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ABSTRACT

This Ph.D. dissertation investigates the ternary SnO»/BisNb3O5/PANI nanocomposites, which
were developed and evaluated for their potential as advanced electrode materials for superca-
pacitor applications. SnO, and BisNb3O15 (BNO) nanoparticles were synthesized using an en-
vironmentally friendly method, while polyaniline (PANI) was synthesized through chemical poly-
merization. The fabrication of both binary and ternary composites were carried out using ultra-
sonication with optimized mass proportions. SnO»-based composites suffer from poor ion trans-
port, volume changes, and low conductivity. To overcome these issues, a novel SnO,/BNO/PANI
ternary nanocomposite was developed via a simple and eco-friendly synthesis by integrating
BNO and the conducting polymer PANI to SnO,. XRD analysis confirmed the formation of
tetragonal SnO, and orthorhombic BNO phases, and also presence of PANI in the binary, and
ternary nanocomposites did not alter their crystal structures. FTIR analysis confirmed the bind-
ing of PANI to the synthesized pristine nanoparticle and nanocomposites surfaces, while TEM
imaging displayed well-integrated nanostructures. Electrochemical performance was investi-
gated in 1 M HySO, electrolyte using cyclic voltammetry, galvanostatic charge-discharge, and
electrochemical impedance spectroscopy, revealed a significant enhancement in performance
due to the incorporation of PANI. The SnO,/BNO/PANI electrode achieved an impressive spe-
cific capacitance of 424 Fg~' at a scan rate of 5 mV.s™', outperforming as compared to Sn0O»,
BNO, $SnO>/BNO, and SnO,/PANI electrodes. Asymmetric supercapacitors (ASCs), utilizing
activated carbon (AC) as the negative electrode, demonstrated exceptional device-level per-
formance. The AC//SnO>»/BNO/PANI, AC//SnO>/PANI-30%, and AC//BNO/PANI-30% devices
provided specific capacitances of 247.52 Fg~' at 0.2 A.g™!, 237.38 Fg~ ' at 0.3 A.g” !, and
47544 F.g=' at 0.1 A.g~", respectively. The corresponding long-term cycling tests of these de-
vices were confirmed remarkable stability with average Coulombic efficiencies of 98.76% at 2
Ag 1 99.85% at 1 A.g~' and 100% at 1 A.g~", after 5000, 2000, and 5000 cycles, respectively.
Additionally, the ternary nanocomposite exhibited capacitance retention of up to 73.03% after
5000 cycles. Overall, this dissertation demonstrates that the synergistic integration of SnQOj,
BNO, and PANI enhances specific capacitance, energy, and power density, confirming that the
facile-synthesized SnO,/BNO/PANI ternary nanocomposite is a promising and durable electrode

material for high-performance supercapacitors.

KEYWORDS: Bismuth Niobate, Energy storage, Nanocomposite, Polyaniline, Supercapacitors,

Tin Dioxide, Vernonia amygdalina
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CHAPTER 1

INTRODUCTION

1.1 Background of the Study

The history of energy storage devices dates back to the early 19" century with the invention
of the voltaic pile by Alessandro Volta in 1800, which marked the first true battery capable of
producing a steady electric current (De Santillana, 1965). Over time, advancements in elec-
trochemistry led to the development of various types of batteries, including lead-acid (1859),
nickel-cadmium (1899), and lithium-ion (1991) systems, each improving upon energy density,
rechargeability, and lifespan (Rand, 1997). These innovations have played a crucial role in
powering industrial, transportation, and electronic technologies, yet the growing demand for
rapid energy delivery and long cycle life has driven the search for alternative storage systems
(Karthikeyan et al., 2021).

In recent times, the global energy crisis has intensified due to the low reserves of fossil fu-
els and the increasing issues of environmental pollution. The rapid expansion of the global
economy, coupled with population growth, has led to a significant rise in energy consumption,
further intensifying the problem. These challenges have created an urgent need to explore clean,
renewable energy resources alongside high-performance energy storage solutions that are en-
vironmentally friendly, efficient, and sustainable. Consequently, both academic and industrial
researchers are increasingly focusing on the development of stable, efficient, and flexible en-
ergy storage devices, as well as advanced energy conversion technologies (Asaithambi et al.,
2021; Ginley et al., 2008). Addressing the challenges of energy storage is now recognized as
a critical step in mitigating global warming and ensuring the stability of power systems world-
wide. Recently, substantial efforts have been made to create new energy storage solutions such
as supercapacitors, which offer greater energy density compared to traditional capacitors and
higher power density than batteries (Cheng et al., 2011). The increasing need for modern dig-
ital communications, portable electronic devices, and hybrid electric vehicles is driving the ad-
vancement of energy conversion and storage technologies, along with electrochemical energy
storage (EES) devices that possess high energy and power density (Karden et al., 2007). The
intermittent nature of renewable energy sources requires advanced storage technologies to cap-
ture excess energy during peak production times and release it when needed. Modern society
demands low-cost, environmentally friendly energy solutions that can support sustainable de-

velopment and reduce dependence on traditional non-renewable sources like fossil fuels. The



development of high-performance energy storage devices, such as supercapacitors and batteries,
is critical to meeting the growing energy demands of the 21* century and ensuring a cleaner,
more sustainable future (Yu & Chen, 2020). Addressing energy storage will play a pivotal role

in ensuring the long-term health of the planet and the well-being of its inhabitants.

Supercapacitors have unique characteristics, such as their long life cycle, quick energy delivery
capacity. Supercapacitors have attracted great research interest because they serve as a bridge
between rechargeable batteries and conventional capacitors in many emerging technologies. Su-
percapacitors are particularly helpful for extending battery life and are utilized in a variety of
applications, including heavy machinery, hybrid cars, and small-scale electronic equipment fab-
rication (Pipitone & Vitale, 2020). Supercapacitor has also outstanding features such as quick
storage/release of energy, about one million charge/discharge life cycles, and eco-friendliness.
The power density of a supercapacitor (100kW.kg~!) is much higher than that of a conventional
battery; however, the energy density (10 Wh.kg™!) is an order of magnitude less than battery
(100 Wh.kg~!). The power density (specific power) and energy density (specific energy) of dif-
ferent energy storage or conversion technologies are given in the Ragone plot as shown in Fig.
(1.1) (Saleem et al., 2016).
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Figure 1.1: Specific energy and specific power plot of energy storage and conversion devices.

Nanotechnology significantly improves energy storage systems via a variety of methods, in-
cluding greater surface area, enhanced charge transfer, and electrode stability (Vaghela et al.,

2023). Nanomaterials, including nanowires, nanotubes, and nanoparticles, have a greater sur-
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face area than related materials. This provides more active sites for energy storage reactions,
resulting in higher energy densities and faster charging and discharging. Nanomaterials’ unique
features promote charge transport within energy storage devices, enhancing the efficiency and

performance of batteries and supercapacitors (Alonzo et al., 2023).

Nanocomposites have emerged as promising electrode materials for supercapacitor applications
due to their ability to integrate all the complementary properties of multiple components into
one functional system (D. Yang, 2012). A combination of metal oxides, conductive polymers,
carbon-based materials, or 2D structures in nanocomposites offers enhanced electrical conduc-
tivity, abundant electroactive sites, improved ion diffusion pathways, and increased structural
stability during repeated charge/discharge cycles (Soam et al., 2025). High specific capacitance,
good rate capability, and long cycling life, which cannot be achieved by individual compo-
nents, are realized through the synergistic interactions between the constituents. Moreover, the
nanoscale architecture of the composites offers a huge surface area with tunable porosity for

effective accessibility of the electrolyte and fast redox reactions (Jariwala et al., 2023).

For energy storage applications, various synthesis methods, including chemical, physical, and
green synthesis methods, have been developed to provide electrode materials with tailored struc-
tures and enhanced electrochemical characteristics. The green synthesis method is an eco-
friendly, cost-effective, biocompatible, energy-efficient, and scalable approach to synthesize
materials, particularly nanoparticles, using biological entities like plants (Iravani, 2011), bac-
teria (Bahrulolum et al., 2021), fungi (Maliszewska et al., 2014), and algae (Khan et al., 2022),
or using environmentally benign chemicals and processes. This method minimizes the use of
hazardous substances, reduces energy consumption, and often employs renewable resources.
Green synthesis provides a sustainable alternative to traditional chemical and physical methods
by using natural reducing and stabilizing agents found in plant extracts. This approach reduces
the environmental impact and improves the biocompatibility and functionality of the synthesized
materials. This approach is gaining attraction in various fields, including medicine, environmen-

tal science, and energy, for its potential to produce safer and more sustainable nanomaterials.

Among the various electrode materials studied, transition metal oxides are regarded as promis-
ing options because of their significant capacity stemming from pseudocapacitance (Wang et al.,
2014). Metal oxides such as RuO,, Co304, NiO (Jayakumar et al., 2024), and SnO; are consid-
ered as promising electrode materials in pseudocapacitors due to their high theoretical specific
capacitance (Jayakumar et al., 2024). Among the different metal oxide nanomaterials, tin oxide
has garnered considerable interest due to its possible use as electrode materials in energy storage
systems and photo-electrochemical devices becuase of high theoretical capacity, natural abun-

dance, cost-effective, environmental friendliness, favorable band gap, and chemically stable at



high temperatures (Abdelkader et al., 2015; Deng & Lee, 2008; Sakaushi et al., 2010). Recent
developments in nanostructured SnO; have also enabled improved performance in supercapac-
itors and hybrid energy storage devices, owing to enhanced surface area and electrochemical

activity at the nanoscale (Soam et al., 2020).

Bismuth-based nanomaterials have emerged as promising candidates for supercapacitor appli-
cations due to their unique electrochemical properties, high theoretical specific capacitance, and
environmental benignity. Bismuth oxide has been studied for a variety of uses, such as solid
oxide fuel cells (Lee et al., 2013), gas sensors (Shinde et al., 2019), catalysts (Selvamani et
al., 2018), electrochemical capacitors (Chitrada & Raja, 2014), optical materials (Kaky et al.,
2024), and biosensors (Shan et al., 2009), because of its non-toxic and biocompatible properties,
wide band gap, high refractive index, and strong oxygen ion conductivity and dielectric permit-
tivity (Dunn et al., 2011). Among bismuth-based materials, BisNb3O;5 (BNO) has attracted
significant attention for its potential in electrochemical energy storage due to its high theoretical
capacity (Li et al., 2022; Yin et al., 2017).

Polyaniline (PANI) is one of the most thoroughly investigated electrode material for supercapac-
itor application. The chemical synthesis of PANI through chemical oxidation primarily involves
three key reagents: an acidic medium (either aqueous or organic), aniline, and an oxidizing
agent (Rahman et al., 2021). PANI in the form of emeraldine salt has strong electrical conduc-
tivity and stores energy via the EDLC (Electric Double Layer Capacitance) mechanism, but it
can also store energy via the pseudocapacitor mechanism since it can oxidize and reduce under
certain electrochemical conditions. PANI, polypyrrole, and polythiophene are among the most
extensively researched conducting polymers (Prasanna et al., 2019). PANI is an attractive con-
ducting polymer known for its straightforward and affordable production, as well as its stability
in air and high electrical conductivity. PANI is a potential material for supercapacitor application
in an advanced energy storage system because of its unique combination of high conductivity,
pseudocapacitive behavior, high surface area, and chemical stability. PANI and its composite
materials are utilized in various fields such as light-emitting diodes (H. Wang et al., 1996), solar
cells (AbdulAlmohsin et al., 2012), gas sensors (Virji et al., 2004), memory devices, cataly-
sis (J. Huang, 2006), and electrochemical energy storage (Navale et al., 2017; Rajkumar, 2022).
Nanostructured conducting PANI possesses high surface area and porosity, hence demonstrating
excellent potential in energy storage devices due to its unique properties related to conducting

pathways, and surface interactions (Nwanya et al., 2014).



1.2 Statement of the Problem

Semiconducting metal oxides have demonstrated remarkable physical and chemical charac-
teristics for energy storage applications, including a high surface area, enhanced surface reaction
activity, biocompatibility, efficient electron transport, a large number of active sites, and excel-
lent cycle stability (Dubal et al., 2017). Among the diverse range of metal oxides (such as
RuO,, MnO, NiO, Fe,03, CeO,, etc.), SnO, stands out as an n-type semiconductor that plays
a vital role in energy storage technologies, including supercapacitors, lithium-ion batteries, fuel
cells, and energy conversion devices like solar cells, due to high theoretical capacity, natural
abundance, environmental friendliness, and high electrochemical activity (Deng & Lee, 2008;
Sakaushi et al., 2010; Z. Zhang et al., 2014). The SnO; exhibits remarkable characteristics, such
as a high theoretical capacity, a suitable energy band gap, high energy density, significant sur-
face activity, abundant availability, excellent ionic conductivity, non-toxicity, affordability, and
favorable electrical, optical, and electrochemical properties (Abernathy et al., 2011; Bhardwaj
& Mohapatra, 2016; Trindade & Silva, 2018). There are different SnO;,-based composites to
improve electrochemical energy storage activities, like SnO,/g-C3Ny (R. Kumar et al., 2024;
Nguyen-Dinh et al., 2021), SnO,/ZnO (Lopa et al., 2023), grapheme-TiO;-SnO, (Zamiri et
al., 2022), and SnO,/PANI (Prasanna et al., 2019) and also BisNb3O5-based composites like
Carbon-coated @BisNb3Oq5 (Y. Li et al., 2018), and BisNb3O;5/CeO, (T.-T. Wei et al., 2021),
widely used for electrochemical applications. However, its practical application in a superca-
pacitor is hindered by several limitations, including weak ion extraction and insertion during
charge/discharge cycles, substantial volume expansion, high resistivity, and poor conductivity
(Asaithambi et al., 2021). To address these challenges, various approaches and strategies have
been employed to improve the conductivity and electrochemical performance of SnO,. These
strategies include the addition of semiconducting metal oxides (BisNb3Oy5) introduces addi-
tional reversible redox-active sites, increasing the overall pseudocapacitance of the composite
electrode (Garima et al., 2025), and highly conductive polymer (PANI) materials incorporat-
ing into SnO; can enhance its physicochemical properties and boost its electrochemical per-
formance. So we developed a nanocomposite by incorporating BisNb3O15, and PANI polymer
with SnO;, aiming to improve the materials overall performance. In this study, a facile syn-
thesis method was employed, which proved to be straightforward, non-toxic, cost-effective, and
environmentally benign for the fabrication of nanoparticles. Prior to this work, the synthesis of
Sn0O,/BisNb3O;5/PANI ternary nanocomposites for electrochemical applications had not been
reported yet.



1.3 Objectives of the Study

1.3.1 General Objective

The main aim of this study is to investigate a novel ternary nanocomposite SnO2/BNO/PANI as

electrodes for supercapacitor application using a facile synthesis method.

1.3.2 Specific Objectives

The specific objectives of this study are:

to synthesize SnO, and BNO nanomaterials using Vernonia amygdalina leaf extract

* to synthesize SnO2/BNO, SnO,/PANI, BNO/PANI, and SnO,/BNO/PANI nanocompos-

ites using ultrasonication assisted method

* to characterize the optical, structural, elemental composition, morphological, functional

group of the composites using appropraite characterization tools

* to evaluate the specific capacitance of SnO,, BNO, SnO,/BNO, SnO,/PANI, BNO/PANI,
and SnO,/BNO/PANI nanocomposites, by cyclic voltammetry (CV), and Galvanostatic
charge-discharge (GCD).

* to determine the cyclic stability of the synthesized nanomaterials of their electrochemical

performance

* to determine the supercapacitor performance of SnO2/BNO/PANI nanocomposite using a

two-electrode system.

1.4 Scope of the Study

This study is confined to the experimental synthesis, characterization, and electrochemical eval-
uation of SnO,/BNO/PANI nanocomposites for supercapacitor application. The research in-
volves the facile synthesis of SnO,/PANI, BNO/PANI and SnO,/BNO/PANI nanocomposites,
followed by detailed structural, morphological, and electrochemical characterization. All syn-
thesized electrodes were initially examined in a three-electrode configuration using a 1 M H,SO4
aqueous electrolyte. Their electrochemical performance, including cyclic stability up to 5000
cycles, was systematically assessed. Based on the highest specific capacitance values obtained in
the three-electrode setup, the best-performing composites SnO>/PANI-30%, BNO/PANI-30% as
well as the ternary composite, were evaluated for further investigation in a two-electrode system,

which better reflects practical device performance. The potential window for the two-electrode
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measurements was limited to 0.9V for BNO/PANI-30%, and 1.4V for both SnO,/PANI-30%
and the ternary (SnO,/BNO/PANI) nanocomposite. The scope of the study is restricted to only
experimental work, acidic aqueous electrolyte, and does not include theoretical modeling, long-
term aging beyond the performed stability tests. The focus remains on optimizing material
composition and electrochemical configuration to develop efficient, environmentally friendly,

and cost-effective energy storage materials.

1.5 Significance of the Study

This study on the facile synthesis and characterization of SnO,/BNO/PANI nanocomposite for
supercapacitor applications holds substantial environmental and technological importance. By
employing green, sustainable synthesis approaches, the research minimizes environmental im-
pact by using eco-friendly, cost-effective, and biocompatible materials and processes. The re-
sulting nanocomposite is expected to exhibit enhanced electrochemical properties, including
high specific capacitance, excellent cyclic stability, and efficient charge transport, which are es-
sential for the development of next-generation energy storage devices. Furthermore, this work
contributes valuable insights into the design of environmentally sustainable supercapacitor mate-
rials, supporting global efforts toward renewable and clean energy technologies. It also serves as
a useful reference and foundation for future research focused on facile, green synthesis methods

for advanced energy storage systems.

1.6 Organization of the Dissertation

This dissertation investigates the electrochemical properties of various nanomaterials, includ-
ing pristine SnO, and BNO, as well as their binary (BNO/PANI, SnO,/PANI, SnO,/BNO) and
ternary (SnO,/BNO/PANI) nanocomposites, with a focus on their potential applications in su-
percapacitors. The dissertation is structured to guide the reader through the progression of the
research. Chapter 1 provides an overview of the study, outlining the background, problem state-
ment, research questions, and objectives, along with a roadmap of the dissertation organization.
Chapter 2 presents a detailed review of relevant literature, covering energy storage mechanisms
in metal oxides and conductive polymers, synthesis techniques for nanomaterials, and recent ad-
vancements in binary and ternary composites for supercapacitor applications. Chapter 3 outlines
the experiment methodology, including the green synthesis of pristine SnO, and BNO, chem-
ical synthesis of PANI, and the preparation of the binary and ternary nanocomposites. It also
details the electrode fabrication process and the procedures used for material characterization
and electrochemical testing. Chapter 4 presents and discusses the results, including structural,

morphological, compositional, and optical characterization of the synthesized materials. It fur-



ther explores the electrochemical behavior of each sample, both in three-electrode systems and
in fabricated asymmetric supercapacitor (ASC) devices. Special attention is given to analyzing
the specific energy and power densities of the assembled devices, highlighting the improved
performance of the ternary SnO,/BNO/PANI composite. Finally, Chapter 5 summarizes the key
findings of the research, concluding that the developed nanocomposites, especially the ternary
SnO,/BNO/PANI, exhibit promising characteristics for energy storage applications. As a recom-
mendation, future research should explore the photocatalytic potential of these nanomaterials,
particularly their application in the degradation of organic pollutants in wastewater, due to their

suitable band gap structures and surface reactivity.



CHAPTER 2

REVIEW OF RELATED LITRATURE

2.1 Energy Storage Devices

The growing environmental concerns associated with the continuous use of non-renewable en-
ergy resources and the increasing complexity of power distribution networks have accelerated
the global shift toward renewable and sustainable energy sources, such as wind and solar. How-
ever, the intermittent nature of these resources needs effective management of their varying
power output. Consequently, the development of advanced energy storage devices capable of
delivering energy on demand has become a key focus (San Martin et al., 2011). Currently, en-
ergy storage systems are applied across various large-scale sectors and are broadly categorized
into four main types: mechanical, chemical, electrical, and electrochemical. Among these, me-
chanical storage through pumped hydroelectric systems remains the most established method.
Nevertheless, electrochemical energy storage (EES) systems particularly electrochemical ca-
pacitors (ECs) and batteries have shown remarkable potential for powering portable electronic
devices and supporting the electrification of transportation (Sagadevan et al., 2021). This is pri-
marily due to their high round-trip efficiency, long cycle life, versatility with diverse chemistries
based on inexpensive and recyclable materials, and relatively low maintenance requirements
(Choudhary et al., 2016; Du et al., 2017). Additionally, advanced energy storage technologies,
like batteries and supercapacitors, play a crucial role in storing renewable energy for times when
the primary sources are not available, ensuring a stable and reliable energy supply (L. Liu et al.,
2025). Consequently, a wide range of electrochemical energy storage technologies, including
batteries, supercapacitors (SCs), and fuel cells, are currently undergoing extensive research. En-
ergy storage devices, such as batteries, supercapacitors, and fuel cells, are composed of various

components that work together to store and release energy. (B.-H. Xiao et al., 2024).

2.2 Types of Supercapacitors

Electrochemical capacitors (ECs), also known as supercapacitors (SCs), have attracted a lot of
interest from a variety of new EES technologies due to their high-rate capability, high coulombic
efficiencies, high power density, rapid charging and discharging, long-life stability, and safe op-
eration (G. Yu et al., 2013; L. L. Zhang et al., 2010). Unlike a battery, a supercapacitor immedi-
ately accumulates and stores charges, eliminating energy expenditure during energy conversion.

The specific capacitance of the supercapacitive electrode materials can be readily increased by



increasing the surface area of the electrode materials (Veerakumar et al., 2020). Supercapacitor
(SC) was divided into three groups based on the mechanism of energy storage, as shown in Fig.
2.1, and Fig. 2.2(b).

Tvpes Mechanisms
Electrochemically ion
Electrochemical Double adsorption/desorption at the
Layer Capacitors interface of electrolyte and
electrode

Electrochemical double layer

, . Hybrid Capacitors ion adsorption/desorption and
Supercapacitors reversible faradic reaction

Reversible faradic redox
reaction between electrolyte ions
and electroactive materials

Pseudocapacitors

Figure 2.1: Illustration of types of supercapacitors based on the mechanism of energy storage.

Electric double-layer capacitors (EDLCs) and pseudocapacitors are the two groups into which
supercapacitors are divided according to the energy storage mechanism they exhibit (Obodo et
al., 2021).

2.2.1 Electric Double-Layer Capacitors (EDLCs)

EDLCs store energy through ion adsorption and the interaction of polar solvent molecules or
ions with the electrode material and electrolyte in a non-faradaic process, involving electron
accumulation without chemical reactions, as shown in Fig.2.2(c). These capacitors, typically
made from porous carbon, are known for their cycle stability and long lifespan, with electrostatic
interaction being the primary mechanism of energy storage (Nasir & Mohammad, 2020; Sk et
al., 2023). The operating principle of an EDLC relies on charges that are stored electrostatically.
The essential formula applicable to all capacitors is expressed as

€,6A

C=-" 2.1)

In this equation, A represents the electrode surface area; €, denotes the permittivity of free space;
€, indicates the relative permittivity of the dielectric material, and d is the separation between

two electrodes with opposite biases.

Based on the core relation presented in Eq. 2.1, the capacitance of a conventional capacitor can
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Figure 2.2: (a) illustration of the three- and two-electrode configurations, (b) Supercapacitor
types: EDLC, pseudocapacitor, and hybrid, (c) Charge storage process in EDLCs and ion ab-
sorption and desorption on the surface (Jalal et al., 2021; Lokhande et al., 2020).

be enhanced by increasing the dielectric constant of the material, enlarging the surface area, and
reducing the thickness between the plates. Nevertheless, achieving such enhancements requires
further alterations to the material system and the design of the capacitor. For example, one might
reduce the particle size to the sub-nanometer range, where quantum confinement effects are
nearly attained. This adjustment results in the material exhibiting remarkable electrochemical

performance.

Alternatively, doping with metal ions such as Fe, Mn, Cr, and Co can enhance the electrical
conductivity of the electrode material, which in turn boosts the capacitance, relevant to capac-
itor design. For example, a supercapacitor featuring symmetric electrodes or operating based
on faradaic reactions can ultimately demonstrate improved electrochemical performance. In
essence, the faradaic process takes place in accordance with Faraday’s law, indicating that charge
transfer occurs at the electrode-electrolyte interface. In contrast, the subsequent non-faradaic
process does not adhere to Faraday’s law; here, charge transfer is absent, as seen in phenomena
like adsorption-desorption at the electrolyte-electrode interface and the reorientation of solvent
dipoles. For instance, the charging and discharging cycles exhibit a high degree of reversibility
due to their non-faradaic electrical mechanism (P. Sharma & Bhatti, 2010). This characteristic

contributes to remarkable cycling stability, allowing for up to 106 cycles or more, alongside a
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rapid charging and discharging rate, with minimal degradation. A main limitation of EDLCs is
found in the restricted range of electrode materials available, as EDLC devices need to utilize
electrodes with high conductivity. However, this limitation can be addressed through the recent
advancements in ionic conductive electrolytes (Simon et al., 2013). Carbon-based materials
commonly used for EDLC devices include carbon nanotubes, graphene, activated carbon, and

reduced graphene oxide.

