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Abstract

MXene-based materials show great potential as electrodes for next-generation energy
storage devices, owing to their excellent conductivity, high surface area, and tunable
surface chemistry. In this study, we focus on the design and fabrication of a diverse range
of electrodes by systematically changing the composition of MXenes, including pure
MXenes, MXene-based composites, and electrodes with controlled levels of MXene
impurities. This strategic variation enables a comprehensive investigation of how material
composition influences the electrochemical performance of energy storage systems.
Through extensive structural, morphological, and electrochemical analysis, we evaluate
the impact of MXene composition on charge storage capacity, cyclic stability, and rate
capability. Electrodes with varying Titanium Carbide (MXene-enabled Impurity) content
were synthesized, and symmetric supercapacitors were fabricated using three innovative
gel-based electrolytes: Acrylamide, N, N'-Dimethylacrylamide, and 2-Hydroxyethyl
methacrylate. X-ray diffraction (XRD) analyzed the structural properties of the electrodes,
while cyclic voltammetry (CV) assessed their electrochemical performance within a -1 V
to 1 V range at varying scan rates. Electrochemical impedance spectroscopy (EIS) was
conducted to analyze the Randles circuit and determine the series resistance (Rs), providing
insight into the active surface area contributing to charge storage. Additional tests,
including open- and short-circuit evaluations performed after charging at 1V for 2 minutes,
confirmed the compatibility of the electrodes with different electrolytes. Notably, the
maximum specific capacitances of 50 F/g and 79 F/g were achieved with N, N'-
Dimethylacrylamide and 2-Hydroxyethyl methacrylate, respectively. To enhance
supercapacitor performance, binary and ternary composites of MXenes with conducting

polymers were developed for flexible asymmetric configurations. MXene, MXene-PANI,
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and MXene-PANI-PEDOT: PSS acted as cathodes, with pPBOA serving as the anode.
Supercapacitors based on MXene-PANI-PEDOT: PSS demonstrated enhanced
electrochemical performance, achieving a specific capacitance of 279 F/g at a scan rate of
5 mV/s, surpassing the specific capacitances of MXene-PANI (153 F/g) and pristine
MXene (68 F/g). Building upon these advancements, a novel quaternary composite of
MXene (MXene-pBOA-NiO-rGO) was also developed and deposited onto conductive
fiber yarn to fabricate a symmetric supercapacitor with variations in the electrode distance.
Electrochemical testing using a two-electrode system revealed exceptional supercapacitive
behavior, yielding a specific capacitance of 338.4 F/g and an energy density of 16.9 Wh/kg
in an Acrylamide-based gel electrolyte. These results demonstrate the potential of MXene-
based electrodes for flexible, high-performance supercapacitors in wearable and self-

powered systems.
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Chapter 1 Introduction

This section introduces core concepts of energy storage technologies. It highlights progress
in analyzing MXene-based supercapacitors, which are regarded as a potential leading

candidate for advanced energy storage solutions.

1.1 Energy Storage Systems

Energy serves as the cornerstone of economic growth, social advancement, and ecological
protection. Developed and developing nations depend on energy to power their industries,
transportation systems, healthcare systems, and daily household activities. Its availability
and efficient utilization influence the quality of life, productivity, and environmental
sustainability. Energy storage systems are essential in energy infrastructure, as they
optimize power generated from diverse sources, especially renewable energy resources [ 1-
4]. Energy storage systems, which include various technologies such as fuel cells, batteries,
and capacitors, have been developing due to ongoing research and innovation [5-8]. The
sustainable management of energy resources, together with advancements in state-of-the-
art energy storage technologies, is essential for maintaining ecological balance, promoting
social development, and securing long-term economic stability [9-12]. Figure 1.1 presents
a structured organogram that categorizes various energy storage technologies into five
primary groups: mechanical-based energy storage techniques, electrochemical energy
storage systems, chemical energy storage technologies, electrical energy storage devices,
and thermal-based energy storage methods. Each category includes different storage

methods based on their working principles and applications.
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Figure 1.1 Organogram of energy storage technologies [13]

Energy conversion devices, such as fuel cells and solar cells, are on the rise, converting
energy into electricity. Meanwhile, innovative energy storage devices, such as batteries and
capacitors, are improving to efficiently store and deliver electricity. These advancements
are laying the groundwork for cutting-edge energy systems that drive the global transition
to sustainability and efficiency. Fuel cells are electrochemical devices that convert the
chemical energy of a fuel (typically hydrogen) and an oxidizing agent (usually oxygen)
directly into electricity, water, and heat. Solar cells, also known as photovoltaic (PV) cells,
convert sunlight directly into electricity using semiconductor materials [ 14]. Batteries and
capacitors are energy storage devices with different operating principles and applications.
Batteries are often chosen for applications that need high energy density and long-term
energy supply, but they are limited by low power output. In contrast, capacitors are suitable
for quick energy discharge at high power. No individual technology is capable of delivering
both high energy and power density simultaneously. This limitation has led to extensive

research into advanced energy storage solutions, especially electrochemical capacitors,

2



known as supercapacitors [15]. Figure 1.2 illustrates a Ragone plot that compares different
energy storage systems by inspecting their energy and power density characteristics [16].
The graph highlights the relationship between energy density and power density for various
energy storage technologies. Figure 1.3 shows a comparison of the key properties of
batteries and supercapacitors, highlighting their differences due to energy storage

mechanisms.
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Figure 1.2 Comparison of different energy storage technologies using a Ragone chart [16]
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1.2 Supercapacitors

Supercapacitors, also called ultracapacitors, show a significant advancement in energy
storage technologies, addressing the growing global energy demands [19]. Unlike
traditional batteries that generate energy via chemical reactions, supercapacitors store and
release energy through electrostatic charge separation between the interface of electrodes
and electrolytes [20]. This key difference permits them to charge and discharge much faster
and withstand significantly more charge-discharge cycles. Supercapacitors are used in
scenarios requiring fast energy charging and discharging, due to their distinct properties.
They are being used more frequently in renewable energy systems, electric vehicles, public
transportation, and transportable electronic devices, establishing them as an essential part
of modern energy solutions [21,22].

While supercapacitors have notable advantages, they show lower energy density as
compared to that of conventional batteries. Scientists are continually exploring advanced
materials, including graphene and other nanostructured substances, to increase energy
storage capability while preserving the primary features of supercapacitors. As global
energy systems shift toward more sustainable and efficient technologies, supercapacitors
emerge as a promising solution. Their ability to address critical issues such as energy
efficiency, reliability, and sustainability underscores their importance in meeting the energy
needs of the future [23,24].

Supercapacitors are remarkable in the field of electronics due to their versatility and fast
charging and discharging capabilities with exceptional cyclability. These properties make
supercapacitors well-suited for a range of applications in energy storage and power
transmission [25, 26]. Furthermore, studies on cutting-edge materials such as graphene,
carbon nanotubes, and hybrid nanostructures are focused on enhancing supercapacitor
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performance to approach the energy density of batteries [27-30]. The development of
nanostructured electrode materials has emerged as a method to improve the efficiency of
supercapacitors. The characteristics of nanomaterials, including excellent electrical
conductivity, extensive surface area, and extraordinary electrochemical stability, have
greatly improved the advancement in energy storage technologies [31].

With the goal of optimizing supercapacitors' electrochemical properties, researchers utilize
numerous nanostructures, including one-dimensional (1D), two-dimensional (2D), and
three-dimensional (3D) designs. Nanostructure modifications enhance electrochemical
performance along with power density, making supercapacitors more effective for high-
performance applications [32-34]. In supercapacitors, low energy density is still
challenging and decreases the efficiency of supercapacitors.

