peaks, encompassing two oxidation and one reduction peaks,
correspond to different states (Bi®™, Bi®), and Bi(metal)) of BiOCI in the 6 M potassium
hydroxide liquid electrolyte [36,37]. The probable redox reactions of the prepared BiOCl are
displayed in the inset of Figure 6.7(a). The redox process produced two oxidation peaks (O
and O,), suggesting that Bi¥) is oxidized to Bi(metal) and then oxidized again to Bi‘"™®. The
emergence of peaks at positions O and O; (see Figure 6.7(a)) are associated with the existence
of a limited quantity of bismuth (Bi) metal located at the junction between the bismuth metal
and the KOH electrolyte [38]. The occurrence of peak (O2) in conjunction with the plateau
indicates the transition from the state of Bi(metal) to Bi®®- In addition, a notable reduction
peak, distinguished by its high intensity, indicates the fall of Bi*® to Bi® state for BiOCI. The
CV curves (see Figure 6.7(a)) illustrate that the BT sample demonstrates superior
supercapacitive behavior, as indicated by its extreme current response and larger area under

the curvature. This enhancement can be attributed to several factors.
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Figure 6.7. (a) CV curvatures of BE, BD, and BT samples at 5 mV/s scanning rate. (b) CV curvature
of BT electrode at altered scanning rates. (c) Linear fit of BE, BD, and BT electrodes using log(current)
vs log(scan rate) plot. (d) Linear fit of BT electrode at -0.479 and -0.215 V constant potential. (e)
Separation of capacitive and battery type behavior of BT electrode at different scanning rates. (f)

Battery type and capacitive behavior visualization in CV curve at 20 mV/s scan rate.

Firstly, BiOCI prepared in TEG solvent (BT) exhibits improved crystallinity and a
well-organized morphology, leading to a higher surface area, as confirmed by XRD, FESEM,

and BET analyses. These characteristics facilitate better accessibility of electrolyte ions to a
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larger portion of the crystal structure, thereby increasing the involvement of active sites in
faradaic reactions and enhancing supercapacitive behavior. Additionally, to evaluate the
influence of scan rate on the BT sample's performance, CV studies were conducted at various
rates (ranging from 5 to 60 mV/s) while maintaining a constant potential range (see Figure
6.7(b)). Interestingly, the peak current and area under the curve in CV demonstrate a linear
increase with the scanning rate. This observation underscores the high-power ability and
reversibility of the BT material throughout the testing process. Additionally, we also examine
the energy storage mechanism in our study to figure out various factors, which are responsible
for the outstanding rate performance of BT sample. The CV profiles of the BT electrode are
the backbone of this investigation. CV curves demonstrate a consistent shape with the redox
peaks steadily shifting toward the opposite direction as the scan rate increases (see Figure
6.7(b)). The primary factor responsible for this shifting phenomenon was a change in the
crystallite IR-drop component, which becomes predominant when current values are higher
[39]. Moreover, we employ a power law fitting approach to distinguish and describe the charge

storage process of prepared samples. The correlation between the (log(i)) and (log(v)) at
constant potential explains the charge storage mechanism in prepared BiOCl electrodes. The
power law fit can be expressed in equations (6.2) and (6.3), where ‘1’ represents peak current,
‘v’ denotes scan rate, and ‘b ’ is a variable (calculated from the slope of equation (6.3)) that
varies dynamically. The ‘b’ equal to 0.5 corresponds to diffusion or battery type behavior
predominance, while ‘b > equal to 1.0 signifies the dominance of capacitive behavior [40].
Besides, the area where b values fall between 0.5 and 1.0 is considered to represent the

boundary between materials that behave capacitively and those that exhibit behavior like

battery-type materials [41].
i=a’ (6.2)
log(i) = log(a) +blog(v) (6.3)

Based on the calculations presented in Figure 6.7(c), it can be concluded that at a consistent
voltage of -0.6113 V, the ' b '-values for BE, BD, and BT electrodes are determined to be 0.428,
0.437, and 0.71, respectively. These results reveal that the storage mechanisms are mainly
controlled by battery type for BE and BD electrodes. The obtained ‘ b * value of 0.71 signifies
that the storage process in the BT electrode is a combination of battery type and capacitive
processes, suggesting a coupled mechanism. Moreover, at -0.479 and -0.215 V potential BT
electrode displays ‘b’ values equal to 0.57 and 0.53 (see Figure 6.7(d)) respectively,

signifying that the energy storage mechanism is diffusion or battery type controlled.
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The relative contributions of capacitance and diffusion to the overall current are further

investigated through equations (6.4) and (6.5) [42].

ltotal = lcapacilive + ldgﬁ‘usion

=kv+ky" (6.4)

To address investigative needs, equation (6.4) can be written as

iV =kv'"? +k, (6.5)

where, 1, klvl/ *and k,signifies overall current, quantities of capacitive, and diffusive ions

(battery-type) respectively at a constant potential. In order to get the values of &, and k,, we

1/2

plot i/v"?versus v'"? graph and perform a straight-line fitting. Through this analysis, the

values of k, and k,can be obtained at each potential. This study makes it possible to show

clearly how different battery types and capacitive contributions affect the overall current.
Figure 6.7(e) illustrates the distribution of battery type and capacitive contributions for the BT
electrode. In Figure 6.7(e) the battery type mechanism contribution current at a potential of -
0.215 V is shown by the green-cyan area. While the pink shaded area indicates the charge
storage is centered on the capacitive mechanism. The fraction of battery type and capacitive
current at 20 mV/s scan rate (see Figure 6.7(f)) noticeably indicates that the battery type
mechanism is responsible for the majority of the capacitance, rather than the capacitive

mechanism.

Figure 6.8(a) illustrates the GCD profiles of the BE, BD, and BT electrodes at a lower
current density (CD) of 0.5 A/g within a -1.0 to 0.0 V potential range. The non-symmetrical
nature of the GCD profiles indicates that BiOCl has battery-type properties with an internal
resistance. The initial portion of each GCD curve exhibits a sharp decline in voltage, a
consequence of the internal resistance (IR drop) present in the system. To reduce the large IR
drop demonstrated by BiOCl we are currently working on it and exploring methods. Some
promising methods include using different solvents during synthesis, creating nanocomposites
with polyaniline and polypyrrole conductive polymers, and incorporating reduced graphene
oxide [43]. Furthermore, the second region is characterized by an extended voltage plateau,
signifying the contribution of faradaic processes in BiOCl [44]. Interestingly, increasing the
current density leads to an opposite shift with a shortening of this plateau. This rapid change
in the plateau region suggests fast reaction rates (kinetics) associated with the electrochemical

conversion (redox reaction) occurring within the BiOCl electrodes [44,45].
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Supportive properties of BT electrodes in KOH electrolyte.

From Figure 6.8(a), it is observed that (i) IR drop in the BE electrode is notably large,
indicating a need for substantial efforts to address this issue in order to enhance overall
performance. (i1) In contrast, the BT electrode exhibits a considerably lower IR drop and an
extended charging/discharging duration compared to both the BE and BD electrodes. This

lower IR drop of the BT electrode is supported by its favorable conductivity and improved ion
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mobility. These features facilitate efficient charge transfer and rapid ion diffusion, thus
improving the electrode's efficacy in energy storage. The specific capacitance values of 429,
560, and 665 F/g were calculated using equation (6.6) at a lower CD of 0.5 A/g for the BE,
BD, and BT electrodes, respectively [46].

c =" (6.6)

Y mV

Where, C,,,t, V,m and I symbols denote the specific capacitance (F/g), discharging time,

potential window, mass loaded on the electrode, and response current respectively of different

electrodes.