Graphene and Carbon Nanotubes (CNTs)

Graphene represents a unique form of graphite, characterized by a single layer of carbon atoms
with atomic thickness. Its remarkable electrical and mechanical attributes contribute to its
widespread use, produced through various fabrication methods (Davies & Yu, 2011). Addition-
ally, its capacity to incorporate diverse functional groups into its framework enables it to exhibit
a broad spectrum of electrical and mechanical characteristics. Graphene facilitates the creation
of flexible structural forms across dimensions 0D, 1D, 2D, and 3D, allowing for precise tuning
of surface area and enhancing the desired structural properties. This material stands out due to
its exceptional electrical and thermal conductivity, impressive mechanical strength, and robust
chemical stability. Integrating these properties into developed supercapacitors would enhance
their performance, providing high power density, rapid charge/discharge rates, and extended life
cycle efficiency (Niu et al., 2020).

Activated Carbon (AC)

In supercapacitors, activated carbon is used because it has a high surface area, good electrical
conductivity, is available, and does not cost too much. It is a three-dimensional porous mate-
rial with a high specific surface area and excellent electronic conductivity at low cost. Electric
Double Layer Capacitor (EDLC) devices using activated carbon electrodes manifest excellent
electrochemical performance not only because of the large surface area but also due to the ox-
idative nature of the material (Endo et al., 2001).

2.2.2 Pseudocapacitors

Pseudocapacitors store energy by fast and reversible charge transfer reactions at or near the
electrode-electrolyte surface, leading to pseudocapacitance. Pseudocapactors use oxides and
conductive polymers to store energy through fast, reversible redox electrochemical processes,
resulting in higher specific capacitance per unit of electrode surface area or mass. The Faradaic

mechanism, which involves the transfer of charge between the electrolyte and electrode, is like
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oxidation-reduction reactions. The reduction and oxidation that occur on the electrode material,
which includes the charge transfer across a double layer when a voltage is applied to the pseu-
docapacitor, result in the Faradic current passing through an SC cell (S.-M. Chen et al., 2014;
Choi & Yoon, 2015). Pseudocapacitors can also achieve higher specific capacitance and energy
densities than EDLCs because of the Faradic mechanism they use. These capacitors are clas-
sified as faradaic, as they engage in redox reactions, meaning that charge transfer takes place
between the electrolyte and the electrode. The majority of electrode materials used in this type
of capacitor consist of metal oxides, metal-doped carbon, and conductive polymers. Neverthe-
less, pseudocapacitors tend to have a shorter lifespan and lower power density. These outcomes

are attributed to the redox reactions occurring within the capacitors (D. Wei Kumar et al., 2025).
Conducting Polymer Pseudocapacitors

Apart from carbon-based materials and metal oxides, conducting polymers (CPs) present nu-
merous benefits as electrode materials for supercapacitors. These benefits encompass high elec-
trical conductivity when doped, a broad operating potential range, and the ability to adjust redox
activity through chemical alterations. Additionally, many CPs are economically viable and en-
vironmentally friendly. The mechanism for charge storage in conducting polymers primarily
involves faradaic processes, characterized by reversible redox reactions that occur throughout
the material’s bulk rather than being restricted to the surface (Roohi et al., 2024). During the
oxidation phase, ions from the electrolyte are integrated into the polymer backbone, while the
reduction phase leads to the release of ions back into the electrolyte. This intrinsic redox activity
enables CP-based electrodes to attain higher capacitance values than those based solely on elec-
trostatic storage methods. As charging and discharging happen without substantial structural
degradation, these processes exhibit a high level of reversibility, enhancing their rate capability.
Depending on the nature of ion insertion, conducting polymers can become either positively or
negatively charged. The electrical conductivity of CPs varies during redox transitions, with ox-
idation resulting in the formation of positively charged (p-type) polymers due to the generation
of delocalized m-electrons along the polymer chain. In contrast, reduction produces negatively
charged (n-type) polymers. Notable examples include polyaniline (PANI), polythiophene (PTh),
and polypyrrole (PPy), along with their derivatives (Hong et al., 2020). In the context of super-
capacitor applications, p-doped PANI and PPy are favored, as their n-doped forms typically
demonstrate subpar stability in electrolyte solutions. In p-doped CPs, oxidation leads to doping
via the incorporation of ions from the electrolyte into the polymer backbone, while reduction
facilitates de-doping, allowing these ions to return to the solution. The enhanced stability of
p-doped polymers in comparison to their n-doped counterparts is likely attributed to diminished

electronic repulsion (Peringath et al., 2023).
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Metal Oxide Pseudocapacitors

Transition metallic oxides (TMOs) have been extensively investigated as materials for pseudo-
capacitor applications due to their various oxidation states. Transitional metal oxide materials
have been identified as promising candidates for use as electrodes in energy storage devices due
to their abundant reserves, environmental friendliness, ease of access, and other intriguing prop-
erties, such as diverse constituents and morphologies, large surface area, and high theoretical
specific capacitance (An et al., 2019). Metal oxides exhibit great specific capacitance because
they present lower resistances in ion transport. Transition metal oxides, such as RuO; , MnO,
(Lei & Chen, 2015), Mn30O4 (Zhu et al., 2020), NiO (Sun et al., 2019), Co3z04 , SnO, , ZnO,
Fe; 03 (Gao et al., 2018; Obodo et al., 2025; Shah et al., 2025), TiO, (Lakra et al., 2023), V;
O5 (D. Chen et al., 2019), CuO (Gholivand et al., 2015), and WOj3 (Shinde et al., 2019), have
displayed tremendous performances for supercapacitor applications by redox reactions. Among
the extensively studied metal oxides is RuO, , which is noted for its low equivalent series resis-
tance (ESR) and remarkably high specific capacitance. Nevertheless, its high cost in comparison
to other transition metal oxides has prompted researchers to explore alternative options. Despite
this, metal oxides have yet to realize their full capacitance potential. It is asserted that metal
oxides can deliver substantial capacitance coupled with high energy at reduced current densities
(J. Zhang et al., 2019). However, these materials are reported to contribute to the cracking of
electrodes, resulting in limited short-term stability, as their pore structures cannot be modified
or engineered in any way. Typically, to mitigate these issues, metal oxides are blended with
carbon to create composites. Additionally, carbon-based materials are predominantly utilized
as electrode materials for the development of pseudocapacitor electrodes, and their integration
with nanosized transition metal oxide materials has demonstrated the potential to attain ultra-
high specific capacitance. Comparing transition metallic oxide (TMO)-based electrodes to their
bulk counterparts, nanostructure engineering has been shown to be a useful strategy for improv-
ing electrochemical performance (including reversible capacity/capacitance, cycling stability,
and rate performance). However, single component materials that are obtained by simply en-
gineering the nanostructure (tuning the particle size, geometric shape, and porosity) are still
insufficient for ultra-stable, high energy density, and high power density supercapacitors for
TMO-based electrode materials. Composite materials have been studied in order to improve the
electro-capacitive performance of SCs by mixing a TMO material with another material that has

complementary properties or can have synergistic effects with the host (Liang et al., 2021).

2.2.3 Hybrid Supercapacitors

Hybrid supercapacitors are devices that combine asymmetric electrodes, one with electrostatic

(double-layer) capacitance and the other with electrochemical (pseudo-capacitive) activity. These
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capacitors incorporate performance attributes that were previously unavailable with either type
of electrode separately. Hybrid supercapacitors combine the fundamental features of pseudo-
capacitors and electric double layer capacitors (EDLCs), resulting in a balanced combination
of high energy density, power density, and cycling stability (Jalal et al., 2021; Lokhande et al.,
2020). This particular kind of supercapacitor utilizes a combination of polarizable electrodes,
which are usually made from carbon-based materials, alongside non-polarizable electrodes, like
metals or conducting polymers, to accumulate electrical charges. Its functionality merges both
faradaic and non-faradaic mechanisms, effectively leveraging the benefits of battery-type elec-
trodes (faradaic) for substantial energy storage and capacitor-type electrodes (non-faradaic) for
swift charge and discharge capabilities. By fusing these complementary processes, the device at-
tains enhanced energy and power density, better cycling stability, and potentially reduced manu-
facturing costs in comparison to traditional electric double-layer capacitors (EDLCs) (Oyedotun
et al., 2023). Furthermore, this hybrid configuration provides increased adaptability in opti-
mizing performance for particular applications within energy storage systems. Among various
supercapacitors, this particular type stands out due to its two distinct electrodes. These elec-
trodes are engineered to operate in unison to meet the requirements for both power and energy
density, with one functioning as a capacitive electrode and the other as a faradaic electrode.
Typically, materials derived from carbon are utilized for the negative electrode, while the anode
i1s composed of a metal or metal oxide. Metal electrodes are recognized for their significant
intrinsic volumetric capacity, which contributes to enhanced energy densities. These capacitors
possess the capability to demonstrate greater energy density and cycling stability compared to

symmetric supercapacitors.

2.3 Design Strategies and Fabrication of Efficient Electrode Materials

Activated carbon, graphene, carbon nanotubes, conducting polymers, and transition metal ox-
ides are among the most commonly utilized electrode materials. The working electrode was cre-
ated by combining the active material, acetylene black, with polyvinylidene difluoride (PVDF)
in a variable ratio. PVDF serves as a binder material created by the polymerization of vinyli-
dene difluoride (Oyedotun et al., 2023). The mixture was thoroughly ground using a mortar
and pestle to achieve uniform dispersion. Subsequently, 3-4 drops of N-methyl-2-pyrrolidone
(NMP) were gradually added to the blend while stirring continuously overnight to obtain homo-
geneous slurry. The resulting paste was then coated onto a nickel or stainless steel mesh current
collector and dried in an oven at 80°C for 12 hrs to remove any residual solvent and ensure
proper adhesion (Iro et al., 2016; Meher & Rao, 2011). The overall performance of a superca-
pacitor is significantly influenced by the careful selection of its key components, namely, the

electrode materials, electrolyte, separator, and current collector. Each element plays a crucial
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role in determining the device’s efficiency, energy storage capacity, and long-term stability.

2.3.1 Separator

The separator is a crucial component in supercapacitor architecture, serving to prevent direct
contact and electron transfer between the two electrodes while allowing ionic movement (Kim
et al., 2015). A high-quality separator must exhibit sufficient mechanical strength to ensure
device reliability and to prevent the migration of active materials over time. Poor quality separa-
tors can introduce additional internal resistance, significantly lowering cell performance and, in
severe cases, may cause short circuiting of the entire device. Therefore, selecting an appropri-
ate separator is a vital step during cell assembly (Shulga et al., 2014). An ideal separator must
meet the following criteria: (I) electronically non-conductive, (Il) offer excellent chemical re-
sistance to corrosion caused by electrolytes and electrode degradation byproducts, (III) possess
high ionic conductivity while maintaining strong electronic insulation, (IV) is easily wetted by
the electrolyte to ensure optimal ion transport. Materials such as glass fiber, cellulose based pa-
per, and ceramics are traditionally employed as separators. However, polymer-based separators,
including polypropylene (PP), polyethylene (PE), and polypropylene carbonate, have gained
widespread use due to their low cost, porous structure, and mechanical flexibility. Among these,
polypropylene is the most extensively utilized, primarily due to its good electrolyte wettability

and balance of performance and processability (Cholewinski et al., 2021; Czagany et al., 2024).

2.3.2 Current Collector

The current collector possesses essential characteristics, including excellent electrical and ther-
mal conductivity, minimal contact resistance, substantial chemical and electrochemical stability,
low corrosion susceptibility, compatibility with electrode materials, and a light material. The
current collector plays a vital role in the operation of a supercapacitor by facilitating the flow
of electrical current between the external circuit and the electrode, delivering charge from the
power source to the electrode, and carrying it from the electrode to the external load (Verma
et al., 2020). Additionally, it serves a secondary function of dissipating heat generated during
cell operation. To perform effectively, current collectors must exhibit excellent electrical con-
ductivity and high chemical stability within the cell environment to resist degradation caused by
electrolyte exposure. In many cases, the intrinsic conductivity of the electrode’s active material
is insufficient, leading to increased internal resistance. This can significantly compromise the
overall electrochemical performance, even if the active material itself has superior capacitive
properties (H.-C. Wu et al., 2009).

To ensure effective charge transport and reliable power delivery in supercapacitor systems, high-

quality electrical contacts and suitable conductive additives are essential. Commonly used cur-
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rent collector materials include aluminum, copper, iron, steel, and various metal alloys, chosen
for their excellent electrical conductivity and mechanical robustness. Direct coating of active
materials onto current collectors can significantly enhance performance by promoting strong
molecular-level contact. This reduces interfacial resistance between the active material and the
collector, thereby improving overall charge transfer efficiency. Therefore, selecting a suitable
current collector is essential for maintaining low resistance and ensuring long-term device reli-
ability (Trivedi et al., 2021).

2.3.3 Electrolytes

The electrolyte is an important component in supercapacitors, as it transfers and balances charges
between the two electrodes. Electrolytes significantly affect the performance of the device and
have a stronger influence on how well supercapacitors work (Pal et al., 2019). The electrolytes
for electrochemical supercapacitors are divided into several types, as shown in Fig.2.3. The in-
teraction of the electrolyte and electrodes in all electrochemical processes has a major impact
on the electrode-electrolyte interface state and the internal structure of active materials. The
secret to high-performing and safe supercapacitive devices is the electrolyte selection (Pal et
al., 2019). There is currently no ideal electrolyte that satisfies every need for electrochemical
devices. Aqueous electrolyte-based supercapacitive devices, for instance, have high capacitance
and conductivity but low energy density, cycling stability, and leakage issues. lonic liquids (ILs)
and organic electrolytes can function at higher voltages, although their ionic conductivity is of-
ten significantly lower. Solid-state electrolytes have poor ionic conductivity but may not have
the possible leakage issue of liquid electrolytes (T. Zhang et al., 2020). The conductivity of the
electrolyte affects the supercapacitor device’s performance; a higher conductivity makes it sim-
pler to move ions toward the electrode surface. The quantity of charge carriers, ionic mobility,
and ion valency all affect the electrolyte’s ionic conductivity (Guan et al., 2025). The electrolyte
with the highest conductivity is sulfuric acid (H,SOy), which is followed by potassium hydrox-
ide (KOH) (Konikkara & Kennedy, 2017). Because aqueous electrolytes have a lower viscosity
than non-aqueous electrolytes, their conductivity is superior. Electrolytes are arranged as fol-
lows in increasing order of conductivity: KOH > KCI > H,SO4 > Na;SO4. When mixed with
a solvent, a good electrolyte should dissolve easily into free ions. The electrolytes concentra-
tion can have an impact on its specific conductance. Aqueous electrolytes, being liquid-based
electrolytes with low viscosity and rapid ionic conduction, perform better in energy storage than

solid or semi-solid/gel electrolytes.
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Figure 2.3: Schematic illustration of the types of electrolytes used in electrochemical superca-
pacitors.

2.3.4 Binder

In supercapacitors, a binder is utilized to connect active materials with conductive agents and
adhere to electrode materials. The binder plays a crucial role in providing the necessary strength
and appropriate pore size for the electrode material. Choosing a suitable binder is essential
since it affects the electrochemical performance of supercapacitors by covering the active pores
present on the electrode surfaces (Bresser et al., 2018). To achieve low contact resistance and
enhanced performance, the active material is combined with conductive carbon and the binder

in an optimal ratio. Below are discussions on some commonly employed binders:

Polytetrafluoroethylene (PTFE) offers excellent chemical stability attributed to its CF,-CF,
units. Additionally, it exhibits hydrophobic and insulating characteristics, which reduce the
wettability of the electrode by electrolyte ions. As a result, the internal resistance of the device
is elevated (Seman et al., 2022).

Polyvinylidene difluoride (PVDF) exhibits low hydrophilicity and possesses polarity attributed
to its functional groups (CH,-CF,). It demonstrates remarkable chemical stability along with
excellent resistance to both chemicals and corrosion. Additional examples of binders include
carboxymethylcellulose (CMC), polyvinylidene chloride (PVDC), and graphene/PVDF com-
posites, among others (Moniruzzaman et al., 2022).
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2.4 Sn0O,-Based Composite Materials for Supercapacitor Application

The SnO; nanoparticles are an important semiconductor having wide band gap energy around
3.6 eV. The SnO;, is an n-type semiconductor in its purest ground state. The crystal structure of
SnO, is tetragonal/rutile as presented in Fig. 2.4.

Figure 2.4: Crystal structure of SnO;.

Tin dioxide has been widely studied due to its distinctive properties, such as excellent optical,
electrical, thermal, and chemical properties. Numerous methods have been used to fabricate
SnO, nanoparticles, e.g., spray pyrolysis (Atay & Akyuz, 2022), hydrothermal (Suthakaran et
al., 2019), evaporation of tin grains in air (Le Minh, 2013), chemical vapor deposition (Y. Liu
et al., 2005), thermal evaporation of SnO; powders (Binh et al., 2008), and the sol-gel method
(Aziz et al., 2013).

SnO;-based nanomaterials have attracted considerable attention as a promising electrode mate-
rial for supercapacitors due to their low cost and high-power density. SnO;,-based supercapac-
itors have been paid significant attention due to their high electrochemical capacitor (EC) and
chemical stability. There are different SnO;-based composites for supercapacitor applications,
like ZnWO4/SnO; (Vinayaraj et al., 2020). SnO; holds potential uses in a range of applica-
tions, including sensors (B. Li et al., 2020) and solar cells (Dadkhah & Salavati-Niasari, 2014).
SnO; is non-toxic, cost-effective, and straightforward to produce. Its outstanding physical and
chemical characteristics are highly relevant for a range of applications, including gas sensors
(Xi et al., 2008). photocatalysts (Ramanathan & Murali, 2022), lithium-ion batteries (Y. Wang
& Lee, 2005), and supercapacitors (Lim et al., 2013). Rao et al. (2005) incorporated SnO; into a
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I when assessed at a current

supercapacitor, achieving a specific capacitance of merely 17.3 F.g™
density of 0.1A.g~!. The SnO, nanoparticles were produced via a co-precipitation technique,
and the supercapacitor’s electrochemical performance was evaluated using CV and GCD test-

I was recorded

ing. At a scan rate of S mVs~!, the highest specific capacitance of 176 F.g~
(Manikandan et al., 2023). Supercapacitors based on SnO, have garnered considerable interest
owing to their good electrochemical and chemical stability. This has led to the development of

composites such as SnO,/MnQO; for use as electrodes in supercapacitors (H. Xiao et al., 2017).

Tin oxide/Graphene (SnO,/G) nanocomposites were prepared by a simple wet chemical route. A

~1 was obtained for SnO,/G-a composite at 1 mVs~!

maximum specific capacitance of 818.6 F.g
scan rate, suggesting that the presence of graphene matrix in SnO; nanoparticles has enhanced
the electrochemical behavior of SnO,. The galvanostatic charge/discharge studies confirmed the

good cyclic stability of the composite electrode (Velmurugan et al., 2016).

Joshi et al. (2022) reported the synthesis of SnO; nanoparticles using Camellia sinensis leaf
extract. The biologically synthesized SnO, nanoparticles were subsequently combined with
reduced graphene oxide (rGO) under ultrasonic conditions to form SnO,/rGO composites. The
freshly prepared SnO,/rfGO was employed as an electrode material for supercapacitors. The

I at a scan rate of 10

cost-effective SnO,/rGO exhibited specific capacitances of 310.7 F.g™
mVs~! and 267.8 F.g~! at a current density of 1 A.g~!. Furthermore, the specific energy and
specific power were determined to be 13.3 Wh.kg™! and 160.6 W kg~! at 1 A.g™!, and 4.6

Wh.kg~! and 1606.2 Wkg~! at 10 A.g~!, respectively.

Sn0O,/QDs/rGO composites were successfully constructed as electrode materials for superca-
pacitors. The results show that the prepared composite electrodes have a capacity of 253.3

! levenat2 A.g!,

F.g~! at a current density of 0.1A.g~!, and the capacity remains at 198.9 F.g~
indicating an excellent rate capability. Moreover, cyclic voltammetry results indicate that the
composite electrodes present a specific capacitance retention of 95.9% after 6000 cycles, which
supports potential application in supercapacitors (T.-T. Wei et al., 2021). G. Kumar et al. (2020)
synthesized the ternary CeO,/SnO,/rGO nanocomposite, which delivered a specific capacitance

of 156 Fg~! at 0.5A.g~ .

SnO,, NiO, and SnO,/NiO nanocomposites were synthesized at low temperature by a modified
sol-gel method using ultrasonication. The analysis of the electrochemical performance of the
material was done with the help of cyclic voltammetry and galvanostatic charge-discharge. The
specific capacitance of the synthesized samples with different concentrations of SnO; and NiO
was analyzed at different scan rates of 5 to 100 mVs~!. Interestingly, a 7:1 mass ratio of NiO
and SnO» nanocomposite exhibited a maximum specific capacitance of 464 F.g~! at a scan

rate of 5 mVs~! and good capacitance retention of 87.24% after 1000 cycles. These excellent
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electrochemical properties suggest that the SnO,/NiO nanocomposite can be used for a high

energy density supercapacitor electrode material (Varshney et al., 2020).

Nano-scaled SnO,/V,0s5 mixed oxide is synthesized by a hydrothermal method in an auto-
clave. For comparative evaluation, V,0s single oxide is prepared by a conventional process
from ammonium vanadate. The capacitive behavior of the following electrodes is studied by
cyclic voltammetry in 0.1 M KCI solutions: carbon nanotubes (CNT), V,05, Vo,0O3/CNT, and
Sn0,/V,05/CNT. At a scan rate of 100 mVs~!, the Sn0,/V,03/CNT electrode provides the
best performance of 121.4 F.g~! (Jayalakshmi et al., 2007).

SnO; and various concentrations of g-C3Ny (25, 50, 75 and 100 mg) nanocomposite were inves-
tigated for electrochemical performance. At a current density of 1 A.g™!, the green synthesized
(SnO,/g-C3N4 (50 mg)) SCN-50 nanocomposite displays a high specific capacitance of 302.7
F.g~!, as well as the composite demonstrates excellent capacitance retention of 94 % after 10000
loops. Moreover, the asymmetric supercapacitor device of SnO,/g-C3Ny4//Activated carbon per-
formed good reversible and cyclic stability with high energy and power density (R. Kumar et
al., 2024).

2.5 Bismuth-Based Composites for Supercapacitor Application

Bismuth compounds are attractive because of their low toxicity, low cost, and the ability to
produce nanostructures with different shapes, morphologies, and sizes. These semiconductors,
represented by (Bi02)? (A,_1B,03,41)"% (A = Ba,Bi,Pb,etc.;B = Nb,W,Mo, etc.), possess
unique layered structures in which perovskite slabs of (A,,_lB,,03n+1)*2 are sandwiched be-
tween (Bip05)? layers (H. Huang et al., 2019).

Bismuth-based materials have emerged as promising candidates for supercapacitor applications
due to their unique electrochemical properties, high specific capacitance, and environmental be-
nignity. These materials, particularly bismuth oxides like BiMnOs (Teli et al., 2022), and Bi;S3
(Danamah et al., 2023), BiOI (P. Wu et al., 2020), exhibit excellent redox activity and superior
electrical conductivity, which enhance charge storage and energy density (Nie et al., 2015; T.-
T. Wei et al., 2021). Their facile synthesis, stability in aqueous electrolytes, and potential for
hybridization with carbon-based materials further contribute to their appeal in developing high-
performance supercapacitors. The rGO/Bi,O3 composite demonstrated an enhanced specific

capacitance of up to 94 F.g~!

and exhibited good stability. This improvement is attributed to the
pseudocapacitance of bismuth oxide, increased electrical conductivity, and the extensive charge
separation area within the rGO matrix (Ciszewski et al., 2015). A better specific capacitance
of 136.76 F.g~! has been observed in Bi,O3/graphene nanocomposite electrode material, com-

pared to 81.03 F.g~! for pure Bi,O3-based electrode via a sol-gel synthesis method (Deepi et
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al., 2018). The Bi,O3 @MnO, composite electrode material outperforms both Bi;O3 and MnO»

1

electrodes in a three-electrode system, exhibiting a specific capacitance as high as 350 F.g™" at

10 A.g~! (Shaikh et al., 2020).

Matinise et al. (2023) studied the bimetallic compound BiFeOs was successfully synthesized
using a green method involving natural extract from Moringa oleifera and was evaluated as an
electrode material for supercapacitors. The BiFeO3 electrode achieved a specific capacitance
of 105 F.g~! at a current density of 0.25 A.g~!. The excellent specific capacitance value of
811 F.g~! at 50 mVs~! with excellent charge discharge capacity is demonstrated by the per-
ovskite bismuth ferrite embedded nitrogen-doped carbon (BiFeO3-NC) nanocomposites, which
are made using the polymeric precursor method and fired at 800°C/6h for energy storage applica-
tions (Al-Maswari et al., 2021). Using the hydrothermal technique, pure MoS, and MoS,/Bi,S3
nanocomposites with varying Bi concentrations were successfully produced. When compared
to pure MoS,, MoS,/Bi,S3 nanocomposites had superior electrode/electrolyte interactions and

outstanding electrochemical characteristics (K. B. M. Ismail et al., 2023).