Two-dimensional (2D) materials have become emerging materials for use in
supercapacitors as electrodes because of their excellent physical, chemical, and
electrochemical properties. These materials, characterized by their ultrathin layered
structures, offer several advantages in supercapacitor applications. Their use as electrodes
can potentially improve the performance and efficiency of supercapacitors [35]. 2-D
materials have become an emerging research area with the discovery of Graphene. Most of
their unique features relate to the energy band structure as the material approaches a single
atomic layer. The variety of 2D materials is broad, including most elements listed in the
periodic table. [36]. Two-dimensional (2-D) materials have gained importance in energy
storage applications because of ion intercalation, less weight, chemical stability, good
electrical conductivity, and high flexibility [37]. The two-dimensional nature and good

aspect ratio make direct integration of 2-D devices easy with most of the planar devices



and increase the sustainability of harsh operating conditions, such as volumetric changes
[38].

Two-dimensional materials have certain limitations, such as narrow interlayer spacing and
hydrophobicity. The exploration of these drawbacks has contributed to the emergence of
novel 2D materials called MXenes [39]. MXenes are two-dimensional structures that
mainly consist of carbides and nitrides from early transition metals. Their name ends with
“ene” because, like graphene, they have a layered, sheet-like structure. These layers are
typically only a few atoms thick, improving surface area and surface chemistry. MXenes
exhibit outstanding electrical conductivity, allowing fast electron transport. Their chemical
composition can be tuned for specific applications, enhancing performance. Common
applications include metal-ion batteries and supercapacitors, where they improve energy
density and cycle stability [40,41].

In 2011, Naguib et al initially reported the MXenes. The generic formula used for MXenes
is My+1XnTx, where M stands for an early transition metal, (n+1) indicates the number of
M layers, and n denotes the number of X layers. Surface functionalization of MXenes
commonly involves termination groups, such as F, O, OH, and Cl, collectively denoted as
Tx. Four distinct MXene compositions, M, XTx, MsX.Tx, MaXsTy, and MsXaTx, have been
successfully developed [42]. Ti3C,Tx was first reported and widely used as MXene, and it
has a M3X,Tx structure [43]. After that, MoXTx and M4X3Tx were discovered in 2012 by
synthesizing TioCTx and Ti4C3Tx. M0o4VCs was the first MsX4Tx MXene synthesized in
2020 with five atomic layers of transition metal. Up till now, twenty different MXenes
have been synthesized, and many are under work and consideration, as shown in Figure

1.4 [42].
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Figure 1.4 Evolution of MXenes [42]

In 2011, the MXene (Ti3C,Tx) was fabricated by etching aluminum from the MAX phase
( TizAlC> ), and HF was used as an etchant [43]. Up till now, 70% of research on MXene
depends upon the first discovered MXene, and that discovery was so emerging that some
researchers called TizCoTx instead of MXenes [44]. Then, other acidic solutions were
proposed in addition to HF, such as HCIl, LiF, HCL with NaF, and ammonium
hydrochloride in organic polar solvents [45]. In 2013, Gogotsi and his colleagues
demonstrated the successful incorporation of a wide range of cations into TisC.Tx MXene
electrodes. MXene has rapidly gained attention as a growing research area because of its
exceptional properties and wide range of applications. Figure 1.5 presents a detailed
overview of its key characteristics and versatile uses, underscoring its importance across

various fields [46].
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Figure 1.5 Properties and applications of MXenes [46]

Recent research has highlighted key limitations of two-dimensional (2D) materials in
supercapacitor applications, including poor cycling stability and limited volumetric
capacitance. For example, studies on MXenes reveal rapid capacity loss due to surface
oxidation, prompting the development of surface passivation techniques. Graphene-based
electrodes face restacking problems, leading researchers to explore spacer materials like
carbon nanotubes to maintain interlayer spacing [36]. Additionally, efforts are underway
to dope 2D materials with heteroatoms (e.g., N, B) to improve conductivity and redox
activity. These investigations show that while 2D materials have potential, issues with
structural stability, conductivity retention, and scalable synthesis remain important

research challenges [39,40].



1.3 Supercapacitors Applications

Supercapacitors, with their ability to handle high power and fast energy exchange over a
long lifespan, are applied extensively in various modern technologies and industries. In
transportation, supercapacitors are increasingly integrated into regenerative braking
systems for electric and hybrid vehicles. In renewable energy systems, supercapacitors
play a critical role in smoothing out power fluctuations from renewable energy sources
such as solar panels and wind turbines. This helps ensure stable and reliable power
delivery. They are commonly integrated into consumer electronics, including smartphones,
wearable technology, and digital cameras, where their rapid charging capability enhances
user convenience.

Additionally, supercapacitors are integral to uninterruptible power supplies (UPS).
They provide backup energy during power outages. This ensures the uninterrupted
functioning of critical systems, including data centres, telecommunications networks, and
medical equipment. In military and aerospace applications, supercapacitors are employed
in advanced radar systems, satellites, and guided missiles, where high power output is
required [47]. Emerging applications include the Internet of Things (IoT), where
supercapacitors power sensors and devices that require compact, lightweight, and energy-
efficient storage solutions.

Furthermore, research into hybrid supercapacitors is growing rapidly. These devices
combine the best features of batteries and traditional supercapacitors.
This advancement is expanding their potential applications in electric grids, robotics, and
portable medical devices. These diverse applications underscore the transformative impact
of supercapacitors across sectors and their pivotal role in supporting the shift toward

renewable energy systems [33].



1.4 Gap Analysis and Issues

Despite the rapid advancements in supercapacitor technologies, critical research gaps
remain, especially in the advancement of flexible supercapacitors utilizing MXene
materials. MXenes have attracted considerable interest due to their excellent electrical
conductivity, tunable surface chemistry, and layered structure. However, challenges
remain in ensuring long-term electrochemical stability and mechanical durability. Existing
studies have largely focused on enhancing capacitance, often neglecting the influence of
structural flexibility on device performance. Limited work has been done to integrate
MXenes with flexible substrates suitable for wearable applications. Additionally, most
reported studies are conducted under ideal laboratory conditions, lacking real-world
testing. MXene-based composites have shown promising electrochemical characteristics
as an active electrode material used in the electrodes of energy storage devices, but their
compatibility and long-term operational behavior are underexplored. Therefore, it is
important to conduct detailed studies that go beyond just the synthesis of MXene-based
composites. These investigations should also focus on their durability, performance at the
device level, and effective design strategies. Evaluating them under realistic operating

conditions is essential to ensure practical and reliable performance in applications.

1.5 Problem Statement

Energy harvesting and storage are both integral parts of modern wearable technologies.
Technology-ready solutions are required to opt for them for commercial applications. Two-
dimensional materials like Graphene and MXenes are tried in energy storage applications
due to their low-dimensional structure, high flexibility, and excellent conductivity. The
main problem yet to be addressed is the viability of the MXene structure as well as its

performance at the circuit level for a wearable energy storage application (specifically in
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the supercapacitor domain). To overcome this hurdle, “electrode engineering” may prove
to be a sustainable and efficient solution. Symmetrical and asymmetrical configurations of
MXenes-based electrodes will be developed, evaluated, integrated, and optimized in this
work to qualify their performance viability in commercial energy storage devices. These
engineered electrodes may provide a larger extent of surface area with high conductivity

magnitude, which are the essential parameters for flexible supercapacitor applications.