Figure 6.8(b-d) demonstrates the GCD curve at altered CDs. The GCD curves reveal
a rise in IR drop with increasing CDs. This behavior aligns with Ohm's law, where voltage is
directly proportional to current. Consequently, a higher CD translates to a greater voltage drop
due to the inherent resistance within the electrode material. Moreover, Figure 6.8(e) shows the
computed specific capacitance for prepared electrodes at various CDs. The specific
capacitance of the prepared electrodes exhibits an inverse relationship with increasing current
densities. This reduction in electrochemical performance can be ascribed to constraints on ion
diffusion within the electrode material when charging rates increase rapidly. The Marigold
flower-like BiOCl nanostructure (see Figure 6.8(f)) displays several features that are ideal for
electrochemical energy storage. Its wide-open nanosheets provide open access for electrolytes,
while the numerous diffusion channels facilitate ion movement throughout the material.
Additionally, the abundant active sites promote rapid electron transfer, further enhancing the

electrode's performance.

Nyquist plots of BE, BD, and BT samples (see Figure 6.9(a)) can serve as a beneficial
tool for assessing electrode conductivity and kinetics. Insight into various electrochemical
system parameters can be gleaned from different features of the impedance plot. For instance,
at high frequencies, the semicircle diameter offers an estimate of the charge transfer resistance
(Rct), while the x-axis intercept aids in determining the series resistance (Ro) of the system
(see Figure 6.9(a)) [47]. Additionally, analyzing the slope at low frequencies assists in
identifying diffusion resistance. Through this analysis, the Ro for BE, BD, and BT electrodes
was calculated to be 0.82, 0.73, and 0.65 Q, respectively. Similarly, the Rct for BE, BD, and

BT electrodes was determined as 1.5, 0.8, and 0.4 Q, respectively.
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Figure 6.9. (a) Nyquist plot. (b) Stability test for BE, BD, and BT electrodes.

The comparatively lower values of Ro and Rct for BT electrodes, as opposed to BD
and BE electrodes, underscore a higher conductivity in the BT electrodes. This
characterization further confirms the superior performance of BT electrodes in terms of
conductivity and reduced diffusion limitations. In analyzing the practical efficiency of
supercapacitor electrodes, cyclic stability is extremely important. The cyclic stability was
evaluated via GCD analysis during 2000 cycles under 3 A/g current density. According to
Figure 6.9(b), the electrodes BE, BD, and BT have 83%, 88%, and 93.8% retention of their
original capacity at the finishing point of the 2000 cycles. Therefore, the overall three-
electrode study reveals that BT electrode is a highly beneficial and efficient candidate for

supercapacitors in terms of specific capacity, rate competence, and cyclic stability.

6.3.2.1. Fabrication of symmetrical supercapacitor device

To assess the realistic suitability of the BT electrode, we fabricate a symmetric
supercapacitor device. In this configuration, the BT electrode acts as both positive and
negative electrode, while a Whatman filter paper soaked in 6 M KOH solution serves as a
separator. The schematic diagram of the assembled symmetric cell is displayed in Figure
6.10(a). Notably, the CV curve of the BT//BT symmetrical device (see Figure 6.10(b)) shows
a larger area under the curve with higher intensity oxidation-reduction peaks as the scan rate
was increased from 5 to 60 mV/s. The CV curves maintain their shape without significant
distortion as the scan rate increases. This indicates that the charge and ionic transfer are
favorable due to the structural and microstructural characteristics of the BT//BT symmetrical

device.
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symmetrical device.

The higher oxidation-reduction peaks (see Figure 6.10) of the symmetrical device
illustrate the battery-type characteristics of the BiOCI [48]. Furthermore, battery type

attributes of the device are also verified by ¢ b’ parameter value and found to be 0.51 (see
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Figure 6.10(c)). The pattern of battery type and capacitive contribution at numerous scan rates
are shown in Figure 6.10(d). It is noticed that battery type contributes more than capacitive
contribution at both scan rates. Figure 6.10 (e-f) displays the partition of battery type (pink-
blue color) and capacitive (cyan-blue color) at (¢) 5 mV/s, and (f) 60 mV/s. Based on the
findings mentioned above, it is evident that in a symmetrical device, a battery type mechanism
predominantly contributes at low scan rates, while a smaller amount of capacitive behavior is
seen at high scan rates. At low scan rates, the KOH electrolyte ions have ample opportunities
to interact with the active electrochemical sites of the electrode, leading to significant charge
storage through battery-like processes. Conversely, at high scan rates, limited charge storage

occurs primarily through non-faradic or electric double-layer capacitor (EDLC) processes.
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Figure 6.11 (a) GCD curves (b) Cyclic stability test of symmetrical BT//BT fabricated cell (c) After
charging of 3V symmetrical supercapacitor cell stable output voltage reading (d-e) Discharging of the

symmetrical cell via glowing of a red LED.

The GCD profile of the constructed symmetrical supercapacitor device (see Figure

6.11(a)) displays asymmetric charge and discharge curves, further validating its battery type

characteristics. The specific capacitance (C,,, ) of the complete cell is observed to be 50 F/g
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at 0.5 A/g. Furthermore, the key factors deciding the efficacy of energy storage devices are
ED and PD. The ED and PD for the cell can be computed using the (6.7) and (6.8) equations
[49-50].

2
ED = SV 1k (6.7)
72
PD =EDXA—'Z’6°0(W/kg) (6.8)

Where At, and AV represents discharging time (s) and potential window 1.5 V of the

complete cell respectively.

Table 6.2. Comparison of device configuration electrochemical results from previously reported

studies.
Electrode Morphology Device Specific ED PD References
material configuration capacitance (Wh/kg) (W/kg)

(F/g)

Bi,O3 Flower-like ~ Bi»Ojs//graphite 37 11 720 [54]
Bi,03 Flower-like = BiO3//AC 29 354 4974 [55]
Bi,03 Flower-like  Bi,03/MnO, 25.2 113 3370 [56]
ECNF@Bi,0; Core shell ECNF@Bi1,03//CF@NiCo,04 50 25.1  786.2 [57]
BiOCl Camellia- BiOCl//AC 124 17.2 250.9 [50]
BiOCl like BiOCl/BiOCl1 36 12 1125 [58]
BiOCl Nanoplates BiOCl/ MWCNT// BiOCl/ - 14.62 947.5 [9]
/MWCNT Nanoplates MWCNT
BIOCI Marigold  BT/BT 50 156 838 5;2:;’(“

flower-like

The highest ED value for the assembled symmetric device is 15.6 Wh/kg at 838 W/kg of
PD. Table 6.2 displays that these results are equivalent, higher, or have lower values than those
previously reported for Bi-based and BiOCI supercapacitor devices. The stability of the
BT//BT symmetric device was tested through GCD operations. The device exhibits moderate
chemical stability (see Figure 6.11(b)) and mechanical strength, as demonstrated by the
cycling lifespan test (~89% capacitance retention) after undergoing 1500 cycles at a current
density of 3 A/g. Furthermore, two cells were connected in series to confirm the fabricated
BT//BT symmetrical supercapacitor device's feasibility. After that, they were charged for 15 s
at 3.0 V using a DC battery supply. The device was linked to a multimeter (see Figure 6.11(c))

to confirm a steady output voltage i.e. 2.17 V. It concluded that this voltage was sufficient to
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light up a red LED (1.5 V). Subsequently, the device was connected to a red LED and
discharged through a red LED for around 30 s (see Figure 6.11(d-e)) demonstrating the future

potential of marigold flower-like BiOCl in energy storage systems.