Comparing the BioMoOg/PANI nanocomposite to pure Bi;MoOg, it offers several advantages
for enhancing electrochemical performance, including a large reaction surface area, good struc-
tural stability, a high number of active sites, good strain accommodation, and quick electron and
ion transportation. As a result, the Bi,MoOg/PANI electrode exhibits higher specific capacitance
(826 F.g~! at 1 A.g~! current density) and capacitance retention (75.5% after 3000 cycles) at
higher currents than pure BiMoOg (90.0 F.g~1) (F. Wu et al., 2017).

A novel composite consisting of polypyrrole (PPy) and bismuth oxide o — Bi; O3 was examined
for use as an electrode in supercapacitors. The o — Bi» O3 @ PPy composite’s specific capacitance

!, with respect to gravimetric currents of 3 and 10 A.g~!

was found to range from 634 to 301 F.g™
(Xavier et al., 2019). Moreover, bismuth-based polyaniline nanocomposites greatly improve the
performance of supercapacitors by fusing the exceptional conductivity of polyaniline with the
distinctive electrochemical characteristics of bismuth-based compounds. Nanomaterials like
Bi1VO4/PANI exhibit enhanced supercapacitance activity when a conducting polymer is added.
The supercapacitor’s efficiency is increased by this synergy, which also increases charge storage
and rate capability. In addition to providing more stability and surface area, the nanocomposite

structure also improves energy and power density (Srinivasan et al., 2020).

Flexible electrodes composed of a bismuth ferrite (BFO)/graphene nanocomposite were created
using a straightforward drop-casting technique. The mechanical durability of the electrodes
was evaluated by bending the supercapacitor. The BFO/graphene electrode provides enhanced
accessibility to the electrolyte, while the graphene nanosheets serve as an efficient conductive

route for charge transfer between the electrode material and the current collector. This electrode
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demonstrated outstanding electrochemical performance in terms of specific capacitance and cy-
cling stability. From a cyclic voltammetry test conducted at a scan rate of 10 mVs~! within a
potential range of 0-0.9 V, the electrode exhibited a specific capacitance of 9 mF.ecm™2 . It is
capable of delivering a specific power ranging from 0.5 to 3.5 kW.kg ~! along with a reasonable
energy density (Soam et al., 2020). As a result, bismuth-based materials hold significant poten-
tial for advancing energy storage technologies, offering a sustainable and efficient solution for

modern energy demands (Y. Li et al., 2019).

The layered structure of BisNb3O;s5 ( see Fig. 2.5) facilitates rapid ion diffusion and elec-
tron transport, enhancing its charge-discharge capabilities. Additionally, its ability to maintain
performance over numerous cycles makes it a viable candidate for sustainable energy storage
solutions. Research into BisNb3zO;5 continues to reveal its potential for integration into high-
performance supercapacitors, promising advancements in energy storage technology (Y. Li et
al., 2019).
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Figure 2.5: A mixed layered orthorhombic crystal structure of BisNb3zO;5 (Guo et al., 2011).

2.6 Electrode System

2.6.1 Three-Electrode Setup

The three-electrode arrangement is a commonly utilized configuration, as illustrated in Fig. 2.6.
This setup consists of a working electrode (WE), a counter electrode (CE), and a reference elec-
trode (RE). Current circulates between the working and counter electrodes, while the potential

is recorded between the working and reference electrodes. There is no current flow between
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the working and reference electrodes, leading to an insignificant potential drop. Consequently,
any voltage drop caused by the solution is compensated. The role of the counter electrode is
to balance the total current measured at the working electrode, and it experiences a significant
potential (S. Sharma & Chand, 2023).

Potentiometer

[ | n [
‘Working Iéfferc‘m;e Counter
Electrode ectrode Electrode

Electrolyte Solution

Figure 2.6: Illustration diagram for three electrodes set up (Meng et al., 2017).

2.6.2 Two-Electrode Setup

Supercapacitor electrodes can be evaluated for their electrochemical performance using either
a three-electrode or a two-electrode (device) configuration. In most cases, the specific capac-
itance of an electrode material is first measured using a three-electrode system to identify its
optimal working conditions. Once satisfactory results are achieved, the study proceeds to a
two-electrode setup, which more accurately reflects real device performance (Nath et al., 2022).
Unlike the three-electrode system that may overestimate the material’s capacitance due to its
high sensitivity, the two-electrode configuration provides a more practical assessment of the
electrode’s behavior. In this setup, the device can be symmetric (both electrodes made of the
same material) or asymmetric (different materials for each electrode), with the two electrodes
separated by an electrolyte-soaked separator. The assembly typically includes a metallic spacer
and spring to ensure firm contact between components. Key parameters such as specific energy,
power density, and cycle stability of the supercapacitor can be effectively evaluated using the

two-electrode configuration (Ahmed et al., 2023).

In a setup utilizing a two-electrode cell (see Fig. 2.7) or as shown in Fig. 2.2 (a), the counter
electrode (CE) and reference electrode (RE) are connected to one electrode, while the working

electrode (WE) and the sensor (S) are linked to the opposing electrode (Imran et al., 2023).

24



The total potential across the entire cell is recorded, which encompasses contributions from
the CE/electrolyte interface as well as the electrolyte itself. Consequently, this two-electrode
arrangement can be employed when precise management of the interfacial potential at the WE-
electrolyte interface is not essential, and the overall performance of the cell is being assessed
(Dunn et al., 2011).

CE/RE WE

Electrochemical cell

Figure 2.7: Schematic view of the two-electrode setup.

2.7 Fundamentals of Electrochemical Characterization

The performance of a supercapacitor is defined by several key parameters, including cell capac-
itance, operating voltage, equivalent series resistance (ESR), power density, energy density, and
time constant. In most evaluations, three core parameters, cell (or total) capacitance, operating
voltage, and ESR are primarily used to assess energy and power performance. These parameters
are typically sufficient for commercial devices where materials, fabrication methods, and cell
designs are standardized. However, in research focused on developing new materials, advanced
manufacturing techniques, and innovative cell designs, additional performance metrics become
essential (Mehra et al., 2024).

A comprehensive understanding of supercapacitor performance requires consideration of a wide
range of factors and their complex interrelationships (Xing et al., 2022). Figure 2.8, provides an
overview of key performance metrics, major influencing factors, and corresponding test methods
for supercapacitor evaluation. The three core parameters are cell capacitance, operating voltage,
and equivalent series resistance, are highlighted in yellow. Power and energy densities are rep-
resented in dark blue, while the time constant and cycling stability appear in light orange. Major
affecting factors are shown in light purple, and test methods are indicated in white. Figure

2.8, illustrates the complex relationships between these elements, providing a comprehensive
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framework for performance assessment of supercapacitors (Karthikeyan et al., 2021).
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Figure 2.8: Schematic representation of performance parameters, critical influencing factors,
and associated test methods for supercapacitors (Karthikeyan et al., 2021).

Generally, three techniques are used to evaluate the electrochemical performance of SCs in-
cluding cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and electrochemical
impedance spectroscopy (EIS) (ABID et al., 2020).

2.7.1 Cyclic Voltammetry (CV)

CV is an effective and widely used electrochemical method for evaluating a system’s entire be-
havior, including its kinetic and thermodynamic aspects. It is a practical way to record the cur-
rent versus potential and measure the current responsiveness of a redox-active solution (Palag-
onia et al., 2019). A linearly altered electric potential is applied during CV testing between
the references and working electrodes in three-electrode designs or between the positive and
negative electrodes in two-electrode systems. The sweep rate, also known as the scan rate, is
the speed of the potential change in mV.s~!, whereas the potential windows are the range of
possible changes. The electrochemical reactions involved are characterized by recording the
instantaneous current during the cathodic and anodic sweeps. The data are plotted as poten-
tial (V) against current (A)(Allagui et al., 2016; Tomboc & Kim, 2019). When EDLC and PC
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types have different characteristics, CV testing using a three-electrode setup is thought to be the
most appropriate method for examining the charge storage mechanisms of SC materials. The
test results can first be interpreted using the shape of the CV curves. For EDLC and most PC
materials, the resulting CV curves have an appealing rectangular shape, but for other PC mate-
rials, there may be noticeable redox peaks that occur in a very reversible way (Kuo et al., 2006).
Therefore, using the shape of CV curves alone to distinguish between EDLC and PC materials
is insufficient. Therefore, it is not sufficient to differentiate EDLC and PC materials solely by
observing the shape of CV curves. The operating voltage or potential window for supercapac-
itor materials is determined by CV testing. In a three-electrode setup, the reversibility of the
charge and discharge processes is investigated while the reversal potential is changed. It is also
possible to assess total cell capacitance, specific capacitance, and energy performance (Elgrishi
et al., 2018).

Specific capacitances (Cgp) of the materials were calculated by integrating the area under CV
curves using Eq. ( 2.2) (Ismail et al., 2020):

1 V2
 mVAV v

Csp I(v)dV, (2.2)

where Vv is the scan rate (Vs™!), m is the active mass of the material (g), and AV is the potential

window. The term f‘Zz I(v)dV represents the integral area under the CV curve.

The charge storage mechanism of the nanoparticles and nanocomposites was further evaluated
through a detailed analysis of their CV curves. A power-law relationship between the peak
current and the scan rate (v) was employed to identify the dominant charge-storage process
using Egs. (2.3) and (2.4):

I=aV’, (2.3)
log(I) = b log(v) +1log(a), (2.4)

where [ represents the peak current, v is the scan rate, and a and b are adjustable parameters.

The parameter b, which indicates the charge storage mechanism, can be obtained from the slope
of the plot of log(peak current) versus log(scan rate). As the value of b approaches 1, the charge
storage mechanism is considered a surface-controlled process involving physical adsorption and
desorption. In contrast, when the b value approaches 0.5, the storage process is diffusion-limited.
To determine the b value, the logarithm of the scan rate (logVv) was plotted against the logarithm
of the current (log/) at a fixed potential (Alshoaibi, 2025; Karadurmus et al., 2022; Qin et al.,
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2022).

Dunn’s method is used to distinguish surface-controlled (capacitive) and diffusion-controlled
charge storage contributions from CV curves. It is based on the relationship between current (i)
and scan rate (Vv), expressed as

i(v) =K v+Kv'/2 (2.5)

where kv represents the capacitive contribution and kov!/2 represents the diffusion-controlled

contribution. By rearranging this expression,

#Q:hwﬂ+b, (2.6)
vi/2

where i, v, K1, and K; indicate the current, scan rate, and constants, respectively, and K; v and
Kyv'/2 represent the current contributions from the surface capacitive effects and the diffusion-

controlled intercalation process, respectively.

2.7.2 Galvanostatic Charging-Discharging (GCD)

GCD testing is one of the most common and reliable procedures for measuring supercapac-
itors (SCs) under direct current circumstances. This technique involves repeatedly charging
and discharging the device or its working electrode at a constant current level, with or without a
dwelling period in which the peak voltage is held constant before discharge begins. The standard
result is a plot of potential (v) vs time (s), which can be used to extract significant performance
data (Abdel Maksoud et al., 2021). Choosing an adequate constant current level is crucial be-
cause it ensures the development of consistent, reliable, and comparable data across various tests
and equipment. Cell capacitance (Cr), equivalent series resistance (ESR), and operating volt-
age (V,) are the three primary performance metrics that may be determined using GCD testing,
which is thought to be a very flexible and accurate method for assessing SC devices. Other im-
portant characteristics like the time constant, power density, energy density, and peak current can
be obtained from these fundamental values. Additionally, examining the cycling stability of SCs
over extensive charge/discharge cycles is especially suited for GCD testing. GCD testing also
offers comprehensive details on the electrode materials’ specific capacitance, charge/discharge
reversibility, and potential window when carried out with a three-electrode setup (ABID et al.,
2020). The specific capacitance (Cgp) has been evaluated from the charge-discharge curves,
according to Eq. (2.7) (Reddy & Ramaprabhu, 2007).

I At

Cop = mAV’

(2.7)
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where I is the applied current, m is the mass of each electrode, At is the discharging time, and

AV is the potential window.
Coulombic Efficiency

Coulombic efficiency (1) represents the ratio of the discharge time to the charge time of a
supercapacitor, reflecting the effectiveness of charge transfer during electrochemical reactions
(Laheddr et al., 2015). It is calculated as:

n(%) = 2 % 100%, 2.8)

Cc

where tp is the discharge time and t. is the charging time during galvanostatic charging and

discharging.
Capacitance Retention

Capacitance retention serves as a vital indicator for assessing the long-term stability and longevity
of a supercapacitor (An et al., 2019). It is represented as the percentage of the original specific
capacitance (C,) that persists following a defined number of continuous charge-discharge cycles

and is determined using the formula:

Retention(%) = % x 100. (2.9)

o

In this formula, Cy denotes the specific capacitance after N cycles, while C,, represents the ini-
tial specific capacitance. Elevated retention percentages suggest that the electrode material sus-
tains its electrochemical performance with minimal deterioration over prolonged cycling. This
stability is influenced by various factors, including electrode composition, structural integrity,
electrolyte compatibility, and the applied potential window. A retention profile nearing 100%
after thousands of cycles indicates not only excellent reversibility of electrochemical processes

but also robust mechanical stability of the electrode.

To ensure efficient charge transfer and maximize electrochemical performance in two electrode
system, mass balance between the positive (WE) and negative electrodes was achieved using the
mass-charge balance equation (Eq. 2.10) (G. Z. Chen, 2017; Koventhan & Lo, 2024),

M+ Cp AV~
— === (2.10)
M Csp AV

where M is the active mass of the electrode, Cgp is the specific capacitance obtained from the

three-electrode system, and AV is the potential window.
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In general, asymmetric supercapacitors involve two different capacitive electrodes. Typically,
the negative electrode (or the first electrode) is based on carbon-based materials with a very large
surface area, while the other electrode is the pseudocapacitive electrode, which is based on con-
ducting polymers or metal oxides. The introduction of a pseudocapacitive electrode introduces
Faradaic (redox) processes, adding pseudocapacitance to the overall performance. Complemen-
tary potential ranges for the two electrodes are combined in these designs in order to widen the
cell voltage and hence improve energy density compared to symmetric configurations. Asym-
metric supercapacitors consist of two capacitive electrodes. The pseudocapacitive electrode is
made of conducting polymers or metal oxides, while the capacitive electrode typically uses car-
bon materials that have a large specific surface area. This design includes Faradaic capacitance
because of the pseudocapacitive electrode. Asymmetric designs aim to improve energy density
compared to symmetric ones by creating a wider cell voltage. This is achieved through the com-
bination of complementary potential windows from the positive and negative electrodes. The
specific capacitance (Cgp) was calculated from the discharge curves using the following Eq.
2.11 (Ndipingwi et al., 2018):

_AIN

=— 2.11
Sp mAV7 ( )

where I = the current (mA), m = the mass of both positive and negative electrodes (mg), At =

discharge time (s), and AV = voltage window (V).

Specific energy and specific power are essential performance metrics that describe the energy-
storage efficiency and power-delivery capability of supercapacitors. The specific energy (Ejp)

indicates how much energy a device can store per unit mass and is calculated using

1
Egp= ECSP(AV)Z, (2.12)
where Cyp, is the specific capacitance and AV is the operating potential window. In contrast, the

specific power (Psp) represents how quickly the stored energy can be delivered and is given by

E
o = ﬁ, (2.13)
where At is the discharge time. Supercapacitors generally offer lower specific energy but excep-
tionally high specific power, making them ideal for applications requiring rapid energy delivery,

such as regenerative braking, load leveling, and pulse-power systems.
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2.7.3 Electrochemical Impedance Spectroscopy (EIS)

EIS testing, sometimes referred to as dielectric spectroscopic testing, applies a low amplitude
alternating voltage (typically 5-10 mV) over top of a steady state potential to assess a power
cell’s impedance as a function of frequency (Karmakar, 2024). The resulting data are typi-
cally displayed graphically as a Nyquist plot, which shows the imaginary and real components
of the cell impedances on a complex plane, and a Bode plot, which shows the cell response
between the phase angle and frequency (Sunil et al., 2021). EIS has been used to estimate
the capacitance, energy, and power attributes, as well as to characterize the charge transfer, mass
transport, and charge storage mechanisms, in addition to the frequency response and impedance.
The impedance of an electrochemical system can be determined by applying a low-amplitude
alternating voltage AV superimposed on a steady-state potential (V) as expressed in Eq. Eq.
2.14:

AV (@) = AViaxe’™. (2.14)

Here, AViax represents the signal amplitude, and o is the angular frequency. The applied voltage

gives rise to alternating output current A/, described by Eq. 2.15:

AI(®) = Alpace’ @), (2.15)

In this expression, ¢ is the phase angle of the current relative to the voltage and Al is the current

amplitude.

The electrochemical impedance, Z(®) is then defined as:

Z(0) = = |Z(w)|e =27 +27", (2.16)

where Z' and Z' are the real and imaginary components of the impedance, respectively. The

magnitude of the impedance is given by:

Z(0)2 =27+ 2", (2.17)

The Nyquist plot, which represents Z versus Z' on a complex plane, it is commonly used to
evaluate impedance data. Electrochemical impedance spectroscopy (EIS) provides valuable in-
formation on parameters such as impedance magnitude, specific capacitance, charge transfer

resistance, mass transport behavior, and charge storage mechanisms. The impedance, specific

31



capacitance, charge transfer, mass transport, and charge storage mechanisms involved in SC
materials can be investigated using EIS testing by performing a comparable analysis in a three-
electrode system (Magar et al., 2021). Electrochemical impedance spectroscopy (EIS) is a pow-
erful test that provides information regarding series resistance Rs, charge transfer resistance
Rct, double layer capacitance Cdl, and Warburg impedance Zw created by diffusion (Sakita et
al., 2021).

2.8 Characterization Techniques

Characterization techniques are essential for understanding the structural, chemical, and electro-
chemical properties of electrode materials used in supercapacitors. X-ray diffraction (XRD) is
employed to determine the crystalline structure, phase purity, and average crystallite size of syn-
thesized materials, confirming the successful formation of composite structures such as metal
oxides, polymers, or carbon-based hybrids (Z. Wang et al., 2020). The crystallite sizes were cal-
culated using the Debye-Scherrer equation (Fatimah et al., 2022), with the equation represented
in Eq. 2.18.

K\
~ PBcosH’

(2.18)

In this equation, D represents the crystallite size in nm, k is a shape factor of the crystallite
(usually taken as 0.9), A stands for the incident wavelength of X-rays (0.154 nm), B denotes
the full width at half maximum (FWHM) of the selected peak in radians, and 0 signifies the
diffraction angle (Bragg’s angle) at which the peak arises, also measured in radian. Bragg’s law
states that waves are constructively added in certain directions, and expressed using Eq. 2.19:
(Jacob et al., 2015)

2dpi Sin® = nA, (2.19)

where dj; 1s the interplanar spacing between diffracting angles, 0 is the diffraction beam angle,
n is the order of diffraction, and A is the wavelength of the beam.
From the tetragonal structure of nanoparticles (a = b # c¢; o= =y=90°), the lattice constants

can be calculated by Eq. 2.20:

1 h+k2 2
L (2.20)
dhkl a c

where, dj; is the interplanar spacing, h, k, and 1 are integers, (hkl) is the lattice plan index, and

a and c are lattice constants.
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From the orthorhombic crystal structure (a # b # c; o0 = =y = 90°) the lattice parameters can
be calculated by Eq. 2.21:
1 n B P

— =—=+—=+— 2.21
d, 2tpta (221)
where djy; is the interplanar spacing, (h, k, 1) are the Miller indices and (a, b, c) are the lattice

constants.

Fourier Transform Infrared Spectroscopy (FTIR) provides information on the functional groups
and chemical bonding within the material. By identifying characteristic vibrational peaks, FTIR
confirms the interaction or successful incorporation of components in composite materials (Mo-
hamed et al., 2017).

UV-vis spectroscopy is a valuable technique for the study of the absorption properties of nano-
materials. UV-vis radiations, which are a component of the electromagnetic spectrum, can be
used in spectroscopy to get valuable insights into the properties of materials. This includes un-
derstanding their absorption, transmission, and reflectivity characteristics. The performance of a
material in multiple technological uses, such as conductivity, transparency, and light absorption
efficiency, can be estimated by precisely calculating the optical band gap using Eq. 2.22 (Picollo
et al., 2019).

(ahv) =A(hv —E,)", (2.22)

where n is the nature of electrons transition, n = ¥2 and 2 are direct and indirect transition band
gaps, respectively, o is the absorption coefficient, hv is the photon energy, A = 1 is a constant
that depends on the material and the measurement conditions, and E, is the optical bandgap

energy of the material.

The energy band gap (E,) of a nanomaterials can be determine by plotting (ochv)l/ " versus hv
and extrapolating the linear portion of the plot to (ozv) 1/n =0, where n is the nature of electrons
transition, n = %2 and 2 are direct and indirect transition band gaps, respectively (Sangiorgi et al.,
2017).

The Scanning Electron Microscope (SEM) provides detailed images of the surface morphology,
allowing observation of particle size, shape, and porosity, which are crucial factors influenc-
ing ion diffusion and charge storage capacity. Energy-Dispersive X-ray Spectroscopy (EDX)
coupled with SEM offers elemental analysis, confirming the presence and uniform distribution
of constituent elements in the composite (Jacob et al., 2015). Meanwhile, the Transmission
Electron Microscope (TEM) provides high-resolution insights into the internal structure, lat-
tice fringes, and interfacial bonding of nanomaterials, enabling a better understanding of their
nanoscale architecture (Mohammed & Abdullah, 2018).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials

Analytical grade chemicals and reagents were used without further purification: tin(II) chloride
dihydrate (SnCl,-2H,0, 99%, Sigma-Aldrich), bismuth nitrate pentahydrate (Bi(NO3)3-5H,0),
niobium chloride (NbCls), aniline (C¢HsNH;, > 99.5%, Sigma-Aldrich), ammonium persulfate
((NH4)2S,0g, 98%, Sigma-Aldrich, APS), hydrochloric acid (HCI, > 37%, Sigma-Aldrich),
sulfuric acid (H,SO4, > 98%, Sigma-Aldrich), polyvinylidene difluoride (PVDF), N-methyl-2-
pyrrolidone (NMP), carbon black, activated carbon, absolute ethanol (CoHsOH, > 99.8%), and
deionized water. The chemical reagents were selected based on their suitability for the synthe-
sis of metal oxide nanoparticles, conducting polymer formation, and electrode fabrication for
electrochemical energy storage applications. SnCl,-2H,0 and Bi(NO3)3-5H,0O were chosen as
precursor sources for SnO, and BisNb3O5 due to their high purity, good solubility, and thermal
stability, which facilitate controlled nanoparticle formation. NbCls was used as the Nb source to
form the BisNb3O5 phase. Aniline was selected as the monomer for polyaniline (PANI) synthe-
sis because of its well-established polymerization behavior and excellent electrical conductivity
in acidic media. (NH4)2S,0g served as an oxidizing agent to initiate and control the polymer-
ization of aniline. HCI and H,SO4 were employed to maintain an acidic environment favorable
for PANI formation and electrochemical measurements. PVDF and N-methyl-2-pyrrolidone
were used as binder and solvent, respectively, to prepare stable electrode coatings, while car-
bon black and activated carbon were incorporated to enhance electrical conductivity and surface
area. Absolute ethanol and deionized water were used as solvents to ensure purity and prevent

contamination during synthesis and processing.

3.2 Methods

3.2.1 Preparation of Plant Extract

Leaves of vernonia amygdalina (grawa) plant extract were carefully harvested from the Univer-
sity of Nigeria, Nsukka, Nigeria. After collecting the leaves, they were initially washed with
water and then rinsed with distilled water to eliminate any dust particles. Subsequently, the
leaves were air-dried at room temperature for a few weeks. Finally, the dried vernonia amyg-

dalina leaves were chopped into pieces and preserved in sealed plastic bags for future use. 10 g
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of dried vernonia amygdalina leaves were heated with 100 mL of distilled water at 60°C for 30
minutes. Afterward, the extract was allowed to cool at room temperature, filtered with Whatman

filter paper No. 1, and stored at 4°C for subsequent experiments.

3.2.2 Synthesis of SnO;, Nanoparticles Using Vernonia Amygdalina Plant Leaf Extract

The synthesis of SnO, nanoparticles was carried out using vernonia amygdalina leaf extract via
a green synthesis approach. A 100 mL solution of 0.2 M SnCl;-2H,0 was prepared in distilled
water and heated at 60 °C for 15 minutes before incorporating the plant extract. In a standard
procedure, 20 mL of vernonia amygdalina extract was slowly added to the 100 mL precursor
solution while stirring continuously. After stirring for 30 minutes, the solution transitioned from
white to an orangish color, signaling the development of SnO, nanoparticles. The mixture was
subsequently heated to 60°C for 2 hrs while being stirred using a magnetic stirrer, then cooled
to room temperature and kept for further stabilization for 12 hrs. The resulting precipitate was
centrifuged and thoroughly washed several times with distilled water, followed by three washes
with ethanol. The paste was then dried in an oven at 70°C for 12 hrs. Ultimately, the dried
powder was placed in a crucible and annealed at 600°C for 4 hrs to produce SnO; nanoparticles
(see Fig. 3.1).
Aqueous leaf extract
SnCl,.2H,0

(precursor salt
solution)

Heated at 60°C for

and Heating on the hotplate 15min.