1.6 Objectives

The main objectives of this work are as follows:

e To review the technology gaps and design a MXenes-based process architecture by
utilizing the electrode engineering approach, which may improve the stability and
performance of the flexible supercapacitor devices at the circuit level;

e To fabricate and characterize the devices based on the designed process architecture;

e To optimize the device structure by achieving high gravimetric capacitance,
volumetric capacitance, and power density to integrate the devices with commercial

applications to provide a technology-ready solution.

1.7 Significance

Supercapacitors are modern electrochemical storage devices, and their progress is in the
initial stage. The efficiency of supercapacitors increases in hybrid electrodes, and now
inorganic-organic hybrids bring a change in the direction of research. The attractive
properties of MXene/organic hybrids have an impact on flexible electronic devices. If
MXenes and organic molecules integrate properly, we can utilize the properties of both
MXenes and organic molecules for next-generation flexible devices. Supercapacitors have

been studied and evolved in the last few decades and are now used for commercial
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applications. Flexible supercapacitors have recently evolved and are used in wearable
electronics due to their small size and use of liquid electrolytes. Now, the use of
supercapacitors is extended to many smart devices such as smartphones, smartwatches, and
sensors. Researchers are developing advanced “smart” supercapacitors that can repair
themselves (self-healing) and return to their original form after deformation (shape
memory). Such innovations could lead to more durable and versatile electronics in the

future.

1.8 Thesis Structure

The thesis is organized into six systematically structured chapters.

Chapter 1 presents a fundamental introduction, essential for understanding the foundation
of fabricating and assessing flexible materials incorporating MXenes for applications in
energy storage.

Chapter 2 gives details of the key ideas that will be necessary for understanding the
approach to the problem and further development of its thesis.

Chapter 3 enlists and reviews research and studies taken up in the fabrication and
characterization of MXene-based supercapacitors for energy Systems applications.
Chapter 4 provides details about the materials and methodologies used in the study,
including experimental setups and data analysis techniques.

Chapter 5 discusses the results and discussion, interpreting the findings and their
implications. It shows different approaches used to conduct a systematic study of the
problem.

Chapter 6 summarizes the thesis through key takeaways, notable contributions, and

recommendations for further research.
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1.9 Summary

As fossil fuels diminish and global energy demand continues to grow, the need for reliable,
green, effective, low-cost, and sustainable energy storage is a key challenge facing us every
day. Batteries and capacitors are the most commonly used energy storage devices. Batteries
offer high energy density and long-term storage but have a low power output, while
capacitors deliver high power density but have a limited energy storage capacity.
Supercapacitors (SCs) bridge this gap between batteries and supercapacitors by offering
high specific capacitance, quick charge-discharge capability, and excellent cyclic stability.
Extensive research is being conducted to enhance supercapacitor performance, bringing
them closer to replacing traditional energy storage solutions. This study focuses on
developing innovative MXene-based electrodes for supercapacitors to attain the power

requirements of next-generation energy storage applications.
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Chapter 2 Background Theory

This section introduces key concepts for understanding the basics of fabricating and
characterizing flexible supercapacitors for energy system applications. It also examines the
internal structure and working principles of different supercapacitor types, with a particular
emphasis on MXene-based supercapacitors for flexible energy storage. Additionally, it

explores electrochemical energy conversion and the principles of energy storage.

2.1 Historical Perspective of Supercapacitors

Supercapacitors have become a rapidly evolving and prominent research area over time
due to their exceptional characteristics. Researchers are working to improve the efficiency
of supercapacitors because modern technologies demand better energy storage solutions.
[48].

In 1853, Hermann von Helmholtz was the first scientist who introduce the basic concept
of double-layer capacitance. In 1957, Becker received the first patent for the design of a
double-layer capacitor from General Electric Corporation [49]. In 1962, the Standard Oil
Company of Cleveland, Ohio (SOHIO) was granted a patent for making energy storage
devices using the electrode of porous carbon. SOHIO had granted another patent by 1970
for a disc-shaped capacitor.

The firm licensed its double-layer capacitor technology to Nippon Electric Company
(NEC) in 1971. In the 1980s, NEC pioneered the commercial release of the first double-
layer capacitor, which is today commonly referred to as a “supercapacitor.” [50]. In 1975,
capacitors were developed using ruthenium oxide films based on the pseudo-capacitive

mechanism [51,52].

14



Then, the industrialization period of supercapacitors began, driven by developments in key
technologies such as electrode materials, electrolytes, and manufacturing processes. In
1978, Panasonic developed a type of supercapacitor known as the "Gold capacitor". In
1982, Pinnacle Research Institute(PRI) established the first high-power double-layer

capacitor, known as the "PRI Ultracapacitor." [50]. Figure 2.1 shows further development

in supercapacitors.
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Figure 2.1 Evolution of supercapacitor [25]

Currently, commercial supercapacitors are crucial in many applications because of their
long lifespan, fast charging and discharging abilities, and high energy density. They serve
as reliable power sources in various devices and technologies, providing efficient and
dependable energy solutions for many different needs [53]. The main research areas of SCs

are shown in Figure 2.2.
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Figure 2.2 Research areas of supercapacitors [53]

2.2 Working Principles of Supercapacitors

Supercapacitors operate primarily on electrostatic principles, specifically the phenomenon
of capacitance. Understanding basic capacitance is crucial for grasping the core concepts
of supercapacitors. Capacitance is the property of a system that enables it to store electrical
charge when a voltage is applied across its terminals. It shows the capacity of the system
to collect and store electrical energy in the form of an electric field. The fundamental

formula for capacitance in capacitors is shown in Equation 2.1.

C=¢g x&xAl/d 1)
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This equation for capacitance plays a significant part in the design and operation of
supercapacitors because it directly relates the device's capacitance to its physical
properties. Each term in the equation represents a specific physical property that influences
the supercapacitor's ability to store charge.

In equation 2.1, A denotes the electrode surface area, g0 shows the permittivity of free
space, & indicates the relative permittivity of the dielectric material, and d represents the
distance between two oppositely charged electrodes. This relationship underscores the
significance of using electrode materials with a large surface area and fine-tuning

electrolyte characteristics to improve the capacitance of supercapacitors [54].

2.3 Supercapacitor Components

A supercapacitor consists of five key components, each with a distinct role in facilitating
efficient energy storage and transfer. These include a positive electrode, a negative
electrode, a current collector for each electrode, an electrolyte, and a separator. The
selection of these components shows variations in the operating voltage of the device and
energy density, allowing customization for specific applications [55]. The electrodes are
placed in a common electrolyte solution, which enables either electrostatic charge storage
or redox reactions.

Various types of electrolytes, such as aqueous and non-aqueous media, have been explored
as they determine the supercapacitor's potential stability range and influence its maximum
energy storage capacity. To prevent a short circuit, a separator that is ionically conductive
but electrically insulating is positioned between the electrodes [56]. Figure 2.3 shows the

basic assembly of a supercapacitor.
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Figure 2.3 Structure of a supercapacitor [55,57]

2.4 Classification of Supercapacitors

Supercapacitors are classified into three primary types according to their charge storage
mechanisms: electrochemical double-layer capacitors (EDLCs), pseudocapacitors, and
hybrid capacitors.