6.3.2.2. Proposed charged storage mechanism for symmetrical supercapacitor cell

The observed results and the real demonstration of the device for energy storage
application, allow us to propose a mechanism for charge storage. This mechanism can offer a
clear understanding of the assembled symmetric cell working based on our consideration. The
schematic diagram of the charged storage mechanism for a symmetric supercapacitor cell is

illustrated in Figure 6.12.
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Figure 6.12. Proposed energy storage mechanism of BT//BT symmetrical supercapacitor device.

The electrochemical process while charging and discharging is shown in Figure 6.12.
BiOCl mesoporous material is used as the electrode material in the creation of a symmetric
device. The material used is a combination of double layer and faradaic redox processes to
facilitate charge storage for the symmetric cell. Surface activity of the used material is linked
with its capacitive storage nature, whereas internal reactions contribute to its faradic energy
storage features [51]. Upon charging, KOH electrolyte undergoes dissociation into potassium
(K") and hydroxide (OH") ions and these ions subsequently migrate to the positive and
negative terminals, respectively. At the electrode-electrolyte junction, potassium and

hydroxide ions form layers (see Figure 6.12), while some ions diffuse into the BT material to
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engage in charge storage processes. The reactions occurring at the anode and cathode during

the cell's charging cycle are outlined below [52].

At anode:

BiOCl+ K" +e — BiOCIK™ (6.9)
(BiOCl) o + K "+e > (BiOCI'K +)Surface (6.10)
At cathode:

BiOCl+OH™ — BiOCIOH +e (6.11)
(BiOCl),, e +OH™ — (BiOCI"OH™ )surice 7€ (6.12)

In addition to the potassium and hydroxide ions, the region between the oppositely
polarised electrodes contains solvated potassium and hydroxide ions, along with polarised
potassium hydroxide molecules. This arrangement helps to speed up the charging process.
When the cell discharges, it produces a voltage that causes an electric current to flow through
an external circuit. This current flow can be seen by connecting a red LED. Discharging is
essentially the opposite of charging a cell. In the discharging phase, complete reactions and

the motion of entirely dissociated and solvated ions are converse from the charging cycle [53].
6.4. Conclusions

In conclusion, we have synthesized various 3D hierarchical BiOCI nanostructures by
using different solvents (EG, DEG, and TEG) in solvothermal methods. The produced 3D
hierarchical nanostructure's physical, morphological, electrochemical, and other
characteristics were meticulously studied using a range of spectral and analytical techniques.
Among all prepared samples, the BT electrode shows a unique marigold flower-like
morphology and demonstrates a notable specific capacity of 665 F/g at 0.5 A/g current density.
This admirable specific capacitance is ascribed to the high specific surface area of 29.85 m?/g
and the substantial available active site. However, the appearance of surface-active sites,
uniform growth, and stable integration of active materials on nickel foam, resulted in low
charge transfer resistance and excellent electrical conductivity. These factors also contribute
to the lower potential drop examined in GCD, facilitating rapid ion and electron transfer
leading to enhanced electrochemical performance of BT electrode. Moreover, the fabricated
BT//BT symmetrical device delivers a maximum ED of 15.6 Wh/kg at 838 W/kg PD and
shows good cyclic lifespan of ~80% after 1500 cycles. Finally, the device glows up a red LED
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after charging which indicates that the BT//BT device has elevated capability in practical
application. In addition to the fabricated symmetric supercapacitor device, an appropriate
charge storage mechanism is proposed. Overall, present work outcomes signify that the TEG
solvent could be considered as the better choice for solvothermal synthesis of BiOCI instead

of EG and DEG solvents for enhanced electrochemical performance.
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Chapter 7

Doubling up the Electrochemical Performance of 3D Hierarchical BiOCl
Electrode through Optimized Polypyrrole Doping for Supercapacitors
Application
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In this chapter, 3D porous PPy-BiOCI (wt.% of PPy 5,7, and 9) nanocomposites were prepared via a
physical blending technique that serves as electrode material for supercapacitor technology. The
prepared BP1 (5 wt.%) nanocomposite supported on nickel foam textile exhibits high oxidation
reduction peaks suggesting the battery-type charge storage ability of nanocomposite in 6 M potassium
hydroxide aqueous electrolyte solution. The dominance of the battery-type charge storage mechanism
of the BPI electrode was confirmed through the cyclic voltammetry study. Furthermore, the
galvanometric charge-discharge study revealed a good specific capacity of 659 F/g at 1.0 A/g current
density. In the presence of a 6 M potassium hydroxide electrolyte, a symmetric cell was constructed with
two similar 3D porous BP1 electrodes. This configuration unveiled an impressive energy density (ED)
of 24.0 Whikg at 750.0 W/kg power density (PD). To illustrate its practical viability, two BP1//BPI
symmetric devices were connected in series, successfully powering a green and red LED for
approximately 50 s with good light intensity. This underscores the practical potential of the BPI

electrode in energy storage systems.



7.1. Introduction

The sustained rise in energy demand has led to an increased load on the utilization of
common energy resources such as fossil fuels and coal. However, this escalating demand has
also stimulated the growth of renewable energy resources. Therefore, among different energy
storage devices, supercapacitor stands out as an encouraging energy storage device, primarily
owing to its extensive array of applications. It offers several desirable advantages, including
large PD, high ED, excellent rate stability, and less expensive [ 1-4]. Generally, supercapacitors
are characterized into two main types known as pseudocapacitors and electric double-layer
capacitors (EDLCs) depending on their distinct charge storage process [5]. For fabrication of a
supercapacitor, the main factor influencing its performance is the electrode material [6], which
relies significantly on both positive and negative electrode materials (potential window >0 vs
saturated calomel electrode (SCE) for positive and <-0.1 vs SCE for negative electrode), as
each plays a key function in the process [7]. Therefore, there has been extensive research on
synthesizing electrode materials using facile and economical techniques. In recent years,
research efforts have primarily focused on pinpointing high-performance positive electrode
materials for supercapacitors. Notably, researchers have identified efficient contenders for
positive electrodes such as spinel oxides (CuCo204 and MnCo0204) and metal sulfides (SnS:
and MoS,) [8-13]. However, there has been a lack of importance given to negative electrode
materials despite their significant role in enhancing the performance of supercapacitors [14].
So far, only a limited number of materials have been utilized for the negative electrodes namely
carbon/graphene, vanadium oxides (V205 and VO,), bimetallic sulfides (ZnS/FeS), iron oxides
(Fe2O3 and Fe3O4) and bismuth-based material (Bi20s, BixS3, BixMoOg) [15-19]. Among
various negative electrodes, bismuth-based materials are known for their natural inclination
towards forming 2D nanosheet structures, owing to their layered crystalline arrangement.
However, with the aid of suitable surfactants, these materials can be orchestrated into 3D
hierarchical microspheres. Contrasting 2D nanosheets, these 3D nanostructures offer promising
avenues for practical utilization. This is attributed to their inherent characteristics such as large
surface area, strong interface connection between electrolytes and electrodes, and shortened
diffusion paths for electrolyte ions. These features are crucial for attaining superior energy and
power storage capabilities [20]. Wang et al. utilized a solvothermal technique to synthesize a
composite of graphene and Bi2O3, demonstrating remarkable rate capability, reversibility, and
a capacitance of 757 F/g [21]. Shinde et al. synthesized a 3D nanostructured Bi»O3; material and
utilized it as the negative electrode in an asymmetrical supercapacitor, resulting in a large ED