V.amygdalina dried leaves  at 60 °C for 30 min N xtract
20 b of
Oven-dried at 70 °C ‘
SnO, NPs for 12 hrs /; ) 22
4 ) a— &
L§ J e 118 . Centrifuge using Stirred at 60°C for
Calcination D. water and ethanol 2hrs and aged 12 hrs.

for 4hrs at 600°C

Figure 3.1: Preparation of SnO; nanoparticles using Vernonia amygdalina plant leaf extract.

The overall reaction mechanism of the synthesis of SnO; nanoparticles using vernonia amyg-
dalina leaf extract are as shown in Eq. 3.1, and R represents a hydrocarbon group (alkyl or aryl

group) attached to a hydroxyl group (-OH) from the phytochemicals present in plant extract.

heat

SnCl, - 2H,0 4+ R-OH + O, — SnO; + 2HC1 + H,0 + Oxidized Phytochemicals 3.1)

35



3.2.3 Synthesis of BisNb3O;5 Nanoparticles Using Vernonia amygdalina Plant Leaf
Extract

The BisNb3O;5 nanoparticle was synthesized using vernonia amygdalina leaf extract through a
green synthesis method. First, § mmol of Bi(NO3)3.5H;0 was dissolved in 100 mL of distilled
water, and separately, 4.8 mmol of NbCls was dissolved in 100 mL of distilled water. Sub-
sequently, the NbCls solution was added slowly to the Bi(NO3)3 solutions. Then, 20 mL of V.
amygdalina leaf extract was introduced during mixing, and the solution was stirred magnetically
for 1hr at room temperature, and then placed in an oven at 80 °C for 1 hr and then followed by
three washings with distilled water and ethanol, after centrifugation, and it was oven-dried at 70
°C for 12 hrs. Ultimately, the dried powder was annealed for 3hrs at 500 °C (Fig. 3.2) (Guo et
al., 2011; Lee et al., 2013).

NbCl; (Precursor Solution)
Added dropwise

Keep in an oven for
lhrat 80 °C

Stirring for 1 hr. at room

Bi(NO;);*5H,O temperature

(Precursor Solution)

Centrifuge using D.

Calcination f Oven-dried at water and ethanol
alcination for 70°C for 12hr

BisNb;0,;NPs 3hrs at 500°C

Figure 3.2: Preparation of BisNb3O;s nanoparticles using Vernonia amygdalina plant leaf ex-
tract.

BisNb3O5 nanoparticles were synthesized via a green approach using Bi(NO3)3 - SH,O and
NbCls as precursors, where phytochemicals (R-OH) from V. amygdalina leaf extract acted as
reducing and stabilizing agents, and atmospheric oxygen facilitated the oxidation of Bi** and

Nb>* during heating, as shown in Eq. 3.2.

Bi(NO3); - SHyO + NbCls + R-OH + 05 22 BisNb30y5 + NO, + HCl + H,0 +R=0 (3.2)
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3.2.4 Synthesis of Polyaniline (PANI) Polymer

Polyaniline was produced using a chemical polymerization technique. The method involved
dissolving 4 mmol of aniline and 4 mmol of (NH4)>S>,0g (APS) separately in 50 mL of 1 M
HCI, and also both solutions were stirred for 1 hr. To initiate the polymerization reaction, the
APS solution (see Fig. 3.3(B) was added dropwise to the aniline solution (see Fig. 3.3(A) and
stirred for about 3 hrs at 0-5°C. Subsequently, the obtained precipitates were washed multiple
times double-distilled water until the washings became clear. The precipitates were further
washed with acetone and dried at 60°C 12hrs (Abdolahi et al., 2012). This process is illustrated
in Fig. 3.3.

Aniline 1M HCI Solvent (50 mL) .
— The precipitate was
monomer Y = e 3 i _
YN Stirred for 1hr.(at W — / 5 ;va:];f (me: d.o“bl;
(A) room temp.) separately | | = 1strfed water an
& ] (A) ' acetone
NH, a ﬁ?;_‘ - Vigorous string for
) —=C. [ ) APS Solution is added 3 hrs. at 0-5°C
e - drop-wise to the Aniline
solution in an ice bath ( 0- =
50 7 Dried at 60°C
(NH4)2S:20s | BER ‘ — . for 12hrs.
(APS) 1M HCI Solvent (50 mL)
' ' PANI Powder
1
=S NH2 .
w8 ompson L ﬂ ) 4}_'*]
IMHCI L arlx
Aniline 0-5°C)

Figure 3.3: Synthesis process of polyaniline (PANI) polymer.

3.2.5 Synthesis of SnO,/BisNb3;O5 Nanocomposites

An ultrasonication assisted method is employed to synthesize the SnO,/BisNb3O15 nanocom-
posite. Initially, 0.5 g of SnO; is dispersed in 50 mL of distilled water and stirred for 10 min-
utes to achieve uniform dispersion. Subsequently, 0.5 g of BisNb3Ojs is added to the mixture,
followed by ultrasonic treatment for 2 hrs to enhance mixing and interaction between the com-
ponents. The resulting colloidal suspension is then filtered and repeatedly washed by distilled
water and followed by ethanol to eliminate impurities. Finally, the suspension is dried in an

oven at 80°C for 12 hrs to obtain the nanocomposite.

3.2.6 Synthesis of SnO,/PANI Nanocomposites

The SnO,/PANI composites were synthesized using an ultrasonication-assisted method. Various
amounts of SnO; (0.45g, 0.40g, 0.35g) and PANI (0.05g, 0.1g, 0.15g) were used in the com-
posite formation. Initially, 0.45g of SnO; and 0.05g of PANI were taken from the synthesized
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sample. Each component was separately dispersed in 50 mL of deionized water and processed
through sonication for lhr to achieve complete dispersion. Afterward, the mixtures of SnO; and
PANI were combined under stirring and continuously heated to promote solvent evaporation.
Once the solvent had fully evaporated, the composite was dried for 12 hrs in an oven at 70°C.
The dried samples were then ground using an agate mortar, resulting in the SnO,/PANI sample,
which was labeled SnO2/PANI-10%. The other SnO,/PANI nanocomposites were synthesized
as the same procedure with SnO2/PANI-10%. The samples mixed with varying mass ratios of
PANI were designated as SnO,/PANI-X, where X representing the proportion of PANI in the
sample SnO,/PANI-10, SnO,/PANI-20 and SnO,/PANI-30. The PANI content in SnO,/PANI-
10, SnO,/PANI-20, and SnO,/PANI-30 were calculated to be 10wt%, 20wt%, and 30wt%, re-
spectively.

3.2.7 Synthesis of BisNb3;O;s/ PANI (BNO/PANI) Nanocomposites

The BNO/PANI composites were prepared via an ultrasonication process as illustrated in Fig.
3.4. The BNO/PANI nanocomposites were constituted using varying BNO-to-PANI mass ratios

of 9:1, 8:2, and 7:3, corresponding to total masses of 0.5 g for each combination.

- 50 mLL 7
BNO PANI
045 g 005 g

] Oven dried at
Separately Sonicated for 1 hour Mix under stirring 20°C for 12 hrs

conditions

BNO/PANI-10%

Figure 3.4: Schematic illustrations of steps for preparation of BNO/PANI-10% nanocompos-
ites.

Initially, 0.45 g of BNO and 0.05 g of PANI were utilized from the synthesized sample. They
were individually dispersed in 50 mL of deionized water and subjected to sonication for 1 hour

to ensure complete dispersion. Subsequently, the suspensions containing BNO and PANI were
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mixed under stirring and heated continuously to facilitate solvent evaporation. Once the solvent
had completely evaporated, the composite was dried overnight in an oven at 70°C. The dried
samples were then ground in an agate mortar, and the resulting BNO/PANI sample was des-
ignated as BNO/PANI-10%. The same procedure was used for the synthesis of both 20% and
30% addition of PANI in the BNO nanoparticle. Then, the samples prepared with different mass
ratios of PANI were labelled as BNO/PANI-10, BNO/PANI-20, and BNO/PANI-30. The con-
tent of PANI in BNO/PANI-10, BNO/PANI-20, and BNO/PANI-30 was calculated as 10wt%,
20wt%, and 30wt%, respectively.

3.2.8 Synthesis of SnO,/BNO/PANI Nanocomposites

The SnO>/BNO/PANI composites were synthesized using ultra-sonication assisted technique.
First, 0.5 g of SnO,, 0.4 g of BNO, and 0.1 g of PANI were separately dispersed in 50 mL of
deionized water and sonicated for 1 hr to accelerate full dispersion. SnO,, BNO, and PANI sus-
pensions were combined while being stirred, and the mixture was heated constantly to accelerate
the evaporation of the solvent. After the solvent had evaporated completely, the composite was
placed in an oven to dry. An agate mortar was used to grind the dried samples into a uniform
SnO,/BNO/PANI nanocomposite.

3.2.9 Preparation of Electrode Materials

The formulation and mixing processes were critical for achieving optimal performance while
producing working electrodes for supercapacitor applications. The working electrodes were
created using a precisely tuned composition that included 80% active material, 10% polyvinyli-
dene fluoride (PVDF) binder, and 10% carbon black. N-methyl-2-pyrrolidone (NMP) was uti-
lized as the solvent to generate homogenous slurry, which was subsequently coated onto a piece
of stainless steel using the doctor blade technique and dried in an oven at 80°C overnight (see
Fig. 3.5) (Srivastava et al., 2025). In the three-electrode configuration, the working electrode

was prepared with an effective active mass for all electrodes was approximately 3 mg.

The asymmetric supercapacitor (ASC) devices were assembled in a Swagelok cell configuration
as a two-electrode system, using the working electrodes as the positive electrode and activated
carbon (AC) as the negative electrode, with 1 M H,SO4 used as the electrolyte, as shown in Fig.
3.6.

3.3 Characterizations

The structural and physicochemical properties of the synthesized nanoparticles were compre-

hensively investigated using a various characterization techniques, including XRD, SEM, EDX,
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Figure 3.5: Schematic illustrations of steps for electrode materials preparation and three elec-
trode setups.
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Figure 3.6: Two-electrode setup using a swagelok cell configuration.

TEM, and FTIR. Structural analysis and crystallite size determination were carried out using a
DW-XRD-2700A diffractometer (Drawell, China), operated at 40 kV and 30 mA, with Cu-Ko
radiation (A = 0.154 nm) as the X-ray source. The chemical bonding and functional groups

present in the samples were analysed by employing a 4600 type-A Fourier transform (FTIR)
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instrument (Perkin Elmer,USA), FTIR spectroscopy is a versitle non-destructive technique used
to identify functional groups present in the synthesized nanomaterials in the spectra range of
4000-400 cm™!. Scanning electron microscope-Energy dispersive X-ray spectroscopy (JEOL,
Japan) was used for morphology and elemental composition analysis. A scanning electron mi-
croscop (SEM) was used for high-resolution imaging of surfaces to determine the morphology
of samples. A single-beam UV-visible spectrophotometer (UV-vis, V-770, Chana) was used to

determine the optical properties of the samples.

The electrochemical performance was evaluated using a Biologic VSP 300 Potentiostat (Bio-
Logic Science Instruments, France). The electrochemical performance of the synthesized ma-
terials was initially evaluated using a standard three-electrode setup. In this configuration, an
Ag/AgCl electrode was used as the reference electrode, while a Pt wire functioned as the counter
electrode. The working electrodes were fabricated by coating the synthesized materials onto
stainless steel substrates using a doctor blade technique to ensure good electrical contact and
mechanical stability. A 1 M H;SO4 aqueous solution was employed as the electrolyte due to
its high ionic conductivity and compatibility with acidic systems. cyclic voltammetry (CV) and
galvanostatic charge—discharge (GCD) techniques were used to assess charge storage capac-
ity, efficiency, redox behavior, and electrochemical kinetics.The electrochemical measurements
were conducted within a suitable potential window of 0 to 0.9 V versus Ag/AgCl, selected to
prevent electrolyte decomposition and ensure stable redox behavior of the electrode materials.
Electrochemical impedance spectroscopy (EIS) was also conducted to evaluate the resistance
and capacitive behavior, offering a comprehensive understanding of the material’s electrochem-

ical properties.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 X-ray Diffraction (XRD) Result Analysis

X-ray diffraction (XRD) analysis was conducted to determine the phase structure, crystallinity,
and average crystallite size of the synthesized nanomaterials, including pure SnO,, BNO, PANI,
as well as their binary and ternary nanocomposites. The XRD pattern of SnO, exhibited promi-
nent diffraction peaks at 26 values of 26.6°, 34.2°, 37.9°, 51.8°, 54.8°, 62°, and 66.2°, corre-
sponding to specific Miller indices of (110), (101), (200), (211), (220), (310), and (301), respec-
tively, as shown in Fig. 4.1 (a). These reflections confirm the tetragonal rutile structure of SnO;,
matching the standard card (JCPDS# 01-077-0447), with lattice constants a = b = 4.736 A and
¢ =3.185 A in the P4,/mnm space group. The crystallite sizes were determined using Eq.2.18.
The relatively broad diffraction peaks confirm the nanocrystalline nature of the material, and the
average crystallite size of SnO, was calculated to be 11.10 nm, as summarized in Table 4.1. The
lattice parameters calculated using Eq. 2.20, were a =b = 4.679 A, and ¢ = 3.145A, which are
in good agreement with the standard JCPDS values.

The XRD pattern of pure PANI exhibited a broad, low-intensity peak centered on 26 = 23-
25.5°, confirming its amorphous nature as shown in Fig. 4.1(b) below. This observation is in
agreement with previously reported results in the literature (Vadiraj & Belagali, 2015). The
absence of sharp diffraction features indicates that PANI does not form well-ordered crystalline

domains.

Table 4.1: The crystallite size and d-spacing of SnO; nanoparticles were calculated from the
XRD data.

Sample 20 (°) hkl FWHM (rad) K A(A) d-spacing (JCPDS card) (A) d=2A/2sin®(A) D (nm) Average D (nm)

266 110  0.017485 09 1.54 3.34872 3.282 8.15
342 101 0.015425 09 1.54 2.64295 2.610 9.40
SnO, 379 200 0.019558 09 1.54 2.3679 2.336 7.50 11.10
51.8 211 0.007992 09 1.54 1.76361 1.747 19.32
54.8 220 0.01591 09 1.54 1.67436 1.662 9.83
62.0 310 0.013064 09 154 1.49759 1.487 12.40

The binary nanocomposites, SnO>/PANI with varying PANI weight percentages (10%, 20%,

and 30%), displayed noticeable changes in their diffraction patterns as shown in Fig. 4.1(c-e).
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While the primary peaks of SnO, were still visible, their intensity decreased, and the peaks
became broader as the PANI content increased. No new diffraction peaks associated with PANI
appeared, reaffirming its amorphous character within the composite. This suppression of peak
intensity and broadening is attributed to the PANI coating on SnO, nanoparticles, which limits
crystal growth. The calculated crystallite sizes for SnO,/PANI nanocomposites were 7.55 nm for
10% PANI, 6.3 nm for 20% PANI, and 4.9 nm for 30% PANI, suggesting that the incorporation
of PANI inhibits the crystallization of SnO, and promotes better nanoscale dispersion.

The XRD pattern of BNO showed sharp and intense peaks at the 20 values of 12.6°, 25.87°,
29.36°, 32.52°, 33.48°, 36.5°, 41.03°, 46.9°, 49.74°, 54.16°, 55.16°, 58.68°, and 68.21° cor-
respond to the (300), (111), (411), (020), (002), (800) (502), (022), (802), (431), (413), (822),
and (004) crystallographic planes, respectively, and agree to the orthorhombic phase of BNO as
shown in Fig. 4.1(f). These results are consistent with the standard card of (JCPDS No0.98-011-
3875), with lattice a = 21.011 A, b = 5.4630 A, and ¢ = 5.4730 A in the pnc2/30 space group,
demonstrating the high crystallinity of the sample. The average crystallite size of pristine BNO
was found to be 25.85 nm as shown in Table 4.2. By using Eq. 2.21, the orthorhombic crystal
structure of BNO lattice parameters are calculated, and its values are a = 21.10 A, b=550A,
and ¢ = 5.34 A, which well matches with JCPDS file.

The binary composites (BNO/PANI) with PANI content of 10%, 20%, and 30%, the XRD
patterns showed that the overall crystalline structure of BNO was maintained, as shown Fig.
4.1(g-1). However, with increasing PANI content, the diffraction peaks became slightly broader,
reduced in intensity, and shifted slightly to lower angles. These changes indicate that PANI is
well integrated into the BNO matrix without altering its fundamental structure. The calculated
crystallite sizes for the BNO/PANI composites were 26.43 nm, 23.17 nm, and 19.07 nm for
10%, 20%, and 30% PANI loadings, respectively. This trend suggests that the incorporation of
PANI exerts a two-stage influence on the crystallinity of BNO. At a low PANI content (10%), the
slight increase in crystallite size may be attributed to a surface stabilizing effect, where in PANI
helps regulate crystal growth by suppressing unwanted nucleation events. However, as the PANI
concentration increases to 20% and 30%, its amorphous and polymeric nature appears to hinder
further crystallite growth. The expanded polymer matrix likely interferes with the crystallization

process through spatial confinement, leading to a progressive reduction in particle size.
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Figure 4.1: XRD patterns of (a) SnO;, (b) PANI, (c) SnO,/PANI-10%, (d) SnO,/PANI-20%, (e)
SnO,/PANI-30%, and (f) BNO, (g) BNO/PANI-10%, (h) BNO/PANI-20%, and (i) BNO/PANI-
30%.

Table 4.2: The average crystallite size and d-spacing of BNO nanoparticles were calculated
from the XRD data

Sample 20 (°) hkI K A (A) FWHM (rad) D (nm)=0.9M(Bcos®) d-spacing (JCPDS card)(A) d (A)=2A/2sin® Average D (nm)

2936 411 09 1.54 0.007824 18.31 3.11 3.04
3252 020 09 1.54 0.004827 29.90 2.736 2.75
3348 002 09 154 0.005978 24.21 2.732 2.67
41.03 502 09 1.54 0.005045 29.32 2.29 2.20
46.90 022 09 154 0.004818 31.33 1.93 1.94
BNO 25.85
49.74 802 09 154 0.006177 24.72 1.89 1.83
54.16 431 09 154 0.006041 25.76 1.464 1.69
55.16 413 09 1.54 0.00673 23.23 1.441 1.66
58.68 822 09 154 0.00595 26.72 1.556 1.57

The XRD pattern of the binary SnO,/BNO composite exhibited distinct diffraction peaks cor-
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responding to both SnO; and BNO phases, confirming the successful formation of a composite
material, as shown in Fig. 4.2(d). All the characteristic peaks of pure SnO, and BNO were
present in the SnO,/BNO pattern, indicating that the structural integrity of each component was
retained after composite formation. This also suggests a good combination between SnO; and

BNO without the formation of any new impurity phases.

The ternary SnO,/BNO/PANI composite showed a diffraction pattern containing features from
both SnO; and BNO, while the broad amorphous peak associated with PANI remained centered
on 26 ~ 23 —25.5°. In this sample, the characteristic peaks of SnO, and BNO were still present
but significantly reduced in intensity and slightly broadened, indicating strong interfacial inter-

actions between the three components as shown in Fig. 4.2(e).

©
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Figure 4.2: XRD of (a) PANI, (b) SnO;, (c) BNO, (d) SnO2/BNO, and (e) SnO2/BNO/PANI
Nanoparticles

The absence of new peaks and the shift in existing ones suggest a well-integrated compos-
ite structure without the formation of new crystalline phases. The average crystallite sizes for
SnO,/BNO and SnO,/BNO/PANI composites were calculated to be 20.38 nm and 14.32 nm,
respectively. The ternary composite exhibited an intermediate crystallite size compared to its
individual and binary counterparts, reflecting a balance between crystallinity and structural inte-

gration. This suggests a synergistic effect in which PANI serves as a flexible, amorphous matrix
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that stabilizes metal oxide nanoparticles, optimizing both surface area and particle dispersion.

4.2 FT-IR Spectra Analysis

Fourier-transform infrared (FT-IR) spectroscopy was employed to examine the functional groups
that are present in pristine SnO,, BNO, PANI, as well as their binary and ternary nanocompos-
ites. The spectra confirmed the successful synthesis of each component and the integration of
individual phases in the composite systems, as presented in Fig. 4.3 and 4.4. The FT-IR spec-
trum of SnO; displayed two prominent absorption bands, and a strong peak at approximately
628 cm™!, corresponding to Sn-O-Sn stretching vibrations, and a broad peak around 3500 cm ™!,
attributed to the O-H stretching and bending vibration which is due to the re-adsorption of water
from the ambient atmosphere, as shown in Fig. 4.3(a). These features are consistent with typical

metal oxygen bonding patterns in SnO; nanoparticles (Chetri & Choudhury, 2013).

The FT-IR spectrum of pure PANI confirmed the successful polymerization of aniline into its
emeraldine salt form through the presence of several characteristic absorption bands. Prominent
peaks were observed at 1638 cm ~! and 1538 cm™!, corresponding to C=C stretching vibrations
of quinoid and benzenoid rings, respectively as shown in Fig. 4.3(a,b). These peaks are in-
dicative of the polymer’s redox activity and structural regularity. An additional absorption peak
appeared at 1290 cm~! and 1125 cm™!, which are attributed to the C-N stretching amine group
and C-H bending of quinoid and benzenoid rings respectively (Gospodinova & Terlemezyan,
1998; Sanches et al., 2015). O-H stretching at 3500 cm~ !, C-H stretching at 2350 cm —1 and
C = N stretching at 2109 cm~! were among the additional notable peaks in the spectra that
were indicative of PANI. The N=Q=N stretching vibration detected at 1117 cm~! is particularly
significant since it indicates that PANI is in its emeraldine oxidation state, which is the most
conductive form of the polymer (Laska et al., 2002; Roy et al., 2020).

In the FTIR spectra of SnO,/PANI-X nanocomposites, all the major characteristic vibrational
bands of PANI were still clearly visible, indicating that the introduction of SnO; did not affect
the basic functional groups of the polymer, as shown in Fig. 4.3(a). This retention of bands
confirms that the composite formation was successful without affecting the typical functional

groups in PANIL.

The FT-IR analysis of BNO, synthesized using V. Amygdalina plant extract, shown distinct spec-
tral features. The presence of metal-oxygen bonding was confirmed by a peak at 635 cm™!, cor-
responding to Bi—O and Nb-O stretching vibrations, indicating the metal-oxide network char-
acteristic of the BNO structure. Additionally, peaks observed at 2350 cm™~! and 2096 cm™~! are
attributed to C—H and C=N stretching vibrations, respectively, as shown in Fig. 4.3(b), which

was also appear in SnO; nanoparticle. These features are likely due to the incorporation of
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organic residues from the plant extract, suggesting that some phytochemical components were

retained during the synthesis process.
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Figure 4.3: FT-IR of (a) PANI, SnO,, and SnO,/PANI-X, and (b) PANI, BNO, and BNO/PANI-
X Nanoparticles

In the BNO/PANI binary nanocomposites, the FT-IR spectra confirmed the coexistence of char-
acteristic features from both BNO and PANI, indicating successful integration of the two materi-
als, as shown in Fig. 4.3(b). The presence of absorption bands corresponding to O-H stretching,
C-H stretching, C = N stretching, quinoid and benzenoid C=C vibrations, and N=Q=N stretch-
ing collectively confirms the incorporation of PANI within the composite.

In the SnO,/BNO, the FT-1R spectra shows the presences of characteristic peaks from both SnO,

and BNO, as shown in Fig. 4.4, indicating the successful integration of both materials.

The ternary SnO,/BNO/PANI nanocomposite spectrum displayed all the characteristic peaks
associated with each component, confirming their successful integration into a single material
as shown in Fig. 4.4. However, peak broadening were observed in comparison to the pristine

components, which suggest strong interfacial interactions and effective blending at the molecu-
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Figure 4.4: FT-IR of PANI, SnO,, BNO, SnO,/BNO, and SnO,/BNO/PANI Nanoparticles

lar level. Therefore, the successful syntheses of both binary and ternary nanocomposites, as well

as the formation of strong intermolecular interactions, were confirmed by the FT-IR analysis.

4.3 Scanning Electron Microscopy (SEM) Analysis

4.3.1 SEM Analysis SnO;, PANI, Binary Composites (SnO,/PANI-X)

The morphology of the synthesized samples was analyzed using SEM in the range of micromet-
ric sizes. Figure 4.5 (a-e) displays SEM images of the pristine PANI, SnO;, and SnO,/PANI-X
(X' =10 wt.%, 20 wt.%, and 30 wt. %) composite materials. The SEM image of pristine PANI,
shown in Fig. 4.5 (a), illustrates a cauliflower-like granular morphology, which is the character-
istic form of PANI synthesized in acidic aqueous media (Jia & Zhang, 2016). The pristine SnO»
demonstrates a clustered nanorod-like morphplogy as shown in Fig. 4.5 (b), and upon incorpo-
rating PANI into the SnO; nanoparticle, a mixture of both granular and nanorod morphologies

can be seen in the composite, as illustrated in Fig. 4.5 (c-e).
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Figure 4.5: SEM image of (a) PANI, (b) SnO,, (c) SnO2/PANI-10%, (d) SnO2/PANI-20%, (e)
SnO,/PANI-30%.