2.4.1 Electrochemical Double-Layer Capacitors (EDLCs)

An EDLC features carbon-based electrodes separated by a membrane and immersed in an
electrolyte. In these devices, charge storage occurs either electrostatically or through a non-
Faradaic process, without any charge transfer between the electrodes and the electrolyte
[58]. Energy storage in EDLCs relies on the electrochemical double-layer mechanism.
When a voltage is applied to a supercapacitor, an electric field is generated, causing a
charge accumulation on the surface of the electrodes. This voltage produces a potential
difference between the electrodes, attracting oppositely charged particles. This causes ions
in the electrolyte to travel across the separator in the direction of the oppositely charged

electrode. This process occurs as ions travel through the porous structure of the electrodes
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and accumulate on their surface. To inhibit the ion recombination at the electrodes, charge
separation takes place, which forms a double-layer structure. This layer consists of ions
adsorbed on the surface of the electrode and a layer of opposite ions from the electrolyte,
keeping a balanced structure. This arrangement helps prevent ion recombination, which
releases stored energy. The energy storage capacity largely depends on the surface area of
the material used as an electrode. A greater surface area enables more ion accumulation,
thereby enhancing the energy density [59,60]. The mechanism of charge storage of an

EDLC is illustrated in Figure 2.4.

Supercapacitor charge
storage mechanism

Figure 2.4 Charge Storage Mechanism of EDLC [61]

2.4.2 Pseudocapacitors

In pseudocapacitors, energy storage is governed by Faradaic charge transfer across the
electrode—electrolyte interface. In contrast, EDLCs store charge electrostatically at the
interface of the electrode and electrolyte without chemical reactions. In pseudocapacitors,
the redox (reduction-oxidation) reaction is the key mechanism for charge storage. During
this process, the electrode material undergoes a reversible chemical change, either gaining

or losing electrons, and stores energy in the process. This allows for higher energy storage
19



compared to traditional capacitors [62]. Common materials include RuO2 and MnO, which
exhibit relatively stable capacitance values within the potential window [63]. Figure 2.5

illustrates the charge storage mechanism of pseudocapacitors.

Pseudocapacitance

Figure 2.5 Charge Storage Mechanism of Pseudocapacitor [64]

2.4.3 Hybrid Supercapacitors

In a hybrid supercapacitor, charge storage occurs through the grouping of a capacitive
carbon electrode and a pseudocapacitive electrode. The hybrid supercapacitors are
designed to incorporate the capabilities of EDLC as well as pseudocapacitors. Hybrid
supercapacitors combine Faradaic and non-Faradaic mechanisms to deliver greater energy
and power densities than EDLCs [60]. Figure 2.6 illustrates hybrid supercapacitor charge

storage.
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Figure 2.6 Charge Storage mechanism of a hybrid supercapacitor [65]

Figure 2.6 displays that the hybrid SC has two electrodes: one carbon-based and the other
lithium-based. Hybrid supercapacitors exhibit superior performance when two different
material electrodes are combined compared to using individual electrodes alone. Figure 2.7

presents a comprehensive overview of the different categories and classifications of

supercapacitors.
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Figure 2.7 Overview of types and classification of supercapacitors [66]
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2.5 Electrode Materials in Supercapacitor

Electrode material choice is crucial to supercapacitor performance [67,68]. The first step
of supercapacitor fabrication is to select the optimal electrode material with suitable
properties. Supercapacitor performance is governed by the interaction at the electrode—
electrolyte interface [69,70]. Supercapacitors are classified into symmetric and asymmetric
supercapacitors, subject to the arrangement of the electrodes. When two identical
electrodes are used in a supercapacitor, it is termed a symmetric supercapacitor [71]. If the
electrodes in a supercapacitor are different, it is referred to as an asymmetric supercapacitor
[72].

2.5.1 Carbon Materials

Carbon-based materials are generally used as electrode materials due to their numerous
advantages. They are non-toxic and abundant, making them environmentally friendly and
readily available. Carbon also has excellent electronic conductivity, which ensures efficient
charge transfer. Their large specific surface area enables better charge storage, while their
wide operating temperature range and high chemical stability make them reliable under
various conditions. The combination of properties makes carbon materials ideal for use in
applications like supercapacitors [73]. Each type of carbon material offers distinct
advantages and challenges, and ongoing research focuses on optimizing these materials to
improve power density, energy density, and cyclability. The use of advanced fabrication
techniques and hybridization with other materials continues to expand the utilization of
carbon-based electrodes in modern supercapacitors. Recent studies have explored a diverse
range of carbon-derived substances, such as activated carbon, carbon fiber cloth, carbon
nanotubes, hierarchically porous carbon structures, carbon aerogels, and carbon xerogels

as prospective electrode materials in electric double-layer capacitors (EDLCs). Porous

22



activated carbons provide a capacitance changing from 100 to 200 F/g. With a specific
surface area of approximately 2000 m?/g, they function as effective electrode materials [74]
. Enhancing the specific surface area facilitates greater charge accumulation on the
boundary between the electrode and the electrolyte. Carbon-based materials can be utilized
as electrodes if they have three basic properties: (a) surface area of more than 1000 m? /g,
(b) High conductivity, and (c) extraordinary electrolyte compatibility to the intra-pore
space of carbon-based electrode materials [75]. Carbon nanotubes (CNTs), commonly
found as single-walled (SWCNTs) or multi-walled (MWCNTs) structures, are cylindrical
nanostructures recognized for their outstanding electronic properties. They are highly
effective as electrodes in SCs due to their exceptional electrical conductivity and expansive
surface area. Furthermore, their mesoporous architecture facilitates effective electrolyte
ion diffusion. However, due to their high production costs, CNTs are often integrated with
other materials to enhance cost-effectiveness and performance [76].

2.5.2 Metal Oxides

Metal oxides show higher specific capacitance than carbon-based electrode materials.
Metal oxides like MnO:, NiO, CosOs, RuO2, and V20s serve as potential electrode materials
in supercapacitor devices due to their pseudocapacitive behavior, high capacitance, and
compatibility with various carbon-based materials [77]. Nickel oxide (NiO) stands out as
a promising material because of its widespread availability and remarkable theoretical
capacitance, which can reach up to 2584 F/g. It works efficiently in alkaline electrolytes
and shows good electrochemical stability. The challenges include low conductivity and
mechanical degradation during cycling [78]. Co3O4 features a spinel assembly with a large
surface area, aiding effective electron and ion transport. It has been widely studied for its

synergistic redox reactions. However, similar to NiO, its performance is limited by poor
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conductivity and structural instability [79]. FesO4 is an abundant and cost-effective
material with moderate capacitance. It is often used in composite systems to enhance
conductivity and stability. The cyclic stability of Fe3Os is a challenge due to its structural
degradation [79].

2.5.3 Conducting Polymers

Conducting polymer-based pseudocapacitors have achieved considerable success in
flexible and portable supercapacitor applications due to several key advantages. These
materials exhibit excellent electrical conductivity, enabling efficient charge transfer. They
show redox-active capacitance, which means they can store and release charge through
reversible electrochemical reactions. Their flexible nature makes them a perfect choice for
technologies needing lightweight, bendable, and compact energy storage solutions, such as
wearable devices and flexible electronics [80]. Conducting polymers such as polyaniline
(PANI), poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT: PSS), and
polypyrrole (Ppy) are widely utilized due to their outstanding electrical conductivity and
improved electrochemical properties. Recently, these polymers have been widely used
because of their reversibility, high charge storage capacity, and significantly lower cost
compared to metal oxides [81]. PANI is a highly promising supercapacitor electrode
material due to its exceptional electrochemical properties, such as high conductivity, facile
synthesis, and reversible redox behavior. PANI exhibits elevated conductivity because of
the delocalized electrons in its resonance-stabilized double bond structure [82]. PEDOT:
PSS is widely favored as an electrode material due to its exceptional properties. It exhibits
strong environmental and thermal stability, ensuring reliable performance in various

conditions. Its low redox potential contributes to efficient charge transfer during
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electrochemical reactions. PEDOT: PSS offers extraordinary conductivity, which enhances
its performance in energy storage applications [83,84].