of 51 Wh/kg at a PD of 1500 W/kg [22].
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Among the family of bismuth-based oxides, BiOCl shows its influence due to its
tetragonal lamellar layered structure. This structure consists of stacked [Cl-Bi—O-Bi—Cl]
sheets, held closely via van der Waals interactions, specifically through chlorine (Cl) atoms
across the c-axis which provides multi-electron transfer capabilities during electrochemical
reactions with wide negative potential window [23,24]. Shinde et al. successfully fabricated
ultrathin petal-type BiOCl electrode material and investigated its electrochemical performance
in a potassium hydroxide electrolyte. In a three-electrode configuration, the BiOCI petal-type
electrode exhibited a notable capacitance of 379 F/g at a current density (CD) of 1.25 A/g. This
impressive performance was accredited to the material's good conduction and minimized
diffusion length [23]. Chen et al. utilized BiOCl as an anode material in an aqueous rechargeable
battery, while utilizing silver as the cathode in a NaCl electrolyte solution. Their investigation
revealed a consistent and stable energy storage capability in this configuration [24]. To enhance
the future potential of BiOCl, efforts could be directed towards addressing the challenge of
potential drop. This could involve developing nanocomposites of BiOCI integrated with
conductive material to improve its overall performance. In this regard, polypyrrole (PPy) would
be a better choice as a dopant material for supercapacitors because of its excellent electrical
conduction and larger specific capacitance [25]. Feng et al. synthesized nickel dicobalt
tetrasulfide nanoneedles on nickel foam using a two-step hydrothermal approach. They then
applied a layer of polypyrrole onto these nanoneedles through in-situ polymerization. The
resulting nickel dicobalt tetrasulfide composite was tested for its supercapacitor performance,
showing a huge specific capacitance of 1842.8 F/g at 1 A/g of CD. When used in an asymmetric
supercapacitor device with activated carbon as the negative electrode and nickel dicobalt
tetrasulfide -polypyrrole as the positive electrode, it achieved an ED of 41.2 Wh/kg at a PD of
402.2 W/kg and maintained admirable cycling lifespan, with 92.8% of its initial capacitance
after 5000 charge-discharge cycles [4]. By integrating polypyrrole into BiOClI, the resulting
material can effectively mitigate the challenge of potential drop, thereby enhancing the

complete performance of BiOCl-based supercapacitors.

In the current research work, PPy-BiOCl was fabricated by the physical blending
technique. The supercapacitive characteristics of the fabricated PPy-BiOCl nanocomposites
were studied in a 6 M KOH electrolyte after being deposited onto a nickel foam substrate. To
the best of our knowledge, this is the first report studying the supercapacitive performance of
PPy-BiOCl nanocomposites as electrode material for energy storage applications. Optimal
morphological and supercapacitive performances of electrodes have been also achieved by

varying the wt.% of PPy in the BiOCI. Furthermore, the symmetric supercapacitor device
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constructed from PPy-BiOCIl material showcases remarkable electrochemical performance.
Notably, the practical feasibility of this device is demonstrated by glowing a green and red LED,

which signifies its suitability in energy storage systems.

7.2. Experimental Procedures

7.2.1. Synthesis of BiOCl nanoparticles

A one-step solvothermal method was used to synthesize BiOCl 3D hierarchical
nanostructure via triethylene glycol (TEG) solvent. In the synthesis method 1.458 g of
Bi(NO3)3.5H>0 dissolved in 75 ml of TEG solvent and ultrasonicated solution for 20 min. After
the ultrasonication process, 0.318 g of NaClO3 was combined into the solution and again
ultrasonicated for 20 min. Subsequently, the resulting solution was poured into a 100 ml
autoclave and heated for 3 h at 150 °C in a hot air oven. Once the solution cooled to normal
temperature, centrifugation was employed to collect the produced precipitates. These collected
precipitates were subjected to seven washes with distilled water afterward to eliminate any

impurities in solution. Finally, the material endured drying in an oven at 60°C for 12 h.
7.2.2. Synthesis of PPy and PPy-BiOCIl nanocomposites

Polypyrrole (PPy) is synthesized through the polymerization of pyrrole monomers. The
chemical oxidative polymerization technique is employed to fabricate PPy polymer. This
method involves the oxidative polymerization of pyrrole monomers employing FeCls; as an
oxidizing agent. In this study, 0.2 g of methyl orange is dissolved in 200 ml of deionized water
in a beaker. Subsequently, 0.70 ml of pyrrole monomer is added to create mixture “A”.
Separately, 2.6 g of ferric chloride hexahydrate is mixed in 25 ml of distilled water to prepare
an oxidant solution, termed solution “B”. Solution “B” is then added dropwise to mixture “A”
in a 300 ml beaker. The polymerization process occurred at room temperature, specifically
25°C. Afterward, the resultant products are gathered through filtration and underwent washing
using a centrifugation machine. Water and ethanol are employed as medium for washing, to

eliminate the oxidant, methyl orange, and oligomers.

PPy-BiOCl nanocomposites are fabricated via a physical blending method. The weight
ratios of PPy in BiOCI are 5% (BP1), 7% (BP2), and 9% (BP3). The nanocomposite
components undergo thorough mixing using a mortar and pestle to achieve a homogeneous

blend.
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7.2.3. Fabrication of electrode

A mixture of PPy-BiOCI, acetylene black, and PVDF binder was used to develop
electrodes with weight ratio of 80:10:10. Firstly, the mixture was properly grinded and an
adequate amount of NMP was added to form the ink, which is further ultrasonicated for 20
minutes. Afterward, nickel foam dipped in a dilute solution of HCI and ultrasonicated for 25
minutes to remove any oxide layer or impurities. Later, the nickel foam was rinsed with distilled
water to eliminate any remaining acid. Thereafter for the removal of any impurities, nickel foam
was immersed in ethanol for couple of minutes and finally rinsed in the deionized water. Finally,
the nickel foam was dried in a vacuum oven. The previously formed ink was drop cast onto
nickel foam and subjected to vacuum conditions at 60 °C for 12 hours to dry. Similar

methodology is adopted for the preparation of pure PPy and pure BiOCl electrodes.
7.3. Results and discussion