4.3.2 SEM Analysis of BNO and BNO/PANI-X Nanocomposites

SEM images of pristine BNO and BNO/PANI-X composite materials are shown in Fig. 4.6
(a-d). The pristine BNO exhibits agglomerated nanorod-like morphology (Fig. 4.6 (a)), and
with the introduction of PANI into the BNO matrix, a combination of both granular and nanorod
structures is observed in the composite, as depicted in Fig. 4.6 (b-d). As the PANI content
increases from 10 wt% to 30 wt%, the composite displays a more pronounced granular mor-
phology, indicating the well-distribution of PANI within the composite, as shown in Fig. 4.6
(b-d).
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Figure 4.6: SEM image of (a) BNO, (b) BNO/PANI-10%, (c) BNO/PANI-20%, (d) BNO/PANI-
30%.

4.3.3 SEM Analysis of Binary (SnO,/BNO), and Ternary (SnO,/BNO/PANI)

Nanocomposites

The binary SnO2/BNO nanocomposite exhibits a well-integrated structure, as illustrated in
Fig. 4.7 (a). In this image, nanorod-shaped SnO; particles are visible alongside agglomer-
ated nanorod bundles of BNO, indicating successful combination and uniform dispersion of

both components within the composite matrix.

The ternary SnO,/BNO/PANI nanocomposite (Fig. 4.7(b)) demonstrates a well-integrated struc-
ture, where the granular PANI, SnO, nanorods, and BNO nanorods are uniformly distributed.
This homogeneous dispersion indicates effective synthesis, suggesting strong interfacial interac-
tions among the components. The preserved morphologies of the individual materials within the
composite highlight its structural integrity, which is crucial for potential applications requiring

synergistic properties.
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Figure 4.7: SEM image of (a) SnO,/BNO, (b) SnO,/BNO/PANI of nanocomposites

4.4 Energy Dispersive X-ray (EDX) Analysis

4.4.1 EDX Analysis of PANI, SnO,, and SnO,/PANI-X Nanoparticles

The elemental composition and distribution of elements in the samples were analyzed using
energy-dispersive X-ray (EDX) analysis. In Fig. 4.8 (a), the EDX spectrum on the PANI sample
is shown, with carbon as the dominant element (55.14,wt%, 71.54 At%), confirming the carbon
rich aromatic backbone of the polymer. A substantial nitrogen content (14.41wt%, 16.88At%)
verifies the presence of imine (=N-) and amine (-NH-) groups integral to the PANI chain. Oxy-
gen (8.00wt%, 7.18At%) is consistent with partial oxidation or adsorbed moisture, suggesting
the polymer exists predominantly in the conductive emeraldine state. The pronounced chlorine
signal (16.37wt%, 3.03At%) indicates incorporation of chloride counter ions introduced by hy-
drochloric acid during oxidative polymerization, while the sulfur detected (6.08wt%, 1.36At%)
is attributed to residual sulfate species originating from APS, the common oxidant employed in
PANI synthesis. Collectively, these elemental compositions confirm successful fabrication of

partially oxidized PANI in its emeraldine salt form, well suited for electrochemical applications.

Tin (Sn) was the most prevalent element, contributing 88.79Wt% and 51.26At% of the SnO,
nanoparticles synthesized from Vernonia amygdalina leaf extract, according to EDX spectra
as shown in Fig. 4.8 (b). The high tin content demonstrates the formation of Sn-based oxide
structures. Findings of oxygen at 10.02Wt% and 42.92At% provide confidence in the idea that
SnO; is nearly stoichiometric. The oxide has successfully formed since the atomic ratio of tin to
oxygen is extremely close to the optimal 1:2 ratio. However, surface effects or partial reduction

may cause slight variations. Additionally, a trace amount of nitrogen (1.19Wt%, 5.82At%) was
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appeared, most likely from phytochemicals in the plant extract that contained it.

The EDX results for the SnO,/PANI-X composites, illustrated in Fig. 4.8(c-e), confirm that
all elements from both PANI and SnO; are uniformly distributed across the surface of the
nanocomposite, indicating successful integration of PANI into the composite. The analysis of
the SnO,/PANI-10% nanocomposite using EDX showed that Sn was the most common ele-
ment, making up 89.22wt% and 52.45At%, which confirms that SnO is still the main phase in
the composite, as shown in Fig. 4.8 (c). There were 10.35wt% and 45.14At% O, which helps
the SnO; develop. There were also small amounts of C (0.32wt%, 1.86At%) and N (0.11wt%,
0.55At%) that were likely observed. This shows that 10% PANI was successfully added to the

SnO, matrix.

The SnO,/PANI-20% nanocomposite’s EDX showed a significant rise in the signals for C and
N, indicating that a higher PANI content had been successfully incorporated into the composite
matrix, as illustrated in Fig. 4.8 (d). In particular, N and C were found at 3.07 wt% (10.82 At %)
and 4.07 wt% (16.70 At%), respectively, to be significantly higher than in the 10% PANI-loaded
sample, suggesting a higher level of the organic polymer. At 79.57 wt% (33.09 At%), Sn was
still the most abundant element, indicating that SnO; is still the main structural and functional
phase in the nanocomposite. In agreement with the formation of the SnO, oxide lattice, oxygen
was also present at 12.78 wt% (39.39 At%). The progressive surface coverage and integration
of PANI as its loading increases is reflected in the decrease in Sn and the corresponding increase
in C and N.

The EDX analysis of the SnO,/PANI-30% nanocomposite showed that the amount of C and N
increased significantly (Fig. 4.8(e)). Carbon (C) was found at 15.43 wt% (45.16 At%) and N
at 5.43 wt% (13.62 At %). These numbers show that more PANI was successfully added to
the composite structure, making the organic part more important on the surface. The amount of
Sn decreased to 59.11 wt% (17.49 At%) compared to lower PANI loadings, which is because
the polymer matrix was covering more SnO; particles. Oxygen (O) was found at 13.97 wt%
(15.33 At%), which is consistent with the oxide framework of SnO,, but its atomic proportion
is lower because more C and N atoms from PANI are present. Furthermore, the presence of
chemical groups related to the synthesis process, possibly originating from APS and HCI, which

are frequently used as oxidizing agents during PANI polymerization.
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Figure 4.8: EDX pattern of a) PANI, b) SnO3, ¢) SnO2/PANI-10%, d) SnO,/PANI-20%, and e)
SnO,/PANI-30% Nanoparticles .

4.4.2 EDX Analysis of BNO, BNO/PANI-X Nanoparticles

The elemental composition and spatial distribution of elements within the samples were exam-
ined using EDX analysis. In Fig. 4.9 (a), the elemental composition of BNO shows the presence
of all expected elements with no detectable impurities. The EDX results for the BNO/PANI-X
composites, illustrated in Fig. 4.9 (b-d), confirm that all elements from both PANI and BNO are
uniformly distributed across the surface of the nanocomposite, indicating successful integration
of PANI into the composite.
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Figure 4.9: a) EDX pattern of a) BNO, b) BNO/PANI-10%, c) BNO/PANI-20%, and d)
BNO/PANI-30%.

4.4.3 EDX Analysis of SnO,/BNO and SnO,/BNO/PANI Nanocomposites

The existence of all constituent elements is confirmed by the EDX analysis of the SnO,/BNO
nanocomposite, which shows distinct peaks for O (12.28 wt%), Nb (7.11wt%), Sn (52.80wt%),
and Bi (27.81wt%) as shown in Fig. 4.10. While the total Bi and Nb levels match the anticipated
Bi:Nb ratio for the BisNb3O;5 (BNO) phase, suggesting that its layered perovskite framework
is retained in the composite, the prominent Sn signal represents the significant contribution of
SnO;. Complete oxidation of the metallic species is further supported by the measured oxygen
content, which comes from both oxides. Importantly, as shown in Fig. 4.10 (a), the spec-
trum shows no extra peaks, indicating that the synthesis technique created a chemically pure

nanocomposite free from observable impurities.

The presence of C (12.17wt%), N (2.73wt%), O (12.07wt%), Nb (9.72wt%), Sn (41.73wt%),
and Bi (21.58wt%) was confirmed by EDX analysis of the SnO,/BNO/PANI ternary nanocom-
posite, as shown in Fig. 4.10 (b). While the presence of Nb and Bi validates the inclusion of
the BNO phase, the detection of C and N shows that the PANI polymer was successfully in-
corporated. The substantial amount of SnO; in the composite is reflected in Sn, which is the

dominating element. The oxygen (O) content is in line with each component’s oxide nature. No
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additional impurity elements were observed, confirming the purity and successful synthesis of

the targeted ternary nanocomposite as illustrated in Fig. 4.10 (b).
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Figure 4.10: EDX pattern of a) SnO,/BNO, and b) SnO,/BNO/PANI nanocoposite.

4.5 Transmission Electron Microscopy (TEM) Analysis

Additional analyses were carried out using Transmission Electron Microscopy (TEM) and High-
Resolution Transmission Electron Microscopy (HR-TEM) to obtain a better understanding of
the internal structure and morphology. Using these methods, the individual SnO,, BNO, and
PANI nanoparticles, as well as their binary (SnO2/BNO, SnO,/PANI, BNO/PANI) and ternary
(SnO,/BNO/PANI) nanocomposites, were examined for their specific microstructural charac-
teristics, crystallinity, lattice fringes, atomic-scale orientations, and particle sizes. Critical infor-
mation about the creation of the composite and material synergy at the nanoscale was obtained
by using high-resolution imaging to identify particle size distributions and structural integration

between the constituents.

4.5.1 TEM Analysis of PANI, SnO,, and SnO,/PANI-X Nanoparticles

Figure 4.11 (a, b) illustrates the distinct morphologies of the individual components, with (a)
showing the network-like structure of PANI and (b) displaying the spherical-like morphology
of SnO, nanoparticles. In Figures 4.11 (d) and 4.12 (a3), 4.13 (b3), and 4.14 (c3), the selected
area electron diffraction (SAED) patterns exhibit well-defined diffraction rings with bright spots
for SnO7, SnO2/PANI-10%, SnO,>/PANI-20%, and SnO,/PANI-30%, respectively. These con-
centric rings are characteristic of a polycrystalline structure, confirming the high crystallinity of
both the pristine SnO, nanoparticles and the SnO,/PANI nanocomposites with 10%, 20%, and
30% PANI content. These observations are in strong agreement with the XRD analysis results.
Specifically, the SAED pattern of pure SnO, shows five prominent diffraction rings correspond-
ing to interplanar spacings (d-values) of 0.330, 0.256, 0.221, 0.170, and 0.142 nm. These match
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the (110), (101), (200), (211), and (310) crystal planes of SnO;, respectively, as indicated in Fig.
4.11 (d).

lattice fringe |
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Figure 4.11: TEM image of (a) PANI, (b) SnO,, (c) HR-TEM image of SnO», (d) SAED image
of SnO,, and (e) Average particle size distribution of SnO;.

The interplanar d-spacing values of the continuous lattice fringes were measured to be approx-
imately 0.314, 0.268, and 0.225 nm, which correspond to the (110), (101), and (200) atomic

planes in the SnO, nanoparticle, as shown in Fig. 4.11 (c).

Furthermore, in the SnO,/PANI-10% nanocomposite, five distinct bright rings were observed,
corresponding to interplanar spacing (d) values of 0.303, 0.262, 0.232, 0.173, and 0.143 nm,
representing the (110), (101), (200), (211), and (310) planes of SnO, as shown in Fig. 4.12
(a3). This indicates that the nanocomposite maintains the crystalline structure of SnO; after the
addition of PANIL.

The interplanar d-spacing values determined from the continuous lattice fringes are shown in
Fig. 4.12 (a2), 4.13 (b2), and 4.14 (c2) to be approximately 0.344, 0.338 and 0.338 nm for
the (110) planes, and 0.258, 0.278, and 0.263 nm for the (101) planes in the SnO,/PANI-10%,
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SnO,/PANI-20%, and SnO,/PANI-30% nanocomposites, respectively. The slight differences
in d-spacing among these composites, although originating from the same atomic plane, are

attributed to the varying amounts of PANI.
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Figure 4.12: TEM image of (al) SnO,/PANI-10% at high resolution, (a2) TEM image with
inset of HR-TEM; (a3) SEAD image, and (a4) particle size distribution of SnO,/PANI-10%
nanocomposite.

Furthermore, the SAED pattern of the SnO,/PANI-20% nanocomposite shows four distinct
bright diffraction rings with interplanar spacing (d) values of 0.332, 0.259, 0.172, and 0.143
nm, which can be indexed to the (110), (101), (211), and (310) crystallographic planes of SnO»,
respectively (Fig. 4.13 (b3)). This confirms that the crystalline structure of SnO; remains well-
preserved after the incorporation of PANI. Similarly, the SnO,/PANI-30% nanocomposite shows
four clear diffraction rings with d-spacing values of 0.318, 0.259, 0.175, and 0.145 nm, corre-
sponding to the same (110), (101), (211), and (310) planes, as shown in Fig. 4.14(c3).

Figure 4.11 (e) and Fig. 4.12 (a4), 4.13 (b4), and 4.14 (c4) illustrate the particle size distribution
curves of SnO, NPs, SnO,/PANI-10%, SnO,/PANI-20%, and SnO,/PANI-30% nanocompos-
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Figure 4.13: TEM image of (bl) SnO,/PANI-20% at high resolution, (b2) TEM image with
inset of HR-TEM; (b3) SEAD image, and (b4) particle size distribution of SnO,/PANI-20%
nanocomposite.

ites respectively. These curves indicate that the majority of nanoparticles fall within the size
range of 12-14 nm for SnO;, SnO,/PANI-10%, and also 10-12 nm for both SnO,/PANI-20%
and SnO,/PANI-30% nanocomposites. The particle sizes of SnO;, SnO>/PANI-X nanocom-
posites are 12.84, 13.35, 11.28, and 10.96 nm for SnO;, SnO2/PANI-10%, SnO,/PANI-20%,
and SnO,PANI-30%, respectively, with standard deviations ranging from 2.09 to 3.50 nm. The
SnO,/PANI-10% composite has the largest particle size, possibly due to increased aggregation,
while SnO,/PANI-30% shows the smallest particle size, indicating better dispersion. The rela-
tively low standard deviations suggest uniform particle distributions, with slight variations due
to differing PANI contents.

4.5.2 TEM Analysis of BNO and BNO/PANI-X Nanoparticles

Further analysis using TEM and HR-TEM was carried out to examine the intricate microstruc-
ture, crystalline characteristics, and atom orientation of BNO and BNO/PANI-X nanocompos-
ites. The TEM image of the layered nanorod crystalline structure of BNO is shown in Fig.
4.15(a). The HR-TEM image as shown in Fig. 4.15 (a), 4.16 (al, a2),4.17 (b1, b2), and 4.18 (c1,

c2) clearly shows that the nanocomposites are mixed layered aurivillius-phase perovskite struc-
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Figure 4.14: TEM image of (c1) SnO,/PANI-30% at high resolution, (c2) TEM image with
inset of HR-TEM; (c3) SEAD image, and (c4) particle size distribution of SnO,/PANI-30%
nanocomposite.

ture, with a significant predominance of BNO, which can be represented by [BioO2] + [NbO4]
+ [Bi» O3] + [BiNbyO7] (Guo et al., 2011), of BNO, BNO/PANI-10%, BNO/PANI-20%, and
BNO/PANI-30%, respectively.

In Fig. 4.15 (c) and Fig. 4.16 (a4), 4.17 (b4), and 4.18(c4), the SAED patterns show clear elec-
tron diffraction rings with bright spots, indicating that the BNO, BNO/PANI-10%, BNO/PANI-
20%, and BNO/PANI-30% nanocomposites have a high level of crystallinity (polycrystalline),
which is consistent with the results of the XRD analysis. The continuous lattice fringes were
measured to have interplanar d-spacing values as shown in Fig. 4.15 (b) of approximately 0.355,
0.309, and 0.722 nm, corresponding to the (111), (411), and (300) atomic planes in the BNO
nanoparticle, respectively. Specifically, in the BNO nanoparticle, six distinct bright rings corre-
sponding to interplanar spacing (d) values of 3.52, 2.94, 2.68, 2.59, 1.87, and 1.65 A, represent-
ing the (111), (411), (002), (800), (022), and (413) planes, respectively are observed, as shown in
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Figure 4.15: TEM image of (a) BNO, (b) HR-TEM image of BNO, (¢c) SAED image of BNO,
and (d) Average particle size distribution of BNO.

Fig. 4.15(c). Additionally, in the BNO/PANI-10% sample, six distinct bright rings correspond-
ing to interplanar spacing (d) values of 3.50, 2.70, 2.25, 1.95, 1.67, and 1.55 A, representing the
(111), (002), (502), (022), (413), and (822) planes of BNO, respectively are obvious, as shown

in Fig. 4.16(a4). This suggests that the nanocomposite retains the crystalline structure of BNO
even after the incorporation of PANI.

The continuous lattice fringes were measured to have interplanar d-spacing values as shown in
Fig. 4.16(a3), 4.17(b3), 4.18(c3) of approximately 0.345, 0.351, and 0.340 nm, corresponding to
the (111) atomic plane in the BNO/PANI-10%, BNO/PANI-20%, and BNO/PANI-30% samples,
respectively. The variation in d-spacing across these composites, despite being from the same
atomic plane, is attributed to the differing percentage of PANI.

The particle size distribution curves as shown in Fig. 4.15 (d) and Fig.4.16 (a5), 4.17 (bS), and

60



Average Particle size =36.96 nm
SD=15.64

Frequency
= — =] e 'S un -3 -~ w L]

0 10 20 30 40 50 60 70 80
Length (nm)

Figure 4.16: (al, a2) TEM images, (a3,) HR-TEM image, (a4) SAED image, (a5) Particle size
distribution of BNO/PANI-10% nanocomposite.

4.18 (c5), generated using Image J software, reveal that the majority of nanoparticles fall within
the size ranges of 30-40 nm for BNO, 20-30 nm for BNO/PANI-10%, 40-60 nm for BNO/PANI-
20%, and 30-40 nm for BNO/PANI-30% nanocomposites. The normal distribution fit to these
curves yielded average particle sizes of 31.54, 36.96, 59.69, and 35.73 nm, with corresponding
standard deviations of 9.78, 15.64, 24.83, and 12.92, respectively. These variations in particle
size indicate that the incorporation of PANI influences the growth and aggregation of the parti-
cles within the composites. Specifically, the larger particle size observed in the BNO/PANI-20%
sample suggests more significant aggregation or coalescence, while the relatively smaller sizes
in BNO/PANI-10% and BNO/PANI-30% imply more controlled particle growth, likely due to
different interactions between BNO and different amounts of PANI.

4.5.3 TEM Analysis of SnO,/BNO Nanocomposite

In the SnO>/BNO nanocomposite, the continuous lattice fringes were measured to have inter-
planar d-spacing values at 3.40, 2.73, and 2.64 A, corresponding to the (110), (101), and (002)
planes, respectively, as shown in Fig. 4.19(b). Additionally, SAED patterns shown four distinct
bright rings were observed, corresponding to interplanar spacing (d) values of 0.322, 0.262,
0.217, and 0.168 nm, which are indexed to the (110), (101), (002), and (413) planes, respec-
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Figure 4.17: (b1, b2) TEM images, (b3) HR-TEM images, (b4) SAED images, and (b5) Particle
size distribution of BNO/PANI-20% nanocomposite.
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size distribution of BNO/PANI-30% nanocomposite.
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tively, as shown in Fig. 4.19 (c). These features confirm the coexistence of both SnO, and
BNO phases within the nanocomposite. The slight shifts in the observed d-spacing values in the
composite, relative to those of the pure SnO, and BNO, suggest possible interfacial interactions
between the two components without significant distortion of their crystal structures. Further-
more, particle size distribution analysis, as shown in Fig. 4.19 (d), indicates that the SnO,/BNO
nanocomposite particles predominantly fall within the range of 14-16 nm. A normal distribution

fit yielded a mean particle size of 16.23 nm with a standard deviation of 4.59.
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Figure 4.19: TEM image of (a) SnO,/BNO, (b) HRTEM image of SnO,/BNO, (c¢) SAED image
of SnO,>/BNO, and (d) Average particle size distribution of SnO,/BNO of the nanocomposite
4.5.4 TEM Analysis of SnO,/BNO/PANI Ternary Nanocomposite

As observed in Fig. 4.20(a-d), the SnO,/BNO/PANI ternary nanocomposite was characterized
using TEM and HR-TEM to examine its microstructure, crystalline nature, and atomic orienta-

tion. As shown in Fig. 4.20(a), the ternary nanocomposite retains the morphology of each of the
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individual pristine components, indicating successful integration. The (002) and (110) planes of
BNO and SnO; were recognized as separate lattice fringes with d-spacings of 0.269 and 0.343
nm in the HR-TEM image of the ternary composite, respectively, as shown in Fig. 4.20 (b).
Lattice strain brought on by the addition of BNO and PANI is probably the cause of the minor
differences in these values when compared to those of pure SnO,. However, the retention of
primary SnO; planes suggests that the SnO; crystalline structure is still mostly present in the
composite. Five different diffraction rings are also seen in the selected area electron diffraction
(SAED) pattern (Fig. 4.20(c)), which correspond to interplanar spacings of 0.355, 0.274, 0.229,
0.176, and 0.144 nm. The (111), (002), (502), (211), and (310) atomic planes can all be associ-
ated with these rings, respectively. The coexistence of both phases is confirmed by the presence
of the BNO of (111), (002), and (502) planes as well as the SnO, (211) and (310) planes. This
image illustrates the development of a ternary nanocomposite that is structurally coherent and
well-integrated.
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Figure 4.20: TEM image of (a) SnO/BNO/PANI, (b) HR-TEM image of SnO>/BNO/PANI,
(c) SAED image of SnO,/BNO/PANI, and (d) Average particle size distribution of
SnO,/BNO/PANI of the nanocomposite
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According to TEM investigation, the average particle size of the SnO,/BNO/PANI ternary
nanocomposite is 18.81 nm (see Fig. 4.20 (d). This value falls between the SnO, and BNO
particle sizes of the constituent parts. The ternary composite’s intermediate size indicates that
the various phases were successfully integrated throughout its synthesis, without particle expan-
sion or agglomeration. The PANI matrix may have stabilized the particle growth throughout
synthesis, as evidenced by the decrease in particle size when compared to BNO and the minor
rise when compared to SnO,. Because it provides a balance between surface area and structural

integrity, this moderate particle size is beneficial for different applications.

4.6 Optical Properties

4.6.1 Optical Properties of SnO;, and SnO,/PANI-X Nanocomposites

The UV-Vis absorbance spectra of pure SnO, and SnO,/PANI nanocomposites with varying
PANI contents (10%, 20%, and 30%) reveal a strong absorption in the UV region below 350 nm,
which gradually decreases toward the visible range (400—800 nm), as shown in Fig. 4.21(a). This
characteristic UV absorption corresponds to intrinsic electronic transitions from the valence
to the conduction band in SnO», indicating its wide band gap semiconducting nature. Upon
incorporating PANI, the overall absorbance intensity notably increases, particularly in the visible
region, with the SnO,/PANI-30% composite exhibiting the highest absorbance.

The Eg can be determined by extending the linear section of the curves to the point of zero
absorption (ow = 0) using Eq. 2.22, as shown in Fig. 4.21(b) (Sangiorgi et al., 2017). The
band gap measurements for SnO, and its composites with PANI at different weight percentages
(10%, 20%, and 30%) were calculated using Tauc’s Eq. (2.22) for indirect allowed transitions.
The SnO; nanoparticles demonstrated an indirect band gap of 3.91eV, confirming their nature
as wide band gap semiconductors, which is in close agreement with the previously reported
band gap energy of 3.7 eV (Uddin et al., 2021). The indirect band gap fitting is more suitable
because the absorption spectrum of SnO; shows characteristics typical of an indirect semicon-
ductor, such as a gradual increase near the band edge. This fitting provides a more accurate and
smoother curve, better matching the known electronic structure of SnO;, and offering a more
precise representation of its optical properties. However, when the conducting polymer (PANI)
was added to the SnO; nanoparticles, there was a notable reduction in the band gap values, as
shown in Fig. 4.21 (b). The enhanced absorbance with increasing PANI concentration can be at-
tributed to T—7t* transitions in the PANI backbone and to strong interfacial interactions between
the SnO, nanoparticles and the polymer matrix. This interaction facilitates better charge transfer

and light harvesting, resulting in a slight red shift and reduced band gap energy.
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The SnO,/PANI-10% composite shows a band gap (Eg) of 3.8 eV, whereas the SnO,/PANI-
20% and SnO,/PANI-30% composites exhibited even lower band gaps of 3.62 eV and 3.23 eV,
respectively. The gradual decrease in the band gap energy of a semiconductor nanocomposite

indicates enhanced electrical conductivity, beneficial for energy storage applications like super-

capacitors.
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Figure 4.21: (a) absorbance spectra of SnO,, and SnO,/PANI-X, and (b)Tauc’s plot for deter-
mining the optical band gap (Eg) for SnO,, SnO,/PANI-X with indirect transition.