2.5.4 Graphene

Graphene is a material just one atom thick with a two-dimensional structure. It has become
recognized as an exceptional carbon material with significant potential for application in
energy storage devices [85, 86]. Graphene, as an electrode material, provides outstanding
features including a large surface area, strong chemical stability, and superior electrical
conductivity [87,88]. Graphene is used as an electrode material in advanced energy
storage devices, especially supercapacitors, due to its specific surface area of 2600 m?/g,
excellent charge mobility of ~230,000 cm?*/'V-s, and high thermal conductivity of ~3000
W/mK [89].

2.5.5 MXenes

MXenes are emerging two-dimensional (2D) materials that have gained significant
attention for use as electrode materials in energy storage devices, due to their tunable
interlayer spacing, minimal diffusion resistance, and excellent metallic conductivity. Their
exceptional combination of properties makes them suitable for supercapacitor applications,
offering improved charge storage and transport capabilities [90, 91].

Two important parameters of supercapacitors are high capacitance and life cycle. Fast
intercalation occurs due to the 2-D structure of increased access to active sites of MXenes
for high pseudocapacitive charge storage behavior [92]. High gravimetric capacitance and
high density give rise to ultrahigh volumetric capacitance and are necessary to improve
device efficiency [93]. Electrical conductivity plays a significant role in efficiency
improvement. Bare MXenes generally exhibit metallic characteristics similar to their
precursor materials. However, their electronic conductivity can be altered by the presence
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of surface termination groups [44]. The high electronic conductivity of MXenes results in
rapid electron transfer, an adequate increase in the availability of the surface area, and
stabilizes the structure of the active material [92]. MXenes nanosheets can be used in
combination with graphene as electrodes in a flexible supercapacitor [94]. MXene shows
a semiconductive nature with a small bandgap. The band gap of most of the MXenes is
indirect, excluding ScoC(OH), which is a MXene with a direct bandgap [95]. The oxidation
state of simple M elements is less than the oxidation state of their respective oxides in
MXenes, based on Bader charge analysis [96]. Termination groups mainly decide the
oxidation states of MXene. Full degradation of MXene (Ti3C,Tx) solutions occurs in the
atmosphere in 15 days and develops TiO> [97]. In Figure 2.8, several properties of

MXenes are highlighted as electrode material in energy storage devices [92].
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Figure 2.8 Properties of MXenes for supercapacitors [92]
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MXenes are categorized based on the transition metal components into Mono-transition-
metal MXenes (Mono-M) and Double-transition-metal MXenes (DTM) [98, 99]. In Mono-
M MXenes, M layers consist of single types of transition metals such as TioCTx, V2CTx,
Ti3C,Tx, and Nb4C3Tx. Double transition-metal MXenes (DTM MXenes) consist of two
distinct transition metals within their structure. This metal combination enables a wider
series of variable properties, including improved electrical conductivity, mechanical
strength, and chemical stability [100]. MXenes are synthesized by carefully etching A-
group elements from MAX phase precursors. The MAX phase is generally characterized
by the formula Mn+1AX,, where n can be 1, 2, 3, or 4. In this formulation, M denotes an
early transition metal, A signifies an A-group element, and X indicates a carbide or nitride
[101]. MAX phases are hexagonal, layered ternary carbides or carbonitrides of transition
metals. The elements that form MAX phases or their precursors from the periodic table are

illustrated in Figure 2.9 [102].
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Figure 2.9 Elements constituting MAX phases [102]

27



The schematic diagram of MAX phases and resulting MXenes obtained from MAX phases
is shown in Figure 2.10. TiC is used as a raw material in the preparation of the MAX phase
and remains present in MXene as an “impurity” after the etching [103,104]. The ‘M,” ‘A,’
and ‘X’ sites in MAX phases can be modified through doping or alloying with other
elements. Diversity in MAX phases is the main point of concern. The other major point of
concern in their versatility is that their chemistry can be changed while keeping their
structure the same. Mainly, MXenes are typically produced by etching aluminum (Al) from
MAX phases, with a few exceptions, such as Mo>C was synthesized from Mo2Ga,C [105].
This was a complex and unique example of MXene, where molybdenum (Mo) is used as
the M element. This example opens a new pathway for synthesizing MXenes from
challenging MAX phases [106].

M,AX

v an e PSR BN - -

Figure 2.10 Schematic illustration of MAX phases [38]



Recently, researchers have focused on modifying the synthesis of new MAX phases, as
these changes impact MXene production. The purity of the MAX phase is crucial in
defining the quality of the synthesized MXene [107,108]. MXene fabrication starts with
the etching of A elements from precursor materials using any etchants, such as HF.
2.5.5.1 Preparation of MXenes

The preparation of most MXenes includes three steps.

2.5.5.1.1 Etching of MAX Phases

In MAX phases, the chemical bond arrangement is distinctive. In MAX phases, MX bonds
(covalent and ionic) are strong, whereas MA bonds are relatively weaker metallic bonds.
[109]. It is difficult to directly break the MA bonds, so the first etching is performed by an
etchant like HF. The reactions of the HF solutions with the first discovered MXenes,

Ti3AlC,, include [37]:

2Ti3AlCo+ 6HF ===========»2AIF3 + 3H, + 2Ti3C,
Ti3C2 + 2H20 ===========% TizC(OH). + H»
Ti3Co+ 2HF ============9 Ti3C;F, + H

These equations describe the elimination of Al atoms in Reaction 1, followed by the
termination of MXene with hydroxyl groups and fluorine atoms in Reactions 2 and 3,

respectively. Furthermore, oxygen terminations were later observed in MXenes [110].

2.5.5.1.2 Intercalation

MXenes can intercalate various ions and molecules between their layers. Intercalation is
an optional step, but sometimes it is necessary to enhance surface properties. Intercalation

can be done in MXenes by many molecules, for example, urea and hydrazine, along with
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different cations, for example, Na’, K, Rb" and Mg™. Intercalants can increase the

device’s resistance [111].

2.5.5.1.3  Exfoliation

Exfoliation is used to obtain a single-layer or a few-layer MXenes colloidal suspension.
Water is used many times to wash MXenes, or it may be pre-washed with acid for
dissolving by-products of salts, e.g., AlF3 or LiF. Exfoliation can be done after washing to
make a mono-layer or a few-layer MXene. Methods of doing exfoliation are mainly
determined by MXene composition and by the methods of etching used. All steps of

MXene preparation are shown in Figure 2.11 [112].
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Figure 2.11 Steps of MXenes Preparation [112]

2.5.5.2 Fabrication Methods of MXenes
Different methods are used to fabricate MXene films, such as vacuum-assisted filtration

(VAF), electrospinning or spraying, hot pressing, and spin coating.
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2.5.5.2.1 Vacuum-Assisted Filtration

MXenes can be fabricated through Vacuum-assisted filtration to make interlayer hydrogen-
bonded hybrid films [113,114]. In Vacuum-assisted filtration, the application of high
pressure to films leads to the removal of water-soluble polymers from the molecules. It will
affect the original composition of MXenes and change the relationship between results and
composition.

2.5.5.2.2 Spin Coating

Spin coating is a fast and efficient way to make uniform MXene films. First, by stirring or
ultrasound, a homogeneous solution is prepared consisting of a colloidal solution of
MXenes with the required additives. The prepared homogeneous solution is then spread
over the clean substrate to permit solvent evaporation under centrifugal force, under high
vacuum, and temperature. Then, the composite of MXene is separated from the substrate.
[115].

2.5.5.2.3 Hot Pressing

Composite MXene-polymer films can be produced via hot pressing at temperatures above
the polymer's melting point but below MXenes' degradation temperature, since MXenes
are more thermally stable than polymers [116].