7.3.1. Structural elucidation and surface morphology

The X-ray diffraction (XRD) analysis confirmed both the structural and purity phase of
the BiOCIl.
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Figure 7.1. XRD of pure BiOCl, PPy, BP1, BP2, and BP3 nanocomposites.
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Figure 7.1 displays well-indexed diffraction peaks (011), (002), (101), (110), (112),
(200), (113), (211), (212), (220), (214), and (302) which match with standard data for BiOClI
(Reference code. 96-901-1783) signifying the formation of tetragonal BiOCIl. Figure 7.1 also
depicts XRD patterns for pure PPy and its nanocomposites. The XRD pattern of pure PPy shows
an amorphous nature with a broad peak at around 20~23°. In contrast, the XRD patterns of BP1,
BP2, and BP3 nanocomposites closely resemble pure BiOCl, suggesting that PPy retains its
amorphous state when incorporated into BiOCI. This resemblance confirms the successful
integration of amorphous PPy into the BiOCl structure. To obtain information about
morphology, FESEM images are obtained at different magnifications. It has been noted that
pure BiOCl shows marigold flower-like morphology (see Figure 7.2(a-c)). As depicted in
Figure 7.2(c), BiOCl displays a structure of nanosheets, distributed uniformly within the
material. The FESEM image of pure PPy displays the earthworm-like morphology with
randomly oriented grains as exposed in Figure 7.2(d-f). Figure 7.3(a-f) shows the FESEM
images for BP1, BP2 and BP3 nanocomposites. In Figure 7.3( a-b) it has been observed that the
PPy earthworm-like nanoparticles are randomly oriented in BiOCl (see Figure 7.3(b)) with
porous morphology. This unique porous morphology can synergistically enhances the

supercapacitive properties, offering more active sites for electrochemical reactions.

) ) ! e -
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Figure 7.2. Recorded FESEM images of pure BiOCl (a-c) and PPy (d-f).

Furthermore, the increased concentration in the BP2 nanocomposite leads to reduced
porosity, while the BP3 nanocomposite exhibits an aggregated morphology (see Figure 7.3(c-
f)). This can be attributed to poor dispersion and the development of high stress within the
BiOCI nanoparticles [26]. Therefore, it is noted that the incorporation of PPy nanoparticles up

to 5 wt.% is sufficient to prevent aggregation for promoting superior nanocomposite properties.
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Consequently, the polymer's ability to uniformly grow with high porosity on BiOCI

nanoparticles is hindered at concentrations above 5 wt.%, as illustrated in Figure 7.3(c-f).

Figure 7.3. Recorded FESEM images of nanocomposites (a-b) BP1, (c-d) BP2, and (e-f) BP3.

Therefore, it is concluded that the ideal concentration of PPy in BiOCl should not
exceed 5 wt.% to achieve an ordered and porous morphology. In addition, TEM analysis was
conducted to examine the interior structure of the BiOCI sample. The low-magnification TEM
image (Figure 7.4(a)) revealed a marigold flower-like morphology and the high-magnification
TEM image (Figure 7.4(b)) showed nanosheets within the BiOCI sample. Figure 7.4(c-d)
presents TEM images of PPy at lower and higher magnifications, revealing a porous internal

nanostructure. In addition, Figure 7.4(e) displays the selected area diffraction pattern (SAED)
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of PPy, showing a diffraction ring without a bright spot, indicating the amorphous nature of PPy
and these findings are consistent with the XRD data of PPy (see Figure 7.1) [27].
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Figure 7.4. Recorded TEM images of (a-b) BiOCI, (c-d) PPy, (f) BP1 nanocomposite, and SAED
patterns of PPy (e) and BP1 (g) nanocomposite.

Figure 7.4(f) depicts the TEM image of BP1 nanocomposites, revealing PPy nanoparticles
interconnected with BiOCl. The presence of PPy facilitates electron passage throughout the
charge storage process. The crystal structure of the BP1 nanocomposites was further analyzed
using the SAED pattern. Figure 7.4(g) shows the SAED pattern of BP1 nanocomposites. The
presence of six distinct diffraction rings with white intense dots corresponds to the (110), (200),
(211), (212), (114), and (301) sets of lattice planes, highlighting the polycrystalline nature of
the BP1 nanocomposite [28]. These observations align with the planes identified in the XRD
data (see Figure 7.1). The BET surface area of the pure BiOCl and BP1 nanocomposite is

determined through the analysis of gas absorption-desorption isotherms, as illustrated in Figure
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7.5(a-b). As observed from Figure 7.5(a-b), the adsorption-desorption curves exhibit
characteristics consistent with a type-IV isotherm along the H3 hysteresis loop, confirming the

mesoporous nature of the samples [29].
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Figure 7.5. BET of (a) BiOCl, (b) BP1 nanocomposite.

However, the BJH (Barrett-Joyner-Halenda) pore size distribution of all samples further
confirmed the mesoporous structure (see Figure 7.5(a-b) inset). The pore size distribution for
the prepared samples primarily falls around 2.29-18.04 nm and 1.40-5 nm for pure BiOCl and
BP1 nanocomposite respectively. Additionally, it was observed that the surface area of BiOCl,

and BP1 nanocomposite were 29.85 and 33.65 m?*/g respectively. As a result, it is expected that
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the mesoporous structure of the BP1 nanocomposite with a large surface area could be
particularly favorable for supercapacitor applications which is later discussed. The XPS
analysis of the BiOCl and BP1 nanocomposites (refer to Figure 7.6(a)) confirmed the presence

of distinct elements.
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Figure 7.6. (a) XPS survey of prepared samples (b) Bi 4f region (c) O 1s region (d) Cl 2p region of
BiOCl and BP1 (e) C 1s region (f) N 1s region of BP1 nanocomposites.
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The high-resolution XPS spectrum (see Figure 7.6(b)) shows major spikes at 160.1 and 165.4
eV for the BP1 sample, and at 159.3 and 164.6 eV for BiOCl. The two prominent peaks
observed in Bi 4f correspond to the Bi 4f 5/2 and Bi 4f 7/2 states, confirming the presence of
Bi** ions in the prepared samples [30]. Furthermore, no photoelectron signals were detected for
Bi**, Bi*', and Bi’" in BP1 and BiOCI samples, demonstrating the sample's high reliability. The
XPS spectrum (see Figure 7.6(c)) within the O 1s range revealed three peaks, indicating the
presence of Bi—O bond in the BP1 and BiOCIl samples [31]. Additionally, the peaks observed
at 198.5 and 199.8 eV for BP1 (see Figure 7.6(d)) and 198.0 and 199.6 eV for BiOCl
corresponded to the Cl 2p32 and Cl 2p1.2 peaks respectively, indicating the presence of Cl ions
derived from BiOCl [32]. The XPS spectrum within C 1s is shown in Figure 7.6(e) for the BP1
sample. The BP1 nanocomposite displays three peaks in its high spectrum: 284.6 eV
corresponding to C—C bonds, 285.7 eV associated with C-OH and C-N groups, and 288.1 eV
indicative of C=0 bonds [33]. Figure 7.6(f) depicts the high-resolution XPS spectrum for the
N 1s region. The spectrum reveals a prominent peak at 399.7 eV, attributed to pyrrolic-N, and
confirms the presence of a PPy ring within the BiOCI nanocomposite. Furthermore, two peaks
at 401.6 and 403.5 eV corresponded to quaternary-N and oxidative-N respectively [34]. These
findings contribute to a comprehensive understanding of the chemical composition and purity

of the BiOCI and BP1 samples.
7.3.2. Supercapcitive study and charge storage mechanism