4.6.2 Optical Properties of BNO/PANI Nanocomposites

The UV-Vis spectra of pure BisNb3zO;s5 (BNO) and BNO/PANI nanocomposites with different
PANI loadings (10%, 20%, and 30%) show a strong absorption edge around 300 nm, which

corresponds to the intrinsic band-to-band transition of BNO.
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Figure 4.22: (a) absorbance spectra of BNO , and BNO/PANI-X nanocomposites, (b) Tauc plot
for determining the optical band gap (E,) for BNO, BNO/PANI-X with indirect transition.
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The pure BNO sample exhibits strong absorption in the UV region, confirming its wide band
gap semiconducting nature. Upon the incorporation of PANI, the overall absorbance increases
markedly, particularly in the visible region (400-800 nm), with the BNO/PANI-30% composite
displaying the highest absorption intensity, as shown in Fig. 4.22(a). This enhancement can
be attributed to the T—m* transitions within the conjugated structure of PANI and to the strong

interfacial interaction between the BNO nanoparticles and the PANI matrix.

The band gap values for BNO and its composites with PANI at varying weight percentages
(10%, 20%, and 30%) were determined using Tauc’s Eq. 2.22 for indirect allowed transition.
The synthesized BNO nanoparticle displayed a band gap of 3.15 eV, confirming its intrinsic
nature as a wide band gap semiconductor, and this is a close agreement with earlier reported
band gap energy value of 3.25 eV (Gurunathan & Maruthamuthu, 1998), However, upon in-
corporating conducting polymer (PANI) into the BNO matrix, the band gap values decreased
significantly as illustrated in Fig. 4.22(b). The BNO/PANI-10% composite showed a band gap
(Eg) of 2.87 eV, while the BNO/PANI-20% and BNO/PANI-30% composites exhibited even
lower band gaps of 2.81 eV and 2.72 eV, respectively. This progressive reduction in the band
gap with increasing PANI content suggests a strong interaction between BNO and PANI, en-
hancing the material’s light absorption capabilities. Additionally, the reduction in band gap of a
semiconductor nanocomposite implies improved electrical conductivity, which is advantageous
for energy storage applications such as supercapacitors. The storage principle is based on charge
separation. So the composite that has a low or medium energy band with a gap shows a good

supercapacitance performance (Momma et al., 1996; Obodo et al., 2020).

4.6.3 Optical Properties of SnO,/BNO and SnO, /BNO/PANI Nanocomposites

The UV-Vis spectra show that the SnO,/BNO and SnO,/BNO/PANI nanocomposites have sig-
nificant absorption peaks at about 315 and 300 nm, respectively, as shown in Fig. 4.23 (a). This
means that they absorb ultraviolet light. These absorption peaks are caused by electronic transi-
tions from the valence band to the conduction band, which are typical of semiconductor mate-
rials, and are represented by these absorption peaks. The optical band gaps of SnO,/BNO and
SnO,/BNO/PANI nanocomposites were studied using UV-Vis spectroscopy, as shown in Fig.
4.23 (b). The optical band gaps (E,) were then determined using Tauc’s approach (Eq.(2.22)),
which consists of plotting the converted absorbance data against photon energy and extrapolat-
ing the linear component of the plot. The band gap values for synthesized nanocomposites were
3.2 eV for SnO,/BNO and 2.65 eV for SnO,/BNO/PANI, as shown in the Fig. 4.23 (b). In com-
parison, the band gap of pristine SnO, was found to be 3.91 eV, whereas that of BNO was 3.15
eV. SnO,/BNO has an intermediate band gap, indicating the production of a nanocomposite that

improves charge transport between the two.
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Figure 4.23: (a) Absorption and (b) Tauc’s plot for determining the optical band gap (E,) for
SnO,/BNO, and SnO,/BNO/PANI nanocomposites .

The ternary SnO,/BNO/PANI nanocomposite has a reduced band gap, indicating improved elec-
trical interaction with the conductive polymer PANI. When compared to the pristine SnO;,
and BNO nanoparticles, as well as, the binary SnO>/BNO, SnO,/PANI-X, and BNO/PANI-X
nanocomposites , the absorption peak of the ternary nanocomposite shows a red shift, which
indicates that the addition of PANI has improved charge delocalization and increased elec-
tronic interaction. This change decrease band gap energy as compared to the pristine and binary
nanoparticles, suggests that PANI expands the absorption towards the visible region, improving

light-harvesting capabilities in addition to altering the optical absorption edge.

4.7 Electrochemical Ananlysis

4.7.1 Cyclic voltammetry (CV) Studies of SnO;, SnO,/PANI-X Nanocomposites

Cyclic voltammetry (CV) is regarded as an excellent method for evaluating the capacitive char-
acteristics of any material. Figures 4.24 (a-d) display the CV curves for pristine SnO, and
SnO,/PANI-X composites at scan rates of 5, 10, 20, 50, and 100 mVs~!. The CV testing was
performed across a potential range of 0 to 0.9 V in a 1 M H,SO4 aqueous electrolyte solution.
The CV curves exhibit a quasi-rectangular shape within the specified potential range, as illus-
trated in Fig. 4.24. Thus, the quasi-rectangular CV curve suggests that the electrode material
has desirable properties for capacitive applications, such as efficient charge storage, stability,
and reversibility within the tested voltage range. In acidic electrolytes (1M H2SOj4), SnO; ex-
hibits pseudocapacitive behavior mainly through a reversible redox process involving proton
insertion. During the electrochemical cycling, protons from the electrolyte interact with the sur-
face or near-surface region of SnO,, accompanied by electron transfer from the external circuit,

as shown in Eq. 4.1. This process leads to the formation of a hydrogenated oxide phase without
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significant structural change, as represented by the following redox reaction:

SnO, +nH' +ne” = SnOOH, 4.1)

Here, n denotes the number of protons and electrons involved in the reversible process, indicat-

ing the degree of proton intercalation.

SnO,/PANI-X nanocomposites show a larger integral area of the CV curve when compared with
SnO;, indicating the increased specific capacitance, as shown in Table 4.3. As the weight per-
centage of PANI on the SnO, surface rises, the integral area of the CV curve also increases,
along with a higher background current. Therefore, it is reasonable to conclude that the capaci-
tive contribution of SnO,/PANI is enhanced due to the substantial accessible active area of PANI

supported on SnO;.

The cyclic voltammetry (CV) analysis of SnO2/PAN nanocomposites with varying PANI content
(10%, 20%, and 30% by weight) reveals a clear trend of enhanced the specific capacitance with
increasing PANI concentration at the first two lower scan rates, as shown in Table 4.3. The

specific capacitance (Cgp) of the electrode material were obtained by using Eq. ( 2.2).

As the percentage of PANI in the SnO; nanoparticles increases, the CV area under the curves
becomes significantly larger, indicating a substantial improvement in the charge storage capa-
bility of the composites. This is corroborated by the observed increase in specific capacitance
values, demonstrating that higher PANI content enhances the electrochemical activity of the
nanocomposites, as shown in Table 4.3. As shown in Fig. 4.24 (e, f), there is minimal difference
in the performance between the 20% and 30% addition of PANI. Therefore, increasing the PANI
content beyond 30% may not have resulted in higher specific capacitance. As a result, additional
amounts exceeding 30% PANI on SnO, were not explored. The incorporation of PANI, a con-
ductive polymer with excellent redox properties, synergistically increases the pseudocapacitive

behavior of SnO;, resulting in improved overall capacitance.
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Table 4.3: Specific capacitance of the synthesized SnO,, SnO2/PANI-10%, SnO,/PANI-20%,
and SnO,/PANI-30% nanocomposite electrodes measured at scan rates of 5—-100 mV/s in the
potential range of 0-0.9 V.

Scan rate (mV/s) Specific capacitance (F/g) of the electrode materials
SnO; SnO,/PANI-10% SnO,/PANI-20% SnO,/PANI-30%

5 11.8 118 222 242

10 9.5 70.6 147 144

20 8.3 47.0 93.9 87.8

50 7.1 28.1 49.2 45.0

100 6.1 18.4 28.5 26.8
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Figure 4.24: A CV cures of a) SnO3, b) SnO,/PANI-10%, c) SnO2/PANI-20%, d) SnO,/PANI-
30%, ) SnO», Sn0,/PANI-X at 5 mVs~! scan rate f) Specific capacitance for scanning rates of
SnO,, SnO,/PANI-X in 1M H;SO4 aqueous electrolyte.

4.7.2 Cyclic Voltammetry (CV) Studies of BNO, and BNO/PANI-X Nanocomposites

The capacitance behavior of BNO and BNO/PANI-X nanocomposites as electrode materials
was studied using 1 M H>SO4 aqueous electrolyte solution within a potential range of 0 to 0.9
V. The CV curves of the pristine BNO and BNO/PANI-X are performed at scan rates of 5, 10,
20, 50, and 100 mVs~! in the indicated voltage range, as shown in Fig. 4.25 (a-d). The CV

curves of BNO are quasi-rectangular shape within the measured potential range. Oxidation and
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reduction peaks are observed at 0.49 V and 0.4 V, respectively, in the CV of BNO nanoparticles
at a scan rate of 5 mVs~!. The oxidation and reduction peaks of BNO are shifted to the positive
and negative potential, respectively, as the scanning rate increases, as illustrated in Fig. 4.25
(a). The shape of the CV and existence of oxidation and reduction peaks in BNO indicated the
occurrence of a faradaic reaction, and it shows surface pseudocapacitive behavior, while that of
the composites shows more of intercalation pseudocapacitance (Chodankar et al., 2020). The
charge storage mechanism in H,SOy electrolyte is the adsorption of H' ions on the composite’s
surface and the charge/discharge possibly achieved through intercalation/ de-intercalation of H*
as shown in Eq. 4.2 (Gu et al., 2017; Rafique et al., 2020).

BisNb3O5+nH" +ne” <+ H,BisNb3O5 4.2)

The intercalation pseudocapacitance involves the reversible insertion of protons (H™) into the
BNO structure, combined with the redox activity of PANI. From Fig. 4.25 (b-e), it can be noted
that the current response of the BNO/PANI-X is significantly larger than BNO, which indicates
that BNO/PANI-X has better electrochemical kinetics. The calculated specific capacitances for
BNO, BNO/PANI-10%, BNO/PANI-20%, and BNO/PANI-30% are 10.4, 129, 157, and 216
Fg~!, respectively, at a scan rate of 5 mVs~! as shown in Table 4.4. Among all the samples
of BNO/PANI-X, BNO/PANI-30% showed the highest specific capacitance at a scan rate of 5
mVs~!. As the particle size decreases, the specific surface area increases, resulting in improved
charge transport at the interface between the electrode and the electrolyte (Isacfranklin et al.,
2020). The cyclic voltammogram (CV) of BNO/PANI-10% and BNO/PANI-30% nanocompos-
ites show distinct reduction and oxidation peaks compared to BNO and BNO/PANI-20%. This
indicates an optimal synergy between BNO and PANI at the 10%, 30% PANI loading, enhanc-
ing the visibility of redox peaks as shown in Fig. 4.25 (e). However, the capacitance value of
BNO/PANI-10% is less than that of BNO/PANI-20%, although it is greater than that of pristine
BNO. This suggests that while the 10% PANI composition improves the electrochemical activ-
ity and redox reactions, and higher PANI loadings (20% and 30%) further enhance the overall
capacitance due to increased electronic conductivity and more active sites provided by PANI
(M. S. Kumar et al., 2020). Even if the redox peaks decrease, the increased surface area can

contribute significantly to the overall capacitance.

The CV results indicate that the specific capacitance of the BNO/PANI-X nanocomposites im-
proved compared to the pristine BNO, with the specific capacitance increasing as the weight
percentage of PANI increases. However, at higher scan rates, like 50 and 100 mVs~!, the spe-
cific capacitance of the BNO/PANI-30% composite is below BNO/PANI-20% as shown in Fig.
4.25 (f). In the BNO/PANI-30% composite, the increased PANI content created a more complex
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structure, making ion diffusion more challenging at higher scan rates and reducing the specific
capacitance value as compared to BNO/PANI-20%. Higher scan rates can lead to diffusion

limitations where ions cannot penetrate the electrode material effectively.

Table 4.4: Specific capacitance of the synthesized BNO, BNO/PANI-10%, BNO/PANI-20%,
and BNO/PANI-30% nanocomposite electrodes measured at scan rates of 5—100 mV/s in the
potential range of 0-0.9 V.

Scan rate (mV/s) Specific capacitance (F- g_l) of the electrode materials

BNO BNO/PANI-10% BNO/PANI-20% BNO/PANI-30%

5 10.4 129 157 216

10 7.34 98.6 124 154

20 5.48 74.4 99.4 109

50 3.90 48.0 73.3 65.2

100 3.15 31.9 56.5 41.7
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Figure 4.25: Cyclic voltammetry curves of a) BNO, b) BNO/PANI-10%, c) BNO/PANI-20%,
d) BNO/PANI-30%, and e) BNO, BNO/PANI-X at 5 mV/s scan rate, and f) specific capacitances
of BNO and BNO/PANI-X nanocomposites at various scan rates by cyclic voltammetry analysis.

At a high scan rate, the CV curve area is larger compared to that at a low scan rate, but this
does not enhance the electrode material’s charge storage capacity. At a low scan rate, the active

materials have sufficient time to engage in redox reactions with the electrolyte, promoting charge
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storage. Concurrently, a higher scan rate increases the current of the electrode material, causing
the oxidation peak to shift towards the positive potential and the reduction peak towards the
negative potential (Fig. 4.25 (b-d)). This result is due to the polarization reaction (Elmanfaloty
et al., 2024).

4.7.3 Cyclic Voltammetry (CV) Analysis of SnO,/BNO, and SnO,/BNO/PANI

Nanocomposites

Figure 4.26 (a,b) shows the CV curves for SnO>/BNO and SnO,/BNO/PANI composites at scan
rates of 5, 10, 20, 50, and 100 mVs—!. The CV test was carried out ina 1 M H>SO4 aqueous
electrolyte solution at potentials ranging from 0 to 0.9 V. The CV curves have a quasi-rectangular
shape within the prescribed potential range, as shown in Fig. 4.26. Thus, the quasi-rectangular
CV curve indicates that the electrode material possesses desirable qualities for capacitive ap-
plications, such as effective charge storage, stability, and reversibility within the voltage range
examined. The specific capacitance (Csp) values were calculated from the area enclosed by the
CV curves using Eq. 2.2. The SnO,/BNO nanocomposite delivers specific capacitances of 15.7,
11.5, 9.04, 6.95, and 5.82 F g_1 at scan rates of 5, 10, 20, 50, and 100 mV s~ !, respectively.
Notably, the ternary SnO,/BNO/PANI nanocomposite exhibits significantly higher specific ca-
pacitances of 424, 327, 241, 146, and 92.7 F g~ ! at the corresponding scan rates.

The CV curves of SnO,/BNO and SnO,/BNO/PANI nanocomposites exhibit significantly larger
integral areas compared to pristine SnO, and BNO, indicating enhanced specific capacitance as
shown in Fig. 4.26 (a,b). This increase in the CV area suggests improved charge storage ca-
pability resulting from the synergistic effects between the composite components. Notably, the
SnO,/PANI and BNO/PANI composites demonstrate a greater integral area and higher back-
ground current than SnO,/BNO, implying superior capacitive performance. This can be at-
tributed to the conductive nature of PANI, which provides a larger electrochemically active
surface area when supported on SnO,, facilitating more efficient charge transfer and storage.
Furthermore, the ternary SnO,/BNO/PANI composite exhibits an even higher background cur-
rent than the binary SnO,/BNO, BNO/PANI, and SnO,/PANI composites, suggesting further
enhancement in capacitive behavior due to the combined contributions of BNO and PANI on

SnO; nanoparticles.

As shown in Fig. 4.26 (c), the CV results confirm that the specific capacitance of the ternary
nanocomposite is significantly enhanced compared to pristine SnO,, BNO, and the binary com-
posites. The calculated specific capacitances confirm this trend, with values of 15.7 and 424
F.g~! for SnO,/BNO and SnO,/BNO/PANI, respectively, at 5 mVs~!. The substantial increase
in capacitance for the PANI-containing composites underscores the critical role of conductive
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polymer integration in improving electrochemical performance.
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Figure 4.26: A CV curves of a) SnO,/BNO, b) SnO,/BNO/PANI; c) specific capacitances of
SnO,/ BNO and SnO,/BNO/PANI nanocomposites at various scan rates.

4.7.4 Charge Storage Mechanism

The charge storage mechanism of the pristine nanoparticles, binary, and ternary nanocomposites
were also examined by carrying out a detailed analysis of their CV curves. The power-law
relationship has been used to identify the dominant charge storage process, where peak current
(D) is varied with scan rate (v), according to Eqgs. (2.3) and (2.4). The charge—storage parameter
b was determined from the slope of the plot of log(7) versus log(v). A value of b & 1 indicates
a surface—controlled process, whereas b ~ (.5 corresponds to diffusion—limited behavior. Thus,

logv was plotted against log/ at a selected potential to obtain the value of b.

The pristine oxides SnO;, and BNO exhibit primarily capacitive behavior as shown in Fig. 4.27
(a, b), respectively. BNO shows a stronger capacitive nature than SnO,, which is attributed to its
layered perovskite structure that provides abundant surface active sites. SnO, also demonstrates
significant capacitive contribution, although with some minor influence of diffusion processes
due to limited ion insertion into its lattice. When combined with PANI, both SnO, and BNO

generally shift towards diffusion-controlled charge storage as shown in Fig. 4.28 (a-f).
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Figure 4.27: Plots of power’s law for a) SnO;, and b) BNO at fixed potential of 0.5V.

At low and moderate PANI contents, the polymer tends to block oxide surfaces and introduce
resistive interfaces, leading to slow charge transfer and dominant bulk ion transport. However,
in BNO/PANI-20%, the charge storage becomes more balanced, with improved capacitive con-

tributions as shown in Fig. 4.28(e). This indicates that optimized PANI incorporation enhances

conductivity and surface redox activity.
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Figure 4.28: Plots of power law fitting for (a) SnO,/PANI-10%, (b) SnO,/PANI-20%,
(c) SnO2/PANI-30%, (d) BNO/PANI-10%, (¢) BNO/PANI-20%, and (f) BNO/PANI-30%
nanocomposites at a fixed potential of 0.5 V.

The binary oxide (SnO,/BNO) composite demonstrates nearly ideal capacitive behavior as shown
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in Fig. 4.29 (a). The strong interfacial synergy between SnO, and BNO provides a large number
of electroactive sites, improves electronic conductivity, and facilitates rapid ion adsorption/des-
orption. This results in very fast charge storage dominated by surface-controlled processes. The
anodic and cathodic b values of 0.51 and 0.42 for the SnO/BNO/PANI nanocomposite indi-
cate that the charge storage process is predominantly diffusion-controlled. Since ideal surface-
controlled capacitive behavior shows b ~ 1, the much lower values observed here demonstrate
that ion diffusion into the electrode bulk governs the electrochemical response, as shown in Fig.
4.29 (b). This behavior is characteristic of faradaic pseudocapacitance, where ions must pen-
etrate the PANI matrix and interact with redox-active sites within the composite. The reduced
b values therefore confirm that the SnO,/BNO/PANI system stores charge mainly through ion-
diffusion-limited redox reactions, rather than surface adsorption. Additionally, to further under-
stand the energy storage mechanisms, Dunn’s method was used to determine the contributions to
the capacitance from diffusion-controlled processes and capacitive-controlled processes at any
potential, resulting in Eqs.2.5 and 2.6.
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Figure 4.29: Plots of power law fitting for (a) SnO2/BNO, (b) SnO,/BNO/PANI nanocompos-
ites at a fixed potential of 0.5 V.

The current response at a fixed potential is considered as the combination of two separate mech-
anisms, surface capacitive effects, and diffusion-controlled insertion. By plotting the linear fit
of i/ v1/2 versus v!/2, the slope and intercept values of K; and K, can be obtained, respectively.
Thus, the portion of capacitive and diffusion-controlled charge storage contributions was calcu-
lated using Eq. 2.5.

Figure 4.30 (a) shows a differentiated CV curve of the SnO» at 5 mVs~!, illustrating the capac-
itive and diffusive contributions to the total capacitance. The results show that 30% of the total

capacitance was due to capacitive contributions. Furthermore, Figure 4.30(e) shows the percent-
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age contributions at various scan rates. Notably, as the scan rate increased, the contribution of

non-diffusion-limited processes increased, reaching 65% at 100 mVs~!.
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Figure 4.30: (a-d) a capacitive contribution analysis at a scan rate 5 mVs~!' for SnO,,
SnO,/PANI-10%, SnO2/PANI-20%, SnO,/PANI-30%, respectively, in various potential (V)
and (e-h) Proportional contributions from capacitive and diffusion-controlled capacitances in

various scan rates at a fixed potential of 0.5V for SnO;, SnO,/PANI-10%, SnO,/PANI-20%,
SnO,/PANI-30%, respectively.

The observed phenomenon occurs because at low scan rates, electrolyte ions have sufficient
time to penetrate deep into the electrode structure, leading to the dominance of Faradaic re-
actions. However, at higher scan rates, ions lack sufficient time to diffuse into pores. Conse-
quently, charge storage mostly occurs on the electrode surface rather than within the bulk mate-
rial (Dupont & Donne, 2016). In contrast, for the SnO,/PANI-10% composite, the capacitive-
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controlled contribution accounts for only 8% at 5 mVs~! (see Fig. 4.30(b)), but rises to 27%
at 100 mVs~!, suggesting that the incorporation of a small amount of PANI initially limits ca-
pacitive activity but improves with increasing scan rate as shown in Fig. 4.30 (f). Similarly, the
Sn0,/PANI-20% composite exhibits a capacitive contribution of 14% at 5 mVs~! and 42% at
100 mVs~! as shown in Fig. 4.30 (c, g), while the SnO2/PANI-30% sample shows a compara-
ble trend, with capacitive contribution values equal to those of the 20% composite as shown in
Fig. 4.30 (d,h). Overall, Figure 4.30 (f-h) presents the percentage contributions at various scan
rates. These results confirm that higher scan rates favor capacitive-controlled charge storage, and

moderate PANI incorporation enhances the surface redox kinetics of SnO,-based electrodes.
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Figure 4.31: (a-d) a capacitive contribution analysis at a scan rate of 5 mVs~!, and (e-h) Propor-
tional contributions from capacitive and diffusion-controlled capacitances in various scan rates
at 0.5V for BNO, BNO/PANI-10%, BNO/PANI-20%, BNO/PANI-30%, respectively.
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The capacitive contribution of BNO and its PANI-based composites is clearly dependent on scan
rate, indicating a balance between diffusion- and surface-controlled charge storage mechanisms
as shown in Fig. 4.31. For pure BNO, the capacitive contribution is 41% at 5 mVs~! and in-
creases to 76% at 100 mVs~!, demonstrating that capacitive-controlled behavior takes predom-
inance at higher scan rates due to faster surface redox reactions and increased ion accessibility
as shown in Fig. 4.31 (a, e), respectively. In comparison, the BNO/PANI-10% composite has a
comparatively low capacitive contribution of 9% at 5 mVs~!, which rises to 31% at 100 mVs~!,
as illustrated in Fig. 4.31 (b, f), respectively. Similarly, the BNO/PANI-20% electrode provides
capacitive contributions of 13% and 39% at 5 and 100 mVs~!, indicating a balanced improve-
ment in capacitive and diffusion-controlled behavior as shown in Fig. 4.31 (c, g), respectively.
Interestingly, the BNO/PANI-30% composite has essentially equal capacitive contributions to
the 20% sample, showing that there is no significant gain in capacitive behavior over a specific
PANI loading as illustrated in Fig. 4.31 (d, h). The capacitive contribution of SnO,/BNO and
SnO,/BNO/PANI nanocomposites differs in charge storage behavior depending on scan rate and
composite composition.
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Figure 4.32: (a, b) a capacitive contribution analysis at a scan rate 5 mVs~! for
SnO,/BNO, SnO,/BNO/PANI, respectively and (c, d) Proportional contributions from ca-
pacitive and diffusion-controlled capacitances in various scan rates at 0.5V for SnO,/BNO,
SnO,/BNO/PANI, respectively.
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The capacitive contribution of the SnO»/BNO electrode reaches 70% at 5 mVs~! as shown in
Fig. 4.32(a) and grows to 91% at 100 mVs~!(see Fig. 4.32(c)), demonstrating that the charge
storage mechanism is mostly regulated by surface-controlled capacitive behavior, particularly at
higher scan rates. This shows that SnO, and BNO interact synergistically, resulting in efficient
ion transport and quick redox kinetics. In contrast, the SnO2/BNO/PANI nanocomposite has a
comparatively low capacitive contribution of 8% at 5 mVs~' (see Fig. 4.32 (b), which increases
to 27% at 100 mVs~! (Fig.4.31 (d) indicating, addition of PANI initially lowers a capacitive

behavior.