2.5.5.2.4  Electrospinning/Spraying

Electrospinning/spraying is used to manufacture fibrous films and nanofibers with
enhanced flexibility. It is used to make MXene/PV A nanofiber films by adding material of
the PVA matrix to nanosheet suspensions of Ti3C2Tx. [117].

A summary of several fabrication techniques of MXenes and different methods of

preparation of MXene films is given in Tables 2.1 and 2.2, respectively.
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Table 2.1 Fabrication Techniques of MXenes

Technique Advantage Application Ref
Vacuum Assisted | Simple Supercapacitors [118]
Filtration
Spin coating Well-defined composition and | Photodetectors [115]
rapid film-forming
Hot press Flexible and solvent-free Coating [119]
Electrospinning Structural tunability Oil-water [117]
separation
Table 2.2 Methods of preparation of MXene films

Material Electrodes MAX phase Method Ref
Ti3CoTx Macro porous | Ti3AIC; Vacuum-assisted [93]

MXene Mo2Ga;C filtration
Ti3C2Tx (MNFs)/CNT | ---—-- Spin coating [120]
MnOy/ MnOx-Ti3Cs 4g TizAlC, Vacuum-assisted [121]
Ti3CoTx filtration
Ti3CoTy/ Sandwich-like Ti3AlC, Vacuum-assisted [118]
rGO Ti3C.Tx /rGO filtration
Ti3C2/Ppy | Ppy/ Ti3CoTx Ti3AlC, Vacuum-assisted [122]

filtration

2.6 Electrolytes

Electrolytes are considered the most essential component of supercapacitors, as their

performance is significantly affected by them. Electrolytes facilitate ion conductivity and

enable charge compensation at the electrodes of supercapacitors. They are composed of

dissolved chemicals and solvents that generate positive and negative ions, thereby ensuring
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conductivity [123]. Electrolytes are vital in shaping the essential characteristics of
supercapacitors, such as rate performance, cycle life, internal resistance, power density,
energy density, toxicity, and self-discharge [124].

The key features of an ideal electrolyte include (a) high ion conductivity, (b) a broad
voltage range, (c) stability, (d) compatibility with electrodes, (¢) environmental safety, (f)
affordability, (g) low volatility, and (h) low flammability. Figure 2.12 illustrates the factors

affecting electrolyte properties in supercapacitors.
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Figure 2.12 Factors Affecting Electrolyte Properties [98]

Supercapacitors utilize various types of electrolytes, including liquid-state, solid-state, and
redox-active electrolytes, as illustrated in Figure 2.13. Each electrolyte plays a distinct role

in determining conductivity, stability, and energy density.
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Figure 2.13 Classification of electrolytes for electrochemical supercapacitors [125]

The long-term stability and performance of supercapacitors are significantly influenced by
the type of electrolyte used, each presenting distinct challenges [98]. Aqueous electrolytes,
while offering high ionic conductivity, suffer from a narrow electrochemical stability
window, limiting energy density and causing faster electrode degradation due to water
decomposition. Organic electrolytes extend the voltage window, but their flammability,
toxicity, and lower ionic mobility raise safety and efficiency concerns over extended use.
Ionic liquids provide excellent thermal and electrochemical stability, yet their high
viscosity and cost hinder ion transport and commercial scalability. Moreover, solid-state
electrolytes, though safe and compact, often exhibit poor interfacial contact and limited
ionic conductivity. Overcoming these limitations through the development of advanced
formulations, the incorporation of suitable additives, or the use of hybrid electrolytes is

crucial for improving device performance and extending operational lifespan [125]
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2.7 Summary

Supercapacitors, a type of electrochemical capacitor, offer remarkable advantages over
traditional capacitors. They have a long cycle life, allowing them to operate effectively
through hundreds of thousands of charge—discharge cycles with minimal performance
degradation. They deliver superior power and energy densities, making them suitable for
applications demanding rapid charging and high-power output, and reliable long-term
performance. Their performance is affected by how the electrode interacts with the
electrolyte materials. Strong and well-optimized interactions facilitate efficient charge
transfer and enhance ion accessibility within the electrode structure. Recent research has
highlighted the potential of MXene materials as suitable candidates for electrodes in
supercapacitors. There are three primary classifications of supercapacitors. The most basic
and widely available type of supercapacitor is the Electrostatic double-layer capacitor,
which stores charge electrostatically. Electrochemical pseudocapacitors have higher
energy densities due to surface-level redox reactions during charging and discharging.
Hybrid supercapacitors show high capacitance and energy storage properties in the

combination of EDLC and pseudocapacitor properties.
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Chapter 3 Literature Review

This section of the thesis covers research and investigations into the fabrication and
analysis of MXene-based supercapacitors for energy storage applications. MXenes, as

promising electrode materials, are gaining increasing attention in the energy storage field.

3.1 Parameters for Development in MXene-based Electrodes

In supercapacitors, MXenes can serve as electrodes with either 1D or 2D substrates. Future
progress should focus on enhancing specific capacity and power density while also
improving capacitance, cost-effectiveness, and stability. Scientists are improving MXenes-
based electrodes for energy storage devices, mainly supercapacitors, by considering some
parameters [126,127].

3.1.1 Composition

After discovering the first MXene, new MXenes are found for use in supercapacitors as
electrode materials in addition to Ti3CoTx. MAX phases of more than 100 different MXenes
consist of various transition metals, their alloys with carbon and nitrogen, and surface
terminations. Their properties are largely influenced by the intrinsic characteristics of the
elements used and the nature of surface terminations [92].

3.1.2 Chemical Modification of MXenes

Heteroatom doping increases the efficiency of electrodes in supercapacitors. To improve
their properties, many different materials can be introduced into MXene nanosheets [126].
MXenes are prepared by etching the MAX phase with different surface terminations (-O,
—OH, and —F). These terminations influence factors such as electronic conductivity,
interlayer spacing, and ion adsorption [92]. Oxygen-containing terminations can increase

hydrophilicity, which improves pseudocapacitive behavior [128].
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3.1.3 Structure and Morphology Control

The open structure and morphology customization are crucial factors in enhancing the

electrochemically accessible surface area of MXenes. Their structure is highly adaptable,

offering significant variability. Several strategies have been suggested in the literature,

including controlling flake size, adjusting interlayer spacing, optimizing molecular

stacking, and implementing vertical alignments. These approaches aim to achieve higher

volumetric capacitance, more active sites, a high specific surface area, and improved power

density [126]. Table 3.1 shows techniques to improve the stability of MXene-based

supercapacitors.
Table 3.1 Techniques to improve stability
MXene Etchant | Precursor | Treatment to | Stability time | Reference
enhance stability
SA- LiF- Ti3AIC, Sodium ascorbate | 80 days [129]
Ti;C;Tx | HCI capping
Ti3C2 HF- Al- Modified synthesis of | 300 days [107]
HCI Ti3AlC, Ti3AlC; to produce a
more stoichiometric
MAX phase Al-
Tiz:A1C,
r-TizCoTx | HF Ti3AlC, L-ascorbic acid 28 days [130]
Ti3C2Tx LiF- Ti3AlC, - 20 °C freeze storage | 650 days [131]
HCI
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3.2 MXene-Enabled Impurities (TiC)-based Electrodes

Transition metal carbides are excellent electrode materials for supercapacitors due to their
notable properties, high electrical conductivity, and improved chemical stability. Among
various transition metal carbides, Titanium carbide (TiC) is notable for its exceptional
resistance to corrosion, high thermal stability, and strong oxidation resistance. [132,133].
TiC (MXene-enabled impurities) has low density (4.93 g/cm?), high microhardness (28
GPa), high Young’s modulus (450 GPa), and electrical conductivity (up to 10°Sm™)
[134,135]. Titanium carbide (TiC), known for its exceptional properties, serves as a raw
material in the preparation of the MAX phase, remaining as an “impurity” in the MXene
following the etching process. A comparison of various supercapacitors with Titanium
carbide-based electrodes is presented in Table 3.2.