The cyclic voltammetry (CV) curves corresponding to BiOCl, PPy, BP1, BP2, and BP3
were recorded within the voltage window of -1.0 V-0.0 V at 10 mV/s scanning rate. Figure
7.7(a) illustrates the oxidation-reduction spikes associated with the faradaic reactions of
different electrodes. The obtained geometry of CV curve for all samples is found to be different
from that of rectangular-shaped ideal electric double-layer behaviour of CV curve. This
indicates the growth of the redox reaction and pseudocapacitive behavior of electroactive
materials. The CV curve (see Figure 7.7(a)) of the BiOCI, PPy, BP1, BP2, and BP3 electrodes
at a scan rate of 10 mV/s precisely illustrates a large unified area under the curve for BP1,
suggesting that the BP2 as well as BP3 electrodes have poor electrochemical activity due to the
low charge diffusion rate. The electrode with a more contact area (BP1) provides a more
appropriate alleyway for ion diffusion in the electrode peak and shows excellent faradic
behavior. The study of PPy and BP1 exhibits a constant shape in the CV curve (see Figure 7.7(b-
c)) as the scan rate rises from 7 to 60 mV/s, indicating that the materials offer remarkable

capability at high scan rates. The escalation in scan rate induces a change of the oxidation spikes
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towards a higher potential range and the reduction spikes towards a reduce potential range in

the CV curve, indicating the influence of internal electrode resistance [35].
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Figure 7.7. (a) CV curvatures of BiOCl, PPy, BP1, BP2, and BP3 at 10 mV/s (b-c) CV curvatures of
PPy and BP1 at diverse scanning rates (d) log(current) vs log(scan rate) of the prepared BiOCl, PPy
and BP1 electrodes (e) relative contribution percentages of the battery-type and capacitive charge

storage (f) separation of battery-type and the capacitive current at 10 mV/s.
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The elevation in the scanning rate causes a slight decrease in the supercapacitive
performance of the assembled electrode. This is because, at higher scan rates, the active pores
within the electrode struggle to facilitate whole redox transitions, and the transportation of
charge experiences inhibition in diffusion [36]. Therefore, it can be stated that the electrode
material achieves its maximum utilization when the electrode is subjected to lower scan rates.
As we progress towards higher scan rates see Figure 7.7(b-c) (>20 mV/s), minimal variations
in electrochemical parameters are observed, due to the restriction of ion movement to the
surfaces of the electrode. Conversely, at lower scan rates (<10 mV/s), the majority of active
sites are engaged by ions for charge storage. Moreover, equations (7.1) and (7.2) have been
used to systematically differentiate the comparative contributions of capacitive and battery

(diffusion) type processes to the overall charge stored in the electrodes [37]:
I=4 (7.1)
log(I) =log(A) +blog(v) (7.2)

where, ‘ [, ¢ v ’represents the current, scan rate (mV/s) and ‘ 4°, ¢ b ’are alterable parameters.

By measuring the slope of log(scan rate) plotted with respect to log(peak current) under constant
voltage (V), the value of “ b’ is determined. When “ b ’is less or near to 0.5, it indicates that the
current follows the battery-type or diffusion mechanism and when “ b ’ is larger or near to 1, it
suggests that the active material operates under a capacitive process [38]. Figure 7.7(d)
illustrates a graphical representation of log(peak current) and log(scan rate) and the value of *
b’is found to be 0.34, 0.71, and 0.60 for PPy, BiOCIl, and BP1 respectively. The observed
values for these samples indicate diffusion (battery) type mechanisms are dominated. For the
BP1 electrode ‘b’ value is 0.60 indicating a combination of both capacitive and diffusion-
controlled processes. Further quantification of the capacitive and diffusion contribution to the

total current is analyzed using equations (7.3) and (7.4) [39].

I

total — * capacitive

+ Id;ffusion = klv + kZVl/z (73)

Equation (7.3) can be expressed as follows.

Itotal/vl/2 = klvl/2 + k2 (74)
where, 1,,,(V), kv'*and k, represents total current, amount of capacitive and diffusive ions

respectively. The values of &, and k, can be determined by performing a linear fit of the plot

!
between [, / v% and vé. By analyzing the values of &, and k, at each potential, we can

total
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easily visualize the respective contributions of capacitive and battery type processes to the
overall current. Figure 7.7(e) presents a summary of the calculated capacitive and battery type
current using (7.3) and (7.4) equations. The current governed by diffusion (battery type) is more
pronounced at shorter scan rates, attributed to the enhanced capability of KOH ions to penetrate
the BP1 electrode material more profoundly. Conversely, at higher scan rates, a notable rise in
capacitive current occurred. The proportion of diffusion and capacitive current at 10 mV/s scan
rate is also displayed in Figure 7.7(f). This analysis supports the conclusion that the energy

storage process in the BP1 electrode is mainly dominated by a battery-type mechanism.

Figure 7.8 displays the galvanostatic charge-discharge (GCD) curvatures of pure BiOCl,
PPy, BP1, BP2, and BP3 at 1 A/g of CD. These curves were obtained at various current densities
within a wide potential window of -1.0 to 0.0 V. All GCD curvatures exhibit a non-symmetrical
behavior with a step voltage drop, which is primarily attributed to the battery type
characteristics of BiOCl, PPy, BP1, BP2, and BP3. The GCD curvatures of pure BiOCl can be
divided into two distinct sections. The first section is characterized by a potential drop, which
is ascribed to internal resistance. It could arise from the semiconducting properties of BiOCI,
featuring a band gap of approximately 3.3 eV [40]. Although BiOCl facilitates charge transfer
but less efficient than metals. Within BiOClI, grain boundaries serve as traps for moving charge
carriers due to defects or impurities. When charge carriers are trapped at these grain boundaries,
they accumulate, forming a localized charge buildup. This accumulation creates a potential
barrier hindering the movement of charge carriers, thereby obstructing conductivity [41].
Consequently, the flow of charge through the material decreases, leading to a large potential
drop in BiOCl (see Figure 7.8 (a)). This drop is transient, typically lasting a few seconds until
trapped charge carriers are released from the grain boundaries. Therefore, in the present work,
PPy is used as a dopant material to address this issue. Figure 7.8(a) demonstrates that the
potential drop is small for the BP1 sample which indicates that the sample shows superior
supercapacitive behavior. The discharge time of BP2 is found to be widely extended signifying
the higher charge storage capacity of the electrode. The specific capacitance (C) of fabricated
electrodes can be computed by using equation (7.5) [42].

I xAt
AV

C

(7.5)

where, ‘1, is current density, ‘ Af’ is discharging time and “ AV’ is a potential window used in

the GCD curve. The calculated values of specific capacitance for BiOCIl, PPy, BP1, BP2, and
BP3 electrodes at 1 A/g of CD are 340, 264, 659, 622, and 373 F/g respectively, and are in
accordance with the CV study.
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Figure 7.8. (a) GCD curvatures of BiOCl, PPy, BP1, BP2, and BP3 at 1A/g current density (b) GCD
curvatures at various current densities for (b) BiOCl (c) PPy (d) BP1 (e) BP2 and (f) BP3.