4.7.5 Galvanostatic Charge-Discharge (GCD) Studies of SnO,, and SnO,/PANI-X
Nanocomposites

The pure SnO; and SnO,/PANI-X nanocomposite electrodes’ GCD behavior were evaluate at
a current densties of 0.1, 0.2, 0.3, 0.4, 0.5, 1, and 2 A.g_1 in the potential range of 0 to 0.9
V is shown in Fig. 4.33(a-d). Good capacitive behavior is demonstrated by the symmetry of
the charge and discharge characteristics. For pure SnO;, however, GCD measurements were

limited to a maximum current density of 1 A.g~!

, as higher current densities resulted in very
short charge and discharge times, making further evaluation impractical. The specific capaci-
tance (Cgp) of the nanomaterials were calculated from the charge-discharge curves,using Eq.
(2.7). SnO,/PANI-30% has the highest specific capacitance of about 338 F.g~! at 0.1 A.g !,
which is almost 80, 2, and 2.8 times that of pristine SnO;, SnO,2/PANI-10%, SnO,/PANI-20%,
respectively. This performance is superior to that of other SnO;-based composites, as illustrated

in Table 4.5

Table 4.5: Specific capacitance of the synthesized SnO;, SnO,/PANI-10%, SnO,/PANI-20%
and SnO,/PANI-30% nanocomposites electrodes measured at current densities of 0.1-2 A.g~!
in the potential range of 0-0.9 V.

. . = .
Current densities (A.g ) Specific capacitance (F.g" ') of the electrode material

SnO; SnO,/PANI-10% SnO>/PANI-20% SnO,/PANI-30%

0.1 4.2 162 120 338
0.2 3.7 57 64.7 135.8
0.3 33 333 50.2 100.4
0.4 3.1 22.8 40 61

0.5 29 17 33 43.5
1.0 24 13.4 15.2 22.7
2.0 - 2.1 2.2 5.6

Figure 4.33 (a-d) shows, the charge-discharge curves of SnO; and SnO,/PANI-X composites
at different current densities. These curves are reasonably symmetric and linear, indicating

capacitive behavior with minor deviations. The charge-discharge curves of the SnO,/PANI-
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X nanocomposites exhibit an IR drop attributed to the internal resistance of the composites.
With increasing PANI content, the SnO,/PANI samples show a slightly curved charge-discharge

profile, reflecting the characteristic redox behavior of pure polyaniline (Eftekhari et al., 2017;
Prasanna et al., 2016, 2019).
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Figure 4.33: GCD of a) pure SnO;, b) SnO2/PANI-10%, c) SnO>/PANI-20%, d) SnO,/PANI-
30%, e) SnO; and all composites at a current density of 0.1A.g~!, and f) current density Vs.
Specific capacitance in 1M H;SO4 aqueous electrolyte.

The SnO,/PANI exhibits a synergistic effect of both components, complementing qualities. The
presence of PANI attached to the surface of SnO; is responsible for the enhancement of specific
capacitances. This modification of SnO, morphology makes both PANI and SnO, available
for electrochemical reactions, which enhances the composite’s efficiency. Additionally, as the
weight percentage of PANI on the surface of SnO; increases, so does the specific capacitance,
as indicated in Table 4.5. The slightly lower specific capacitance of SnO,/PANI-20% at 0.1
A.g~ ! is attributed due to partial aggregation of nanoparticles and the blocking of electrochem-
ically active sites, which reduce effective ion accessibility under low-rate conditions. From the
composites, SnO,/PANI-30% has a longer charging and discharging time as shown in Fig. 4.33
(d). The decrease in specific capacitance at higher current densities is primarily due to limi-
tations in electrochemical kinetics. At higher current densities, the rate at which charge and
discharge processes occur is much faster (Sheoran et al., 2022). This rapid cycling can limit the

time available for the complete redox reactions of polyaniline and the efficient use of SnO;. As
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a result, the overall charge storage efficiency decreases, leading to a reduction in specific ca-
pacitance. At lower current densities, the composite material can exhibit more ideal capacitive
behavior, with nearly all of the material participating in the charge storage process. However, as
the current density increases, the behavior can transition to a more resistive or pseudo-capacitive
nature, where only the surface or near-surface regions of the material contribute effectively to
capacitance. At high current densities, the rapid consumption of ions in the electrolyte near the
electrode surface can lead to localized depletion zones, where the ion concentration is insuf-
ficient to sustain the maximum possible redox reactions. This effect further limits the overall

capacitance (Pal et al., 2019).

4.7.6 Galvanostatic Charge-Discharge (GCD) Studies of BNO, and BNO/PANI-X
Nanocomposites

Figure 4.34 (a-d) shows the GCD behavior of the pure BNO and BNO/PANI-X composite elec-
trodes at current densities of 0.1, 0.2, 0.3, 0.4, 0.5, 1, and 2 Ag’1 in the potential range between
0 and 0.9 V. However, the GCD evaluation of BNO was performed only up to a current density
of 1 Ag~!. The charge and discharge characteristics of a BNO/PANI-X show good pseudoca-
pacitive behavior. The specific capacitance was calculated from the charge-discharge curves,
using Eq. (2.7). The highest specific capacitance calculated from the GCD curves for BNO,
BNO/PANI-10%, BNO/PANI-20%, and BNO/PANI-30% is 9.69, 77.9, 161.5, and 211.11 Fg~!,
respectively, at a current density of 0.1Ag ™!, as shown in Table 4.6. The charge-discharging spe-
cific capacitance of BNO/PANI-10%, BNO/PANI-20%, and BNO/PANI-30% is around 8, 16,
and 21 times greater than the charge-discharge specific capacitance of pure BNO. Figure 4.34
(a-d) shows the charge-discharge curves of BNO and BNO/PANI-X composites at different cur-
rent densities. These curves are reasonably symmetric and linear, indicating capacitive behavior
with minor deviations. The charge-discharge curves of BNO/PANI-X nanocomposites display
an IR drop due to the internal resistance of the composites. BNO/PANI-30% exhibits charge-
discharge profiles that combine the characteristics of both BNO and PANI, delivering the longest
discharge time compared to BNO/PANI-10% and BNO/PANI-20% at the same current density,
as shown in Fig. 4.34 (e). The synergistic effect of BNO nanoparticles within the conductive
PANI matrix enhances electrolyte ion diffusion, providing a larger surface area for effective

utilization, resulting in the high specific capacitance.
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Table 4.6: Specific capacitance of the synthesized BNO, BNO/PANI-10%, BNO/PANI-20%,
and BNO/PANI-30% nanocomposite electrodes measured at current densities of 0.1-2 A.g~! in
the potential range of 0-0.9 V.

Specific capacitance (F.g~ ") of the electrode material
0.1 0.2 0.3 0.4 0.5 1.0 2.0
BNO 9.69 3.15 206 1.66 147 145 -
BNO/PANI-10% 7791 5434 4433 3772 3282 1888 7.02
BNO/PANI-20% 161.40 8552 64.19 52.09 4457 2530 11.51
BNO/PANI-30% 211.11 11096 7893 58.44 4592 1641 2.29

Current density (A.g~ ')
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Figure 4.34: (a-d) GCD characteristics of pure BNO, BNO/PANI-10%, BNO/PANI-20%, and
BNO/PANI-30% nanocomposites, respectively, and (e) comparison of charge-discharge proper-
ties of bare BNO and BNO/PANI-X nanocomposites at a current density of 0.1 Ag—!, (f) specific
capacitances of pure BNO and BNO/PANI-X nanocomposites at different current densities by
charge-discharge analysis 1M H,SO4 aqueous electrolyte.

4.7.7 GCD Studies of SnO,/BNO, SnO,/BNO/PANI Nanocomposites

The GCD behavior of SnO2/BNO composite electrodes was evaluated at current densities of
0.1, 0.2, 0.3, 0.4, 0.5, and IA.g_1 within a potential range of 0-0.9 V, as shown in Fig. 4.35

(a), While, GCD testing of the SnO,/BNO/PANI nanocomposite electrodes was extended to

1

current densities up to 2 A.g™ " in the same potential range, as shown in Fig. 4.35 (b). For the

1

pristine nanoparticles, measurements beyond 1A.g~" were not feasible due to excessively short
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charge/discharge times at higher current densities.

The specific capacitance (Csp) values were determined from the GCD test using Eq. (2.7). The
SnO,/BNO nanocomposite exhibited specific capacitances of 5.22, 4.03, 3.40, 3.06, 2.85, and
235F g’1 at current densities of 0.1, 0.2, 0.3, 0.4, 0.5, and 1 A g’l, respectively. In contrast,
the ternary SnO,/BNO/PANI nanocomposite showed significantly enhanced performance, de-
livering specific capacitances of 280.03, 164.18, 135.9, 119.5, 106.96, 66.0, and 20.6 Fg_1 at
current densities of 0.1, 0.2, 0.3,0.4,0.5, 1, and 2 A g’l, respectively. The GCD test reveal that
SnO,/BNO/PANI exhibits significantly higher specific capacitances, 280.03 F.g~!, compared
to SnO,, BNO, and SnO»/BNO (5.22 Fg~!) at 0.1 A.g~!, indicating that PANI incorporation
greatly enhances charge storage capacity due to its conductive and pseudocapacitive properties.
This analysis suggests that PANI plays a crucial role in boosting electrochemical performance,

likely through enhanced conductivity and faradaic reactions.

The SnO,/BNO/PANI ternary composite exhibits a slightly lower specific capacitance compared
to the SnO,/PANI-30% binary composite, which is unexpected since the inclusion of BNO was
anticipated to further enhance capacitance due to synergistic effects. This discrepancy may arise
from inefficient charge transfer between the three components, partial agglomeration of BNO,
or reduced PANI accessibility for redox reactions during charge-discharge. However, the ternary
composite still demonstrates a significant improvement over pristine SnO, and BNO, confirming

that PANI remains the dominant contributor to capacitance.
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Figure 4.35: (GCD of a) SnO,/BNO, b) SnO,/BNO/PANI, and c) current density Vs. Specific
capacitance in 1M H>SOy4 aqueous electrolyte.

4.7.8 Cyclic Stability of Pure SnO;, SnO,/PANI-X Nanocompostes

Cyclic stability is the capability of a supercapacitor electrode or device to maintain its electro-
chemical performance during repeated charge-discharge cycling. It is one of the most important
parameters for evaluating long-term reliability (Q. Wu et al., 2021). As shown in Fig. 4.36

(a-c), the cyclic stability of pristine SnO, was assessed at a current density of 1 A.g~!, while the
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cyclic stability of SnO»/PANI-X was examined at a greater current density of 2 A.g~! for 5000
cycles. After completing 5000 cycles, the pristine SnO; electrode maintained 95.04% of its
original capacitance. In contrast, the SnO,/PANI nanocomposite materials exhibited lower re-
tention rates, with SnO,/PANI-10% preserving 66.87%, SnO2/PANI-20% maintaining 76.05%,
and SnO,/PANI-30% holding onto 61.35% of their original capacitance values, as shown in Fig.
4.36 (c). This variation in cyclic stability may arise from the increased current density applied
to the SnO,/PANI composites.
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Figure 4.36: Cycling performance of a) Pristine SnO5 at a current density of 1 A.g~!, b)
SnO,/PANI-10%, SnO,2/PANI-20%, and SnO,/PANI-30% nanocomposites at a current density
of 2 A.g™!, ¢) stability of the pristine SnO;, and SnO,/PANI-X nanocomposites for 5000 Cy-
cles.

The initial decrease in capacitance retention at 10% PANI content is attributed to insufficient
and non-uniform polymer coverage, which leads to interfacial instability and faster degrada-
tion of PANI during repeated redox cycling. Increasing the PANI content to 20% results in a
more continuous and well integrated conductive network that enhances mechanical stabilization,

charge-transfer stability, and electrode integrity, thereby improving cycling stability. However,
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further increase of PANI loading to 30% causes a decline in retention due to an increase in the
polymer content, which undergoes a gradual degradation during long term cycling, leading to
loss of electrical contact and partial blockage of active sites. Additionally, the mechanical stress
resulting from reduction-oxidation processes in conducting polymers (PANI) restricts stability
over multiple charge-discharge cycles (Mujawar et al., 2011). Additionally, for 5000 charge-
discharge cycles, the SnO>/PAN-10%, SnO2/PAN-20%, and SnO,/PANI-30% nanocomposite
electrodes demonstrated average Coulombic efficiency of 98.71%, 98.69%, and 98.59% (Fig.
4.36 (b)), which are less efficient than that of the pristine SnO, electrode, which demonstrated
100% of Coulombic efficiency.

4.7.9 Cyclic Stability of BNO, and BNO/PANI Nanocomposites

A life cycle test is a crucial additional metric used to determine the electrode materials’ stability.
As shown in Fig. 4.37 (a-d), the cyclic stability of BNO was evaluated at a current density of
1 Ag™!, and the cyclic stability of BNO/PANI-X was examined at a current density of 2 Ag~!
for 5000 cycles. The bare BNO electrode was only able to retain 60% of its initial capacitance
for the same number of cycles, while BNO/PANI-10%, BNO/PANI-20%, and BNO/PANI-30%
nanocomposite materials were able to retain 45, 72, and 69% of the initial capacitance value
after 5000 cycles, respectively. The mechanical stress resulting from reduction-oxidation pro-
cesses in conducting polymers restricts stability over multiple charge-discharge cycles. The
relatively poor cycling stability of the pristine BNO electrode originates from its low electrical
conductivity and structural instability during repeated charge-discharge cycles. Continuous ion
insertion/extraction induces mechanical stress and partial cracking, leading to the loss of elec-
trochemically active sites and specific capacitance reduction. In the BNO/PANI composites,
the conductive PANI network improves electron transport and serves as a flexible matrix that
minimizes volume changes and prevents structural degradation. However, at low PANI loading
(BNO/PANI-10%), insufficient and non-uniform polymer coverage results instability and accel-
erated polymer degradation, leading to lower capacitance retention compared to pristine BNO.
Increasing the PANI content to 20% and 30% forms a more continuous conductive network,
significantly improving cycling stability. However, excessive PANI may undergo shrinkage and
gradual backbone degradation, which explains the slightly reduced retention of BNO/PANI-30%
compared to BNO/PANI-20%. Moreover, for 5000 charge-discharge cycles, the BNO/PANI-
10%, BNO/PANI-20%, and BNO/PANI-30% nanocomposite electrodes demonstrated average
Coulombic efficiency of 97.13%, 98.32%, and 98.84%, respectively, as shown in Fig. 4.37 (b-d),
which are more efficient than that of the pure BNO electrode, which only demonstrated 95.3%

of Coulombic efficiency.
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Figure 4.37: Extended cycling performance of a) BNO at a current density of 1 Ag~!, b)
BNO/PANI-10%, c) BNO/PANI-20%, d) BNO/PANI-30% nanocomposites at a current density
of 2 Ag~! for 5000 cycles, respectively.

4.7.10 Cyclic Stability of SnO,/BNO and SnO,/BNO/PANI Nanocomposites

The cyclic stability data reveal critical insights into the performance of each electrode material
under the specified experimental conditions (0 to 0.9 V potential window in H,SO4 electrolyte).
The SnO,>/BNO and SnO,/BNO/PANI electrodes were found to have an average Coulombic ef-
ficiency of 100% and 99.25%, respectively, as shown in Fig. 4.38 (a, b). These numbers show
low energy loss during cycling and outstanding charge/discharge reversibility. The SnO>/BNO
electrode’s slightly higher efficiency can be due to its simpler structure, but the ternary nanocom-
posite’s near unity efficiency nevertheless demonstrates its electrochemical stability and efficient

charge storage behavior.

The cycling stability of the electrodes was evaluated at different current densities, with SnO2/BNO
tested at 1 A.g~! and SnO,/BNO/PANI at 2 A.g~', as shown in Fig. 4.38(c). Despite the higher

current density, the SnO,/BNO/PANI ternary nanocomposite exhibited superior capacitance re-
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tention compared to the binary SnO,/BNO composite. Specifically, the SnO,/BNO electrode
retained 81%, 71%, 68%, 62%, and 59% of its initial capacitance after 100, 500, 1000, 2000,
and 5000 cycles, respectively. In contrast, the SnO,/BNO/PANI composite maintained higher
retention values of 91%, 87%, 78%, 69%, and 64% at the same cycle numbers. The improved
performance of the ternary composite, even under more demanding conditions, highlights the
beneficial role of PANI in enhancing structural integrity and electrical conductivity, resulting in

better long-term electrochemical stability.
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Figure 4.38: Cycling performance of a) SnO,/BNO at a current density of 1 A.g~!, b)
SnO,/BNO/PANI, nanocomposites at a current density of 2A.g~!, ¢) retention of SnO»/BNO
and SnO,/BNO/PANI nanocomposites for 5000 cycles.

4.7.11 Electrochemical Impedance Spectroscopy (EIS) Analysis of SnO,, SnO,/PANI-X
Nanocomposites

EIS is frequently used to predict the dynamic properties of electrode materials during electro-
chemical reactions, focusing on aspects related to charge transfer and ion diffusion. An al-
ternative method for assessing the electrochemical performance of supercapacitor materials is
to qualitatively analyze the charge transfer resistance of the electrodes using electrochemical
impedance spectroscopy (EIS) (Mirmohseni et al., 2012). EIS measurements were conducted
in the frequency range of 0.01 Hz to 100 kHz and an open-circuit amplitude potential of 10
mV. The inset of Fig. 4.39 (a, b) illustrates a detailed view of the Nyquist plots for the SnO,
and the SnO,/PANI-X composites, respectively. The associated equivalent circuit model for the
materials is shown in the inset of Fig. 4.39 (b). The major charge transfer process is indicated
by a semicircle in the high-frequency region of the Nyquist plots for all the electrodes, while
the main ionic diffusion process is indicated by a sloping line (Warburg-type element) in the
low-frequency zone. The equivalent circuit diagram consists of elements such as the ohmic
(solution) resistance (R;), the charge transfer resistance (R;), a constant phase element (Q),

Warburg impedance (W), and pseudo capacitance or additional capacitance (C).
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The solution resistances for SnO,, SnO>/PANI-10%, SnO>/PANI-20%, and SnO,/PANI-30%
are 0.67, 1.03, 0.58, and 0.78 €, respectively. These values account for the ionic resistance
of the electrolyte, the intrinsic resistance of the active materials, and the contact resistance at
the material interfaces. The relatively low resistance in SnO2/PANI-20% (0.58 €) suggests
improved conductivity and optimized interaction between SnO; and PANI at this composition,
likely facilitating charge transfer. In contrast, the slightly higher resistance in SnO,/PANI-10%
(1.03 Q) could result from limited PANI integration, while SnO,/PANI-30% (0.78 <) may
exhibit increased resistance due to potential aggregation or less effective ion diffusion pathways
at higher PANI content. These differences highlight how the balance of components in the
composites influences overall conductivity and the electrochemical performance of the materials
(Xie & Ji, 2016).

The values presented in Table 4.7 demonstrate that the charge transfer resistances (R.;) for SnO3,
SnO,/PANI-10%, SnO,/PANI-20%, and SnO,/PANI-30% are 2.23, 6.43, 10.43, and 5.76 €,
respectively. This shows that the SnO,/PANI composites typically have higher R, values than
pure SnO,. The increase in charge transfer resistance (R.;) with the addition of PANI, despite
its inherently high conductivity, can be attributed to structural and interfacial factors introduced
in the SnO,/PANI composites. These interfaces can impede efficient electron transfer due to
imperfect contact or localized charge trapping. Additionally, as the PANI content increases,
the composite may develop a more disordered structure or reduced connectivity, leading to
higher resistance paths for charge transfer. Thus, while PANI itself is conductive, the way it
interacts with SnO; and the resulting composite morphology can introduce obstacles to charge
transfer, increasing the R.;. Notably, SnO,/PANI-30% exhibits a reduction in R, to 5.76 Q,
suggesting that this particular composition strikes an optimal balance between improved capac-
itance and manageable charge transfer resistance. The constant phase element (Q) values for
SnO3, SnO2/PANI-10%, SnO,/PANI-20%, and SnO,/PANI-30% are 55.092, 190.35, 524.74,
and 700.73 ,uF-s(“_l), respectively. The observed increase in Q values with greater PANI per-
centages indicates an improvement in surface heterogeneity and arise in effective capacitance
due to the inclusion of PANI. This pattern may suggest that the SnO,/PANI composites offer a
greater number of active sites for charge storage, likely as a result of PANI’s conductive prop-
erties, which enhance the electrochemical performance of the composites. However, the high
Q values in the SnO,/PANI-20% and SnO,/PANI-30% composites might also point to potential
aggregation at higher PANI content, which could impact long-term stability and charge transport

efficiency.

The Warburg impedance (W) measurements for SnO,, SnO2/PANI-10%, SnO,/PANI-20%, and
Sn0,/PANI-30% are recorded as 41.54, 18.04, 5.92, and 5.56 Q.s(~1/2) respectively. These
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values represent the Warburg impedance related to the ion diffusion within the electrochemical
system. The observed pattern indicates a decline in Warburg impedance with an increase in
PANI content. For SnO;, the elevated W value signifies a considerable resistance to ion dif-
fusion, implying that the material’s structure does not promote efficient ion transport. As the
PANI ratio rises from 10% to 30%, the W values diminish, reflecting enhanced ion diffusion
characteristics. This enhancement is likely attributed to the greater amount of PANI, which of-
fers improved conductive pathways for ion mobility. Therefore, the lower Warburg impedance
values for SnO,/PANI-20% and SnO,/PANI-30% imply that these composites are more effec-
tive in promoting ion diffusion, thereby improving the overall electrochemical efficacy of the

material (Y. Li et al., 2018).
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Figure 4.39: Nyquist plots of (a) SnO, Nanoparticles and (b) SnO,/PANI-X.
Nanocomposites

Table 4.7: EIS best fitting data of SnO,, SnO2/PANI-10%, SnO»/PANI-20%, and SnO»/PANI-
30% nanocomposites
Electrodes R, (Q) R4 (Q) QFs“V)y W s/ C@E a

SnO; 0.67 2.29 55.092 41.54 0.0193 1.00
SnO,/PANI-10%  1.03 6.43 190.35 18.04 0.5536 0.87
SnO,/PANI-20%  0.58 10.29 524.74 5.92 0.9324 0.84
SnO,/PANI-30%  0.78 5.76 700.73 5.56 4.3614 0.79

4.7.12 Electrochemical Impedance Spectroscopy (EIS) studies of BNO, and BNO/PANI-X

Nanocomposites

The Nyquist plots for all electrodes display a semicircle in the high-frequency region, which

represents the primary charge transfer process, and a straight line in the low-frequency region,
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representing the capacitive behavior of the prepared electrode materials, as shown in Fig. 4.40.
The equivalent circuit diagram comprises equivalent elements, such as the ohmic resistance (Ry),
the charge transfer resistance (R.;) or (R3), and the constant phase element (CPE) (Q), as shown
in Fig. 4.40 (¢).

The ohmic resistances (R1) of BNO, BNO/PANI-10%, BNO/PANI-20%, and BNO/PANI-30%
are 1.508, 1.343, 0.943, and 0.615 Q, respectively, as shown in Table 4.8. These resistance val-
ues encompass the ionic resistance of the electrolyte, the intrinsic resistance of active materials,
and contact resistance at the interfaces. This consistent pattern demonstrates that PANI en-
hances the conductivity of the composite material and the electrolyte system, thereby contribut-
ing to the enhanced electrochemical performance of the BNO/PANI-X composites. According
to the fitting values as shown in Table 4.8, R» (R,;) of BNO, BNO/PANI-10%, BNO/PANI-20%,
and BNO/PANI-30% are 17.034, 9.262, 5.722, and 4.721 Q, respectively. This indicates that
BNO/PANI-X composites have less charge transfer resistance than the pristine BNO. There is a
significant decrease in R.; with increasing PANI content in the composites, further underscor-
ing the effect of PANI in enhancing the conductivity of the materials. This tendency indicates
that PANI significantly enhances the electrochemical performance by facilitating more efficient
charge transfer. The low values of Ry and R, (R.;) are attributed to the PANI dispersed in the
BNO nanoparticle, which facilitates the efficient access of electrolyte ions to the BNO surface.
Therefore, BNO/PANI-30% shows good electrochemical performance for supercapacitor appli-

cations.

The fitting values of the Constant Phase Element (CPE) for BNO and its composites with PANI
(10%, 20%, and 30%) reveal significant variations in capacitive behavior due to the incorpora-
tion of PANI. The CPE coefficient (Q) increases with higher PANI content, indicating enhanced
capacitive characteristics. For pure BNO, Q; is 30.2 (,uF-s(“*l)), which rises to 371.8 (,uF~s(“*1))
for the 30% PANI composite, suggesting improved charge storage capability. Similarly, Q3 in-
creases from 4757.5 (,uF-s(”_l)) to 70340.8 (,uF-s(“_l)), reflecting a more pronounced non-ideal
capacitive behavior, likely resulting from the increased surface roughness or porosity introduced
by PANI. The exponent o values, all ranging between 0 and 1, confirm the non-ideal nature of
the capacitance, with deviations from ideal behavior becoming more pronounced as the PANI
content increases. This trend highlights the role of PANI in modifying the electrochemical char-
acteristics of the composites, thereby enhancing their suitability for energy storage and other

electrochemical applications.