Table 3.2 Comparison of the Capacitance of various TiC-based supercapacitors

Device Electrolyte Specific Scan rate Ref.
Capacitance
TiC/C//TiN/C NaxSO4 103 F/g 0.5A/g [136]

TiC nanotube arrays | PVA-Na>SOs | 4.05 mF/ cm? | 0.05 mA/cm? | [137]

TiC nanotube arrays | PVA-KOH 27.6 mF/ cm? | 0.4 mA/cm? [137]

TiC nanotube arrays | PVA-H3POq4 53.3 mF/cm? | 0.2 mA/cm? [138]

3.3 MXene-based Electrodes for Supercapacitors

MXenes serve as electrode materials in batteries (such as lithium-ion and sodium-ion) and
supercapacitors due to their outstanding electrochemical characteristics, including rapid
ion diffusion and excellent conductivity [139,140]. MXenes can serve as conductive

frameworks to support active materials in hybrid electrode designs, enhancing the overall
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performance by providing mechanical stability and improved charge transport [141-144].
Various MXenes-based composites for supercapacitors are discussed in Figure 3.1. The
application of different types of MXenes in energy storage has been growing rapidly,
especially as electrode materials for batteries and supercapacitors [145]. Recently,
researchers have worked on enhancing the electrochemical properties of MXenes by

modifying the surfaces with conducting polymers.

MXene-based composites

= MXene-graphene
“* MXene-carbon composites = MXene-carbon nanotubes (CNTs)
= MXene-CNFs

= MXene-polyaniline (PANI)

= MXene-poly(3,4ethylenedioxythiophene) (PEDOT)
“* MXene-CPs composites = MXene-polypyrrole (PPY)

= MXene-polymeric dopamine (PDA)

* MXene-polyfluorene derivatives (PFDs)

= MXene-metal sulfides metal (e.g., MXene/MoS,)
= MXene-metal oxides metal (e.g., MXene/ MnO,)
= MXene-other metals (e.g., MXene/polyoxometalate)

Figure 3.1 MXene-based composites for supercapacitor electrodes [144]

To overcome this challenge, researchers employ a synergistic intercalation approach by
incorporating various materials into the polymer matrix. By using this approach, charge
storage is increased, cyclic stability is strengthened, and rate performance is optimized
[146,147]. A common approach to enhance the electrochemical performance of MXene-

based electrodes is to form composites that combine MXenes with different conducting
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polymers, such as polypyrrole (PPY), polyaniline (PANI), and PEDOT: PSS [148,149].
When combined with conducting polymers, MXenes offer exceptional properties because
of the integration of surface terminal groups in the conducting polymers (CPs). This
enhancement is mainly attributed to the advantageous qualities of conducting polymers,
such as high electrical conductivity, lightweight, flexibility, and affordability [150]. PANI
is regarded as an emerging electrode material that improves the electrochemical properties
of MXenes [151]. PEDOT: PSS is used as an exceptional electrode material due to its low
redox potential, outstanding electrical conductivity, and doping capability. When
integrated with MXene, PEDOT: PSS boosts its electrical conductivity, which in turn
accelerates the electron—ion transport rate in TisC2Tx [152].

Integrating MXenes with conductive polymers could greatly improve energy storage and
sensing devices, but there are several challenges remain to be resolved. A key issue is the
mechanical instability of conducting polymers, which undergo significant expansion and
contraction during charge—discharge cycles. This leads to the formation of cracks and
structural degradation over time, reducing device lifespan. Additionally, achieving a
uniform and well-adhered polymer coating on the MXene surface is difficult. An uneven
polymer distribution can negatively impact the composite's conductivity, electrochemical
performance, and structural stability electrode. These factors together undermine the long-
term stability and efficiency of the supercapacitor system. While researchers are actively
exploring strategies like surface modification and composite engineering to tackle these
issues, developing scalable and reproducible synthesis methods continues to be a challenge,

posing a significant barrier to real-world applications [144,149].
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3.3.1 MXene-based Symmetric Supercapacitors

Symmetric supercapacitors (SSC) have the same electrodes and no charge imbalance.
Charge imbalance causes disturbance in electron kinetics between two electrodes, and mass
ratio determination also becomes difficult [ 153].

Xia et al. utilized the highly representative Ti:C.Tx MXene material to fabricate symmetric
Ti1:C.Tx supercapacitors using an unconventional electrolyte made from seawater. At a
current density of 0.25 A/g, the symmetric supercapacitor demonstrated a volumetric
capacitance of 27.4 F/cm?®. Even at a higher current density of 3A/g, it showed an
outstanding volumetric capacitance of 12.6 F/cm® while demonstrating excellent cyclic
stability. When tested at 10 A/g, the device maintained 96.6% of its capacitance after 5000
charge-discharge cycles|154].

A flexible and dense MXene film (Ti:C,Tx) was fabricated by Yang et al by compressing
traditional MXene films, thereby eliminating the need for binders. This advanced technique
resulted in a freestanding electrode with exceptional density, making it well-suited for
supercapacitor applications. Experiments proved that the volumetric capacitance of
supercapacitors constructed from MXene films increases with greater mechanical pressure.
A symmetric supercapacitor (SSC) with TizC2Tx film compressed at 40 MPa in 1 M Li,SO,
achieved a high volumetric capacitance of 633 F/cm? at a scan rate of 2 mV/s [155].

Wu et al. Successfully fabricated TisCo/PANI nanotubes (TisC2/PANI-NT) composites
with a well-defined hierarchical structure. In this composite, TisC. MXene nanosheets
improve the material's mechanical strength and electrical conductivity. The integration of
PANI-Nanotubes successfully reduces the self-stacking tendency of TisC: nanosheets,
resulting in greater interlayer spacing and an enhanced surface area. These structural

developments result in superior electrochemical performance.
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Using a three-electrode configuration with 1 M H2SOs as the electrolyte, the TisC2/PANI
nanotube (Ti:C2/PANI-NT) composite exhibited a high specific capacitance of 596.6 F/g
at a current density of 0.1 A/g. It also demonstrated excellent cyclic stability, retaining
94.7% of its initial capacitance after 5000 charge-discharge cycles. Using these findings, a
symmetric supercapacitor (SSC) assembled with TisC2/PANI-NT electrodes also showed
notable energy storage capabilities. The SSC delivered 25.6 Wh/kg energy and 153.2 W/kg
power density, demonstrating its importance for practical use in high-performance
supercapacitors [156].

Zhou et al. created i-PANI@Ti:C.Tx composites and manufactured Lig@TisC.Tx and
Lig@Ti:C.Ty/i-PANI@Ti:C.Tx films for use in flexible supercapacitors (SSCs). Using a
PV A/H:SO:s electrolyte, the SSCs based on these materials achieved specific capacitances
of 310 F/g (~1001 F/cm?) for i-PANI@TisC2Ty, 271 F/g (~881 F/cm?) for Lig@Ti:C:Tx,
and 295 F/g (~959 F/cm?) for their hybrid Lig@Ti:C.T/i-PANI@TisC.Tx at a current
density of 1 A/g. Importantly, the Lig@Ti:C.Ty/i-PANI@TisC:Tx-based device
demonstrated excellent mechanical durability, highlighting its strong potential for flexible
energy storage solutions [157].