Furthermore, the GCD curvatures of BiOCl, PPy, BP1, BP2, and BP3 were examined
at various current densities (see Figure 7.8(b-f)) and the specific capacitance values were
estimated using equation (7.5) and plotted in Figure 7.9. From the plot (see Figure 7.9) it is

evident that the BP1 electrode shows higher specific capacitance values as compared to pure
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BiOCl and pure PPy, which further confirms the establishment of a porous structure to expand
the electrochemical activity of the electrode. Moreover, the obtained trend of the graph clearly
depicts the gradual decrement of specific capacitance with an increment in CD, which is in

good agreement with earlier reports [43—45].
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Electrochemical Impedance Spectroscopy (EIS) stands out as a paramount tool for scrutinizing
the supercapacitive behavior of electrode materials. As displayed in Figure 7.10, the EIS plot
exhibited a vertical orientation in both high and low-frequency regions, indicating the existence
of both capacitive and battery-type processes. The semi-circular feature with a diameter of 0.6
Q for BiOCI and 0.25 Q for BP1 observed at higher frequencies (see inset of Figure 7.10)
corresponds to the charge-transfer resistance, and the relatively small size of the semi-circle for
BP1 suggests electrolyte ions are transported via an effective bridging of the
electrolyte/electrode interface [46]. Additionally, the series resistance of the BiOCl and BP1
electrode, was measured at 0.9 and 0.4 Q ((see inset of Figure 7.10), which signifies a favorable
ionic response, confirming the BP1 electrode’s good performance.

7.3.2.1. Fabrication of symmetrical supercapacitor device

The supercapacitor device with a configuration of a cathode and anode was
assembled, using identical BP1 electrodes with an active area of 1x1 cm? The electrolyte
employed was a wet 6 M KOH Whatman filter with a separator (see Figure 7.11(a)).
Significantly, the CV curves displayed an increased area under the curve with higher intensity
oxidation-reduction peaks (see Figure 7.11(b)) as the scan rate increased, demonstrating the

battery-type behavior of BP1.
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Figure 7.11. (a) BP1//BP1 symmetrical assembled supercapacitor device (b) CV curve of the fabricated

device.

Figure 7.12(a) demonstrates that incorporating 5 wt.% PPy into BiOCl results in a twofold
increase in current for BP1 compared to pure BiOCl, effectively doubling its electrochemical
performance. The GCD curves of the BP1//BP1 device exhibit asymmetrical charge and
discharge profiles, as depicted in Figure 7.12(b). These patterns align with the characteristics
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observed in the corresponding CV curve, indicating a battery-type behavior. Figure 7.12(c)
presents the comparative GCD curves of BiOCI and BP1-based symmetrical devices at 1 A/g
of CD. The data reveal that the discharge time of the BP1 device is twice as long as that of the
pure BiOCl device, confirming BP1’s enhanced supercapacitive performance as evidenced by
both CV and GCD analyses. The specific capacitance of the BP1 device has been estimated and
found to be 76.8 F/g at 0.5 A/g CD, suggesting a practical potential of BP1 in a symmetrical
device system. Furthermore, ED and PD can be calculated using (7.6) and (7.7) equations [47-
49].
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where ‘Cs’ represents the specific capacitance of the BP1//BP1 device, ‘AV’ denotes the

potential window in volts (V), and ‘t’ signifies the discharging time.

Table 7.1. Comparative Electrochemical Performance of Previously Reported Bi-Based Energy Storage

Devices.
Electrode Device Specific ED PD References
material configuration capacitance (Wh/kg) (W/kg)
(F/g)
Bi,0s3 Bi,0s//graphite 37 11 720 [49]
Bi,0; Bi,03//AC 29 354 4974 [50]
Bi;03 Bi,03//MnO, 25.2 11.3 3370 [51]
ECNF@Bi,03 ECNF@Bi,03//CF@NiC0204 50 25.1  786.2 [52]
BiOCl BiOCI//AC 124 17.2 250.9 [48]
BiOCl BiOCl1//BiOCl 36 12 1125 [23]
BiOCl/rGO BiOCl/rGO// BiOCl/rGO -—- 21.2 1370 [53]
BiOCI/CNT BiOCI/CNT// BiOCI/CNT -— 146 9975 [54]
BP1 BP1 76.8 24.0 750.0  Present
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Figure 7.13. Ragone plot of BiOCI based supercapacitor cell.
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The symmetric device BP1//BP1 electrode configuration (see Figure 7.11(a))
demonstrated an ED of 24.0, 18.4, 15.2 Wh/kg at 750.0, 1124.6, 1135.3 W/kg of PD. These
results not only showcased compatibility or superiority but also unveiled acceptability when
compared to previously reported outcomes for both symmetrical and asymmetrical
supercapacitor devices using Bismuth (Bi) material. These earlier findings are elaborated in
Table 7.1 and the corresponding Ragone plot for BiOCl based materials present in Figure 7.13,
covering specific capacitance, ED, and PD. The present work findings underscore the
significant potential of the BP1 electrode material in the context of energy storage systems. The
BP1 device exhibits excellent cyclic stability ~92% (see Figure 7.12(d)) compared to BiOCl
~89% after undergoing 1500 cycles at a CD of 3 A/g.

Figure 7.14(a-e) Green and red LED are powered by a pair of symmetric supercapacitor cells linked in

sequence.

To assess the commercial potential of the newly developed BP1 electrode material, a
pair of supercapacitors utilizing 6 M KOH electrolyte were linked in series. The charging phase
involved applying a direct current of 3V for 30 s, followed by discharging through the activation
of green ~50 s and two red ~30 s LED (see Figure 7.14(a-e)) which demonstrates that the BP1

electrode has practical application in the energy storage system.
7.4. Conclusions

In summary, BP1 nanocomposite with a unified specific surface area of 33.65 m?/g was
successfully fabricated by the physical blending method. These optimized properties of BP1
support to improve overall performance, electrode surface utilization, and the range of ion

transport from the exterior electrolyte to the inner surfaces. In electrochemical investigations,
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the BP1 electrode demonstrated a battery- type behavior with a specific capacitance of 659 F/g
at 1.0 A/g of CD. Furthermore, a symmetric supercapacitor device of BP1 attained a specific
capacitance value of 76.8 F/g with an ED of 24.0 Wh/kg and a PD of 750.0 W/kg. Finally, the
fabricated symmetric supercapacitor device has effectively powered green and red LED,
demonstrating its potential in energy storage systems. Furthermore, considering the favorable
specific capacitance of BP1 within the negative potential window in a three-electrode system,
it holds potential as negative electrode material in asymmetrical supercapacitors as well as

batteries, aiming to further enhance their energy density.
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Chapter 8

Conclusions and Future Scope

This chapter provides a summary of the research work conducted in this thesis, highlighting

key findings related to materials, cell configurations, and their corresponding performance.

Additionally, it offers a concise overview of potential possibilities for future research.



8.1. Conclusions

With the rapid evolution in consumer electronics and electric vehicles, electrochemical
energy storage systems must also advance swiftly. These systems need to handle significant
amounts of energy in seconds or minutes, particularly for transportation and grid storage
applications. Although conductive polymer materials meet the power density requirements, but
unfortunately their limited cycle stability and specific capacitance restrict their use. In this
context, metal oxides exhibiting pseudocapacitance are highly promising. Pseudocapacitance
arises from reversible redox reactions at the electrode surface, enhancing performance. This
thesis work shows that fabrication of nanocomposites such as V20s-PANI and PPy-BiOCI can
produce electrode architectures with high specific capacitance, substantial power and energy
densities, a wide voltage range, and improved cycle life. Chapter 3 details the experimental
techniques and methodologies employed for preparing and characterizing conducting polymer
nanocomposites for renewable energy applications. The summary and key outcomes of the

thesis are presented as follows.