The magnitudes of total impedance (|Zioa1| ) for BNO and its PANI composites decrease signif-
icantly with increasing PANI content, from 2.91 Q (BNO) to 0.68 Q (30% PANI) at 100 kHz,

as presented in Table 4.8. This reduction indicates that the incorporation of PANI enhances
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the electrical conductivity and charge-transfer characteristics of the composites. The improved
performance can be attributed to the formation of a conductive PANI network, which reduces

ohmic resistance and facilitates faster electron transport throughout the electrode structure.
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Figure 4.40: Nyquist plots of (a) BNO, (b) BNO/PANI-X, and (c) the electrical equivalent
circuit model.

Table 4.8: EIS best fitting data of BNO, BNO/PANI-10%, BNO/PANI-20%, and BNO/PANI-
30% nanocomposites

Electrodes R (Q) Ry (Q) Q wFs@ ) QyuFs=) ay a3 |Zowl(Q)

BNO 1.508 17.034 30.2 4757.5 0.922 0.768 291
BNO/PANI-10% 1.343  9.262 198.5 23341.0 0.847 0.700 1.46
BNO/PANI-20% 0.943  5.722 219.0 45502.2 0.846 0.787 1.04
BNO/PANI-30% 0.615 4.721 371.8 70340.8 0.856 0.676 0.68

4.7.13 EIS Studies of SnO,/BNO and SnO,/BNO/PANI Nanocomposites

The dynamic characteristics of electrode materials (SnO>/BNO and SnO,/BNO/PANI) in elec-
trochemical reactions are frequently estimated using EIS, as shown in Fig. 4.41(a). The inset
of Fig. 4.41(a) displays zoomed-in EIS Nyquist graphs, whereas Fig.4.41(b) displays the ma-
terials equivalent circuit model. The Nyquist plots of all electrodes show a straight line in the
low-frequency region, indicative of capacitive behavior, and a semicircle in the high-frequency
zone, indicating dominant charge transfer mechanisms. As shown in Fig.4.41(b), the analogous

circuit design comprises equivalent components, including the constant phase element (CPE)
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(Q), the charge transfer resistance (R») (R.;), and the ohmic resistance (Ry). According to Table
4.9, the relative solution resistances (R;) for SnO>/BNO and SnO,/BNO/PANI are 0.558 and
0.695 Q, respectively. These resistance values include the electrolyte ionic resistance, the active
materials’ intrinsic resistance, and the interface’s contact resistance. The EIS results indicate
that the SnO,/BNO/PANI composite exhibits the lowest charge transfer resistance (2.354 Q),
suggesting superior electrochemical conductivity and interfacial charge transfer efficiency com-
pared to pristine and binary composites. The lowest resistance in the ternary SnO,/BNO/PANI
composite indicates that the incorporation of PANI with SnO, and BNO further enhances charge
separation and transport, making it the most efficient among the tested materials for potential

applications in energy storage.

Table 4.9: EIS fitting data of the synthesized nanomaterials

Electrodes RDQ) RYEQ) QuuFs@~1) QzuFs®~1) a, a3 —Zgota—(Q)
Sn0O,/BNO 0.558 4228 400.935 13996.29 0.852 0.934 25.1
SnO,/BNO/PANI 0.695 2.354 582.36 231462.16 0.813 0.697 1.95
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Figure 4.41: Nyquist plots of (a) SnO/BNO and SnO,/BNO/PANI, and (b) corresponding
electrical circuit model.

The higher Q, (CPEy;) values for SnO,/BNO/PANI (582.36 uF - s(®~1)) indicate improved
double-layer capacitance, attributed to PANI pseudocapacitive contribution and increased elec-
troactive surface area. Meanwhile, the exceptionally high Q3 (CPE; values for SnO,/BNO/PANI
231462.16 uF - s(“_l)) suggest enhanced ion diffusion and bulk charge storage, likely due to
PANT’s redox-active sites and the porous structure facilitating electrolyte penetration. Over-
all, SnO,/BNO/PANI demonstrates the best performance with low R, moderate CPE;;, and
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efficient bulk storage, making it a promising electrode for high-performance supercapacitors.
The SnO2/BNO/PANI composite exhibits the lowest total impedance (1.95 ), demonstrat-
ing superior charge transport and conductivity compared to pure SnO,, BNO, SnO,/BNO, and
SnO,/PANI, as shown in Table 4.9. The high impedance of BNO alone confirms its insulat-

ing nature, while the significant reduction in SnO2/BNO suggests improved interfacial charge

transfer due to the composite. The further decrease in impedance for SnO>,/BNO/PANI high-

lights the crucial role of PANI in enhancing conductivity through its redox-active and conductive

polymer properties. The ternary SnO,/BNO/PANI composite achieves the best performance,

combining low resistance and efficient charge storage, making it an excellent candidate for high-

performance supercapacitor electrodes.

Table 4.10: Comparative literature results of SnO, and Bismuth-based electrodes from earlier
reports with those of the present work.

Electrode Materials

Electrolyte

rent density

Csp (Fg™') Scan rate / Cur- References

Chitosan-SnO,—PANI
SnO,/rGO
SnO,@C
ZnWQ0,4/SnO,
MOSQ/ Sn02
SnO,/g-C3Ny
SnSz—SnOz
SnO,/PANI
BiFeO3

Bi3YOg
Graphene/Bi,03
WO3/PANI
rGO/Bi203

B1203/ MIIOQ
BiVO,-Ag

Bi,O3/Biy WOg
SnO,/PANI-30%
BisNb3O15/PANI-30%
SnO,/BNO/PANI

IM H,SO4 179.2
IM NaySO4 262.2
IMKOH  28.5
2MKOH 56.7
2MKOH 61.6
3MNa,SO4 302.7
IMKOH 149

1 M H,SO4 335.5
1 M NaOH 101.65
3 MNa,SO4 66

6 M KOH 255
0.5 M H;S0496
IMKOH 216

1 M NaOH 161
3 M Na,SO4 109
1 MKOH 148.81
1 M H,SO4 338
1 M H;SO4 216
1 M H;SO4 424

10 mV s~ !
0.1Ag™!
0.1 Ag™!
Il mVs!
10 mV s~!
1Ag™!
2Ag!
0.1 Ag™!
10 mV s!
4 mA cm™
1Ag!
5mV s}
10mV s~!

2

1Ag!
1Ag!
1Ag!
0.1 Ag™!
5mVs!
5mVs!

(Karpuraranjith et al., 2016)
(Y. Zhang et al., 2020)
(Ren et al., 2014)
(Vinayaraj et al., 2020)
(Prabukumar et al., 2019)
(R. Kumar et al., 2024)
(Asen et al., 2019)

(Wang et al., 2014)

(Jadhav et al., 2016)
(Sajjad et al., 2021)

(H.-W. Wang et al., 2010)
(Amaechi et al., 2015)
(W.-D. Yang & Yu-Jiang,
2019)

(Singh et al., 2019)

(Z.]. Zhang et al., 2017)
(Gote et al., 2019)

This work

This work

This work
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4.8 Electrochemical Characterization of Assembled Asymmetric Superca-
pacitor (ASC) Devices

4.8.1 CV Analysis of Assembled Asymmetric Supercapacitor Devices

In the three-electrode configuration, SnO2/PANI-30% demonstrated the highest specific capaci-
tance when compared to its lower PANI content counterparts, SnO,/PANI-10% and SnO,/PANI-
20%. Similarly, BNO/PANI-30% exhibited superior capacitive performance relative to BNO/PANI-
10% and BNO/PANI-20%. This enhanced electrochemical behavior confirmed the effective-
ness of the 30% PANI-loaded composites, leading to the selection of SnO,/PANI-30% and

BNO/PANI-30% as the optimal positive electrode materials for subsequent device fabrication.

The energy storage performance of SnO2/PANI-30%, BNO/PANI-30%, and SnO,/BNO/PANI
nanocomposites was systematically evaluated through the fabrication of ASC devices. Each
device was assembled in a Swagelok cell configuration, using the respective nanocomposite
as the positive electrode and activated carbon (AC) as the negative electrode. All devices
employed 1M H;SO4 as the electrolyte. As shown in Fig. 4.42 (b, d), SnO,/PANI-30%
and SnO,/BNO/PANI operated efficiently within the potential window of 0-1.4 V, whereas
BNO/PANI-30% was restricted to a smaller window of 0-0.9 V. CV measurements for AC
(see Fig. 4.42 (a)), SnO,»/PANI-30%, BNO/PANI-30%, and SnO,/BNO/PANI electrodes were
recorded at scan rates of 5, 10, 20, 50, and 100 mVs~!, like in the three-electrode configuration.
These CV curves were instrumental in determining the optimal potential windows and capacitive
behavior of each electrode material. The AC electrode, tested in the potential window of -0.3 to
0.4 V, exhibited electric double layer capacitance (EDLC), primarily driven by electrostatic ion

adsorption at the electrode-electrolyte interface (Ndipingwi et al., 2022).

Consequently, an ASC voltage window of 1.4 V was adopted for all devices, except for BNO/PANI-
30%, which remained stable only up to 0.9 V. To ensure efficient charge transfer and maximize
electrochemical performance, mass balance between the positive and negative electrodes was

achieved using the mass-charge balance equation (Eq. 2.10).

The CV profiles of the assembled ASC devices (AC//SnO,/PANI-30%, AC//BNO/PANI-30%,
and AC//SnO,/BNO/PANI), presented in Fig.4.42 (b-d), demonstrated quasi-rectangular shapes
across varying scan rates, indicating predominant pseudocapacitive behavior. This hybrid con-
figuration combines EDLC from the AC electrode and pseudocapacitance from the nanocom-

posites, enabling the device to exploit broader potential windows and enhancing energy density.
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Figure 4.42: a) CV curves of Activated carbon (AC), (b) CV curves of AC/SnO,/PANI-30%,
(c) CV curves of AC/BNO/PANI-30%, and d) CV curves of AC/SnO2/BNO/PANI for superca-
pacitor device in IM H>SO4 aqueous electrolyte.

4.8.2 GCD Analysis of Assembled Asymmetric Supercapacitor(ASC) Devices

Galvanostatic charge/discharge (GCD) measurements were performed to evaluate the specific
capacitance of the asymmetric supercapacitor (ASC) devices composed of activated carbon (AC)
as the negative electrode and nanocomposite materials as the positive electrodes. The specific
capacitance (Cgp) was calculated from the discharge curves using the following Eq. 2.11. The
GCD curves for the AC//SnO,/PANI-30% device were recorded at current densities of 0.3, 0.5,
0.6,0.8, and 1 A.g_l within a voltage window of 1.4 V, as shown in Fig. 4.43 (a). The calculated
specific capacitance values were 237.38,229.22,193.59,152.22, and 153.43 Fg~!, respectively.
These results show a consistent decrease in capacitance with increasing current, which is at-

tributed to reduced ion diffusion and limited utilization of active sites at higher rates.

For the AC//BNO/PANI-30% device, GCD measurements were conducted at 0.1, 0.2, 0.3, 0.4,
0.5, and 1A.g~! using a 0.9 V cell voltage as shown in Fig. 4.43 (b). The corresponding
specific capacitances were found to be 475.44,334.24,283.86,243.13,207.06, and 84.38 Fg~!,

respectively. A sharp decline in capacitance at higher current densities suggests a drop in charge
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storage efficiency, which is likely due to polarization effects and slower ion transport kinetics at
elevated currents.

The ternary AC//SnO,/BNO/PANI device was tested at relatively higher current loads of 0.2,
0.3, 04, 0.5, 0.8, 1, and 2 A.g’1 under a voltage window of 1.4 V, as shown in Fig. 4.43
(c). The calculated specific capacitances were 247.52,190.67,161.55,142.09,118.96,104.62,
and 87.75 Fg~!, respectively. These values demonstrate a moderate decrease in performance
with increasing current, indicating stable and efficient charge-discharge behavior, even under
high rate conditions. Among the tested configurations, the AC/BNO/PANI-30% device exhib-
ited the highest specific capacitance at low current density (475.44 F.g~! at 0.1 A.g™!), though
it showed significant loss at higher loads. In contrast, AC//SnO,/PANI-30% and especially
AC//SnO,/BNO/PANI displayed better capacitance retention across a broad range of current

densities.
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Figure 4.43: (a) GCD of AC//SnO,/PANI-30%, (b) GCD of AC//BNO/PANI-30%, (c) GCD of
AC//SnO2/BNO/PANI, and (d) Specific capacitance Vs current load of AC//SnO,/PANI-30%,
(e) Specific capacitance vs current load of AC/BNO/PANI-30%, (f) Specific capacitance Vs
current load of AC//SnO2/BNO/PANI calculated from GCD of the supercapacitor device in 1M
H,SOy4 electrolyte.
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4.8.3 Specific Energy and Power Density Analysis of the Fabricated Asymmetric
Supercapacitors (ASCs)

Specific energy and power are key factors in supercapacitor applications that show the device’s
effectiveness and applicability for various uses. The energy and power density of the ASCs
AC//SnO,/PANI-30%, AC//BNO/PANI-30%, and AC//SnO>/BNO/PANI were determined us-
ing Eq. (2.12) and (2.13). For the AC//SnO,//PANI-30% ASC, the energy densities were
64.62,62.40,52.70,41.44, and 41.76 Wh.kg~! at current densities of 0.3, 0.5, 0.6, 0.8, and
1 A.g™ !, respectively. The corresponding power densities reached 840, 1400, 1680, 2240, and
2800 W.kg~! at the same current densities as shown in Fig. 4.44 (a). For the AC//BNO/PANI-
30% ASC, the energy densities were 53.49, 37.61, 32, 27.35, 23.30, and 9.4 Wh.kg_l at current
densities of 0.1, 0.2, 0.3, 0.4, 0.5, and 1A.g~!, respectively. The corresponding power densities
reached 180, 359.72, 540.09, 720, 900, and 1947.62 W.kg_1 at the same current densities, as
shown in Fig. 4.44 (b). Meanwhile, the AC//SnO,/BNO/PANI ASC demonstrated energy den-
sities of 67.27, 51.90, 43.98, 38.68, 32.38, 28.48, and 24.20 Wh.kg’1 at current densities of 0.2,
0.3,04,05,0.8,1,and 2 A.g_l, respectively, with power densities of 560, 840, 1120, 1400,
2240, 2800, and 5600 W.kg_] , as shown in Fig. 4.44(c). These findings reveal the differences in
energy storage and power delivery between the two ASC configurations under varying current
loads. The AC//SnO,/BNO/PANI assembly achieved a significantly higher maximum power
density of 5600 W.kg~! at 2 A.g~!, compared to 2800 W.kg~! at 1 A.g~! for AC//SnO,/PANL
This suggests that while the BNO-modified device sacrifices some energy retention at high cur-

rents, it offers superior power capability at extreme current loads.
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Figure 4.44: Ragone plot of a) AC//SnO,/PANI-30%, b) AC//BNO/PANI-30% and c)
AC//SnO2/BNO/PANI Supercapacitor devices in 1M H>SOy4 electrolyte.

4.8.4 Electrochemical Cycling Stability for the Fabricated Supercapacitor Devices

The device stability was first evaluated for the binary composite devices AC//SnO,/PANI-30%
and AC//BNO/PANI-30% at a current load of 1 A.g~!. The AC//SnO,/PANI-30% device showed
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capacitance retention of 41.54% after 500 cycles, which slightly decreased to 41.17% after 1000
cycles and further declined to 38.7% by the end of 2000 cycles, as shown in Fig. 4.45 (a). No-
tably, the AC//SnO,/PANI-30% fabricated supercapacitor demonstrated a remarkable Coulom-
bic efficiency of 99.85% after 2000 cycles, as depicted in Fig. 4.45 (d), indicating that it is a
highly efficient device.

Similarly, the AC//BNO/PANI-30% device initially exhibited an improvement in capacitance
retention, reaching 99.41% after 200 cycles. However, this value dropped to 91.97% after 500
cycles and eventually decreased to only 52.87% after 5000 cycles, as shown in Fig. 4.45 (b).
The significant capacitance loss observed in AC/BNO/PANI-30% between 200 and 5000 cycles
is likely due to mechanical stresses leading to electrode cracking, which reduces ion transport
and active surface area during prolonged charge/discharge processes. Nevertheless, this device
exhibited exceptional Coulombic efficiency, increasing from 97.40% in the initial cycle to 100%

after 5000 cycles (Fig. 4.45 (e)), indicating high reversibility of the electrochemical reactions.
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Figure 4.45: Cycling stability of capacitance retention for (a) AC//SnO,/PANI-30%,(b)
AC//BNO/PANI-30% and (c) AC//SnO,/BNO/PANI; Coulombic efficiency of the devices (d)
AC//SnO,2/PANI-30% over 2000 charge-discharge cycles and (e) AC/BNO/PANI-30%, (f)
AC//SnO2/BNO/PANI over 5000 charge-discharge cycles in 1 M H,SO4 aqueous electrolyte.

In contrast, the ternary composite device AC//SnO,/BNO/PANI demonstrated a remarkable im-
provement in electrochemical stability when cycled at a higher current load of 2 A.g~!. This
device retained 98.29%, 91.07%, 81.15%, 75.74%, and 73.03% of its initial capacitance after
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500, 1000, 2000, 3000, and 5000 cycles, respectively, as shown in Fig. 4.45 (c). Additionally, it
maintained a Coulombic efficiency of 98.76% after 5000 cycles, as shown in Fig. 4.45 (1), indi-
cating excellent charge/discharge reversibility. Compared to the binary composites, the ternary
device demonstrates superior capacitance retention and long-term cycling stability, which can
be attributed to the synergistic effects of the SnO,, BNO, and PANI components that enhance

structural integrity, ion transport, and electro-active surface area during extended cycling.

4.8.5 Electrochemical Impedance Spectroscopy (EIS) Analysis of the Assembled

Supercapacitor Devices

The EIS measurements were conducted on AC//SnO,/PANI-30%, AC//BNO/PANI-30% and
AC//SnO,/BNO/PANI supercapacitor devices (Fig.4.46) to investigate their interfacial electro-
chemical properties. The impedance spectra were recorded over a wide frequency range (10
mHz to 100 kHz) using the same electrolyte as in previous CV and GCD characterization. The
impedance spectra and their corresponding equivalent circuit models were obtained using EC-
lab software, as illustrated in Fig. 4.46 (a-c), along with the fitted circuit parameters. The
key circuit parameters include solution resistance (Ry), charge transfer resistance (R.), con-
stant phase elements (Q), and Warburg impedance (W), and they comprehensively describe the

devices’ electrochemical behavior.

The AC//SnO,/PANI-30% device, shown in Figure 4.46 (a), exhibited a solution resistance (Ry)
of 0.81 Q, reflecting low internal resistance and efficient ionic conductivity. However, the device
presented a relatively high charge transfer resistance (R.;) of 66.49 Q, indicating a limitation in
electron transport at the electrode-electrolyte interface, which could hinder overall performance.
The constant phase element (Q = 0.000707 F.S~!) suggests surface roughness or inhomogeneity,
likely attributed to the structural features of the SnO2/PANI-30% nanocomposite. The Warburg
impedance (W = 19.78 QS ') indicates that ion diffusion also contributes significantly to the

total impedance, especially at lower frequencies, potentially affecting rate capability.

For the AC//BNO/PANI-30% device, as depicted in Fig. 4.46 (b), the solution resistance was
slightly higher at 3.792 Q, but still within a favorable range for effective ionic transport. The
charge transfer resistance (R.;) was reduced to 44.801 Q compared to the SnO,-based system,
indicating improved electron transfer kinetics. The lower constant phase element (Q = 0.000155
F.S™1) reflects a more uniform electrode surface. However, the Warburg impedance (W = 24.147
Q.S 1/2) was somewhat greater, suggesting that ion diffusion resistance plays a more prominent

role in limiting performance in this configuration.
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Figure 4.46: Nyquist plots along with the corresponding equivalent circuit models used to fit the
EIS data for (a) AC//SnO,/PANI-30%, (b) AC//BNO/PANI-30% and (c) AC//SnO2/BNO/PANI
devices, in 1 M H,SO4 aqueous electrolyte. .

The AC//SnO,/BNO/PANI ternary device demonstrated the most favorable electrochemical char-
acteristics, as shown in Fig. 4.46 (c). It exhibited the lowest solution resistance (R1 = 0.33
Q) and a significantly reduced charge transfer resistance (R, = 20.17 Q), indicating enhanced
charge transport and interfacial conductivity. The equivalent circuit includes two constant phase
elements of Q; = 22.12 uF.S™! corresponding to double-layer capacitance, and Q, = 0.00206
F.S~! representing pseudocapacitive behavior. This dual behavior confirms the presence of a hy-
brid charge storage mechanism in the ternary composite. Despite the higher Warburg impedance
(W =4492 Q. s/ 2, which indicates some ion diffusion limitations, the combined improve-
ments in resistance and capacitance characteristics contribute to the superior electrochemical
performance of the ternary system compared to its binary counterparts. These findings demon-
strate how ternary composites overcome binary system limitations through synergistic effects.
While the binary composites shows inherent conductivity constraints (evident in its single Q
value and high R.), the ternary system’s dual Q components and lower R.; enable superior
charge transfer and energy storage. The results emphasize that strategic material combinations
in ternary systems can significantly enhance supercapacitor performance. The distinct Q; and
Qg values in the ternary system particularly highlight its ability to combine both double-layer

and pseudocapacitive storage mechanisms effectively.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In conclusion, this study demonstrates that combining green synthesis of SnO; and BNO nanopar-
ticles with the strategic design of SnO,/BisNb3zO;5/PANI nanocomposites offers an effective
approach for developing high-performance supercapacitor electrode. Incorporating BisNb3Ogs
and the conducting polymer PANI effectively addresses the inherent limitations of SnO», such
as poor conductivity and limited ion transport, thereby enhancing its electrochemical function-
ality. This study confirms the strong influence of PANI on improving the charge-storage be-
havior of both SnO, and BisNb3O;5 nanoparticles. The SnO,/PANI nanocomposites, partic-
ularly SnO,/PANI-30%, demonstrated a remarkable increase in specific capacitance,achieving
338 F.g~' at 0.1 A.g!, along with good cycling stability and high Coulombic efficiency. Like-
wise, the BisNb3O15/PANI-30% nanocomposite showed significant enhancement over pristine

BisNb3O15, achieving a good capacitance retention and stable long-term performance.

The ternary SnO,/BisNb3O;5/PANI nanocomposite delivered the greatest overall electrochem-
ical improvement, reaching a specific capacitance of 424 F.g~! at 5 mVs~! and maintaining a
remarkable Coulombic efficiency after 5000 cycles, highlighting the strong synergistic interac-
tion among the three components.The integration of PANI with SnO, and BisNb3zO;s substan-
tially improved conductivity, ion diffusion, and redox activity, resulting in superior electrochem-
ical behavior across all composite systems. These enhancements demonstrate the effectiveness
of polymer-oxide hybridization in producing efficient and high-performing electrode materials
suitable for supercapcitor applications. The consistent improvements in specific capacitance,
specific energy,and power densities, and cycling stability across all composite types confirm the

promising potential of these materials for practical supercapacitor applications.

This improved electrochemical response was further validated by the performance of the asym-
metric supercapacitor (ASC) devices assembled with activated carbon (AC) as the negative elec-
trode. The AC//SnO,/BNO/PANI device exhibited superior specific energy and power densities,
achieving 67.27 Whkg~! at 0.2 A g~! and a maximum specific power density of 5600 W kg~!,
outperforming AC//SnO,/PANI-30% and AC//BNO/PANI-30%, which showed lower values
across comparable current densities. Moreover, this device displayed excellent cycling stabil-

ity, with Coulombic efficiency exceeding 98% and capacitance retention up to 73% after 5000
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cycles. These results indicate that the ternary SnO,/BNO/PANI nanocomposite provides a syn-
ergistic combination of high energy, high power, and long-term stability, making it a highly

promising electrode material for advanced supercapacitor applications.

5.2 Recommendations

For future research, it is recommended to further optimize the synthesis of the ternary nanocom-
posite SnO>/BNO/PANI to enhance conductivity, structural uniformity, and long-term electro-
chemical stability, while exploring alternative electrolytes, electrode configurations, and active
material loadings to improve device performance. It is also strongly recommended to continue
with the facile synthesis and further exploration of SnO,/BNO/PANI nanocomposites for photo-
catalytic applications. Each constituent of the composite contributes distinct advantages: SnO;
offers excellent chemical stability, BNO provides a layered perovskite structure with a suitable
band gap and ferroelectric properties that enhance charge separation, and PANI introduces out-
standing electrical conductivity and environmental resilience. The integration of these compo-
nents is expected to generate a synergistic effect, improving overall photocatalytic performance
through efficient charge separation and reduced recombination of photogenerated electron—hole
pairs. It is therefore advisable to evaluate its photocatalytic activity under various illumination
conditions and to assess its long-term structural stability and functional durability, ensuring its

practical applicability and reliability for sustainable environmental remediation technologies.
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