» In Chapter 4, we investigate the electrochemical performance, as well as the structural,
morphological, and thermal properties of the V»0s-PANI nanocomposite. V205
nanoparticles were successfully synthesized using the sol-gel method and doped in a
PANI matrix with different wt.% using the in situ polymerization method. The prepared
nanoparticles were characterized through XRD to determine the electron density,
microstrain, and crystallite size via Rietveld refinement and Williamson-Hall
calculations. Uniform dispersion of V;0s inside the PANI matrix was confirmed
through FESEM, showing the alignment of non-uniform grains to uniform grains giving
a porous morphology for 20 wt.% V>0s5-PANI nanocomposite which is valuable for
good electrochemical activity. FTIR and Raman spectra of the V,0s-PANI
nanocomposites show shifts in peaks, providing evidence of the effective intercalation
of V705 into the PANI matrix. In the electrochemical studies, among all electrodes 20
wt.% V20s5-PANI electrode exhibited a high specific capacitance of 820.5 F/g at a
current density of 1 A/g and demonstrated decent cyclic stability with a capacity
retention rate of 88% after 1000 cycles. Additionally, the 20 wt.% V20s5-PANI electrode
also delivered a good energy and power density of 4.6 Wh/kg and 80.7 W/kg
respectively. Finally, the successful illumination of a red LED by the symmetric device
strongly suggests that the 20 wt.% V20s-PANI electrode is a promising candidate for

next-generation energy storage devices.
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» In Chapter 5, In situ polymerization technique successfully employed to synthesize
V20s5:PANI nanocomposites. The prepared nanocomposites showed high purity without
the presence of any impurity peaks defining the good harmony between V,0s and PANI
investigated through XRD scans. Additionally, the XRD peak intensities of prepared
nanocomposites increases with doping concentration of V,Os, which signifies excellent
dispersion in the prepared nanocomposites. Therefore, the modulation of different
optical properties of V20Os:PANI nanocomposites were mediated by the excellent
dispersion of V20s in polymer matrix. Furthermore, we also investigated the UV
shielding performance and visible light transmission of V205:PANI nanocomposites. It
is observed that 30 wt.% V20s5:PANI nanocomposite displayed a 93% enhancement in
UV shielding performance with respect to PANI in the UVB range. Conclusively the
prepared nanocomposites could provide important insight for the design and
development of novel outstanding UV shielding materials.

» In Chapter 6, we have synthesized various 3D hierarchical BiOCIl nanostructures by
using different solvents (EG, DEG, and TEG) in solvothermal methods. The produced
3D hierarchical nanostructure's physical, morphological, electrochemical, and other
characteristics were meticulously studied using a range of spectral and analytical
techniques. Among all prepared samples, the BT electrode (BiOCI prepared in TEG
solvent) shows a unique marigold flower-like morphology and demonstrates a notable
specific capacitance of 665 F/g at 0.5 A/g current density. This admirable specific
capacitance is attributed to the high specific surface area of 29.85 m?%/g and the
substantial available active site. However, the presence of surface-active sites, uniform
growth, and stable integration of active materials on nickel foam, resulted in low charge
transfer resistance and excellent electrical conductivity. These factors also contribute to
the lower potential drop examined in GCD, facilitating rapid ion and electron transfer
leading to enhanced electrochemical performance of BT electrode. Moreover, the
fabricated BT//BT symmetrical device delivers a maximum energy density of 15.6
Wh/kg at 838 W/kg power density and shows good cyclic stability of ~80% after 1500
cycles. Finally, the device glows up a red LED after charging which indicates that the
BT//BT device has elevated capability in practical application. In addition to the
fabricated symmetric supercapacitor device, an appropriate charge storage mechanism
is proposed. Overall, present work outcomes signify that the TEG solvent might be the
better choice for solvothermal synthesis of BiOCl instead of EG and DEG solvents for

enhanced electrochemical performance.
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» In Chapter 7, we enhance the electrochemical performance of pure marigold flower-
like morphology BiOCI by incorporating polypyrrole, as a dopant. BP1 nanocomposite
(5 wt.% of PPy in BiOCI) with a specific surface area of 33.65 m?/g was successfully
synthesized by the physical blending method. These optimized properties of BP1
support to improve overall performance, electrode surface utilization, and the range of
ion transport from the exterior electrolyte to the inner surfaces. In electrochemical
investigations, the BP1 electrode demonstrated a battery-type behavior with a specific
capacitance of 659 F/g at 1.0 A/g current density. Furthermore, a symmetric
supercapacitor device of BP1 achieved a specific capacitance value of 76.8 F/g with an
energy density of 24.0 Wh/kg and a power density of 750.0 W/kg. Finally, the fabricated
symmetric supercapacitor device has effectively powered green and red LED,

demonstrating its potential in energy storage systems.
8.2. Future Scope

Although the present research work investigated innovative methods for developing
supercapacitors using conducting polymer nanocomposites with metal oxides, which resulted
in good cycle life and high specific capacitance, several challenges still persist in enhancing
supercapacitor performance. A primary concern is improving their energy density without
compromising power density or safety. The following approaches have been identified as

potential solutions to address these challenges in future research.

e Conducting polymers with spinel oxide nanocomposites: Future research could focus
on exploring the use of conducting polymers combined with spinel oxide
nanocomposites as electrode materials for supercapacitors. Spinel oxides, known for
their excellent electrical conductivity, structural stability, and high specific capacitance,
could significantly enhance the performance characteristics of supercapacitors. This
approach has the potential to improve energy density while keeping or even boosting
power density and cycle life, by capitalizing the strengths of both conducting polymers
and spinel oxides.

e Binder-free conducting polymer-based nanocomposite electrode material: The
development of binder-free conducting polymer-based nanocomposites for
supercapacitor electrodes represents a promising area for future research. The aim of
this approach is to eliminate the need for traditional binders, which often diminish
energy and power density. By directly synthesizing conducting polymer

nanocomposites into electrodes, it could be possible to enhance electrical conductivity
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and electrochemical performance. This binder-free strategy might potentially result in
supercapacitors with improved energy density, higher power density, and extended
cycle life by boosting mechanical stability, maximizing active material utilization, and
overall performance.

Fabrication of asymmetrical supercapacitor devices based on conducting polymer-based
nanocomposites for the cathode or anode of asymmetrical supercapacitors can be
studied. This method could improve overall supercapacitor performance by providing a
large potential window with enhanced specific capacitance, energy density, and power
density.

Design supercapacitors that can bend and flex without breaking using a flexible
substrate with organic gel electrolytes: In future research, the focus should shift towards
designing supercapacitors that can bend and flex without damage by using flexible
substrates combined with organic gel electrolytes. Emphasis will be placed on selecting
a stretchable polymer film or fabric as the substrate to ensure both structural and
electrical integrity under mechanical stress. Organic gel electrolytes will be explored
for their ability to conform to the flexible substrate, prevent leakage, and enhance
durability. Additionally, the investigation will include flexible and conductive electrode
materials, such as conducting polymers or carbon-based substances, which can maintain
their performance despite bending and stretching. The research will also aim to optimize
the integration process to achieve an even distribution of the gel electrolyte and effective
adhesion to the substrate. This approach is intended to develop supercapacitors suitable
for applications in flexible electronics and wearable devices, with enhanced reliability

and performance under dynamic conditions.
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