Table 3.3 provides a detailed comparison of the capacitance values obtained from various
MXene-based symmetric supercapacitors, highlighting variations in performance due to
differences in  electrode  material composition and  electrolyte  type.
This comparison helps identify which MXene modifications or composite structures yield

superior energy storage capabilities.
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Table 3.3 Capacitance of various MXene-based symmetric supercapacitors

Electrode Electrolyte Capacitance| Ref

Ti3C, T /RGO PVA- H,SO4 90 F/cm? [158]
Ti;C, T/PEDOT: PSS 1 M H,SO4 90F/cm? [159]
T13C,Tx /CNF H,SO4 90 F/g [160]
Ti3C, Ty /Fes04/Ti3C, Ty IM Li;SO4 6.6 mF/cm? | [161]
a-Fe,Os/MXene aerogel H,S04 182 F/g [162]
MXene /Graphdiyne nanotube PVA-H,SOy4 gel 337.4F/g [162]
Ti13C,Ty/carbon nanofibers/RuOy PVA-H,SOq4 gel 2794 F/g [163]
Ti3Cy/graphite/carbon black/chitin | Biopolymer 100 F/g [164]
Ti1;C,Tx MXene/polyaniline PVA/H,SO, 272.5F/g [165]
Nb,C/Ti3C; IM PVA/H,SO; gel 53 F/g [21]

3.3.2 MXene-based Asymmetric Supercapacitors

Asymmetric supercapacitors have wide voltage windows as compared to SSC [166]. Now,
in recent research, MXene-based hybrid materials are used as electrodes, and to avail the
properties of both organic and inorganic materials, inorganic-organic hybrids are a good
choice [167,168].

Recently, researchers have investigated the design of asymmetric supercapacitors (ASCs),
which combine a negative MXene electrode with a positive electrode. Such designs aim to
overcome the limitations of symmetric configurations. ASCs offer the benefit of an
extended voltage window, resulting from the voltage difference between the two electrode

materials. This wider voltage range increases the device's energy density because energy
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density is proportional to the square of the voltage window [169,170]. However, finding
ideal flexible, positive electrodes compatible with Mxene cathode remains a challenge. To
address this, researchers have explored various flexible, positive electrodes.

Xia et al. developed NiO-decorated MXene (Ti:C:Tx) nanocomposites, referred to as Ni-
dMXNC, as illustrated in Figure 3.2(a). The successful deposition of NiO nanosheets onto
the surface of MXene layers is evident in Figure 3.2(b). This nanocomposite's NiO benefits
from high surface area and reactivity, enhancing capacitance when combined with TisC2Tx
MXene as the negative electrode.

As depicted in Figure 3.2(c), an asymmetric supercapacitor (ASC) was fabricated with Ni-
dMXNC used as the positive electrode and Ti:C.Tx as the negative electrode. This ASC
reached an energy density of 1.04 X 102 Wh/cm?® and a power density of 0.22 W/cm?,
outperforming symmetric supercapacitors made from TisC:Tx MXene. The GCD profiles
of the Ni-dMXNC//Ti:C.Tx ASC at different current densities are shown in Figure 3.2(d).
Moreover, Figure 3.2(e) indicates that the device maintained stable cyclic performance
over a voltage range of 0 to 1.8 V at 1 A/g, retaining 72.1% of its capacitance after 5000
cycles. These results emphasize the potential of Ni-dMXNC composites for advancing
high-performance applications in ASCs, offering enhanced energy and power densities in

addition to excellent cyclic stability. [171].
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Figure 3.2 (a) Hydrothermal synthesis route of Ni-dMXNC; (b) SEM image of Ni-
dMXNC; (c) Schematic of Ni-dMXNC//T1:C.Tx ASC; (d) GCD curves at varying current

densities; (e) Cycling performance at 1 A/g.[148]

As depicted in Figure 3.3(a), Fu et al. developed a Ti.Cx MXene @PANI (GMP) structure
encapsulated with graphene. SEM images in Figure 3.3(b)—(d) demonstrate that the
inclusion of chemically stable graphene significantly enhances the mechanical integrity of
the MXene matrix by providing structural reinforcement. Additionally, the incorporation
of conductive polyaniline (PANI) contributes to improved electrochemical performance by
introducing additional active sites.

Figures 3.3(e) and 3.3(f) compare the CV and GCD curves for MXene, Ti.Cx MXene
@PANI (MP), and GMP electrodes at a sweep rate of 5 mV/s in 1 M H2SOs. The GMP
electrode achieved a high specific capacitance of 635 F/g at a current density of 1 A/g and
retained 97.54% of its capacitance after 10,000 charge-discharge cycles (Figure 3.3(g)).
Also, an asymmetric supercapacitor (ASC) was fabricated with GMP as the anode and

graphene as the cathode, reaching an energy density of 42.3 Wh/kg at a power density of
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950 W/kg, while maintaining 94.25% of its capacitance after 10,000 cycles at 10 A/ g

[172].
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Figure 3.3 (a) Process of fabricating the GMP composite electrode. (b)-(d) SEM images
of MXene (e) CV curve of GMP electrode at 5 mV/s in 1 M H2SO4; (f) GCD curve at 1

A/g in 1 M HaSO4; (g) Cycling stability after 10,000 cycles at 10 A/g[148]

Wang et al [169] prepared self-supporting PANI/MXene films as shown in Figure 3.4(a).
The incorporation of polyaniline (PANI) particles into the MXene substrate plays an
important role in improving the overall electrochemical performance of the composite

material. The nanoscale dimensions of the PANI particles facilitate a highly uniform and
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intimate contact with the MXene surface, which maximizes the interaction between the
two materials. The nanoscale PANI structure promotes a higher surface area, enabling
rapid ion diffusion and charge transfer during electrochemical processes. These synergistic
effects contribute to achieving optimal pseudocapacitance, as demonstrated in Figure
3.4(b), which highlights the structural and electrochemical benefits derived from this
nanoscale engineering approach. PANI/MXene composite film has a peak volumetric
capacitance of 1167 F/cm?® at 5 mV/s scan rate in 1 M H2SOa4 as shown in Figure 3.4(c).
The incorporation of PANI significantly improves the electrochemical performance of the
composite electrode, allowing for an extended operating voltage window of up to 0.8 V, as
shown in Figure 3.4(d). A fully pseudocapacitive asymmetric supercapacitor (ASC) device
was fabricated, using MXene as the negative electrode and a PANI/MXene composite as
the positive electrode. The fabricated ASC device had an energy density and power density
of 65.6 Wh/L and 1687.3 W/L, respectively. Figure 3.4(e) presents the CV curves
comparing the MXene electrode, the MXene/PANI composite electrode, and the
MXene//MXene/PANI asymmetric supercapacitor (ASC) at a scan rate of 10 mV/s.

Li et al. [173] developed a TisC.Tw/PEDOT: PSS composite film that demonstrated
excellent performance. Three-electrode test results indicated that the composite achieved a
volumetric capacitance of 1065 F/cm? at 2 mV/s in a 1 M H2SOs electrolyte. Figure 3.4(f)
shows the CV profiles of the TisC.Ty/P-100-H electrode recorded at various scan rates. An
ASC with TisC.Ty/P-100-H//rGO was assembled, using rGO as the positive and
Ti:C.T/PEDOT: PSS composite as the negative electrode. This ASC delivers an energy
density of 23 mW/cm? and a high-power density of 7659 mW /cm?. Capable of achieving
a voltage of 1.2 V, a single ASC can be connected in series with others to power devices

such as light-emitting bracelets, as illustrated in Figure 3.4(g).
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Figure 3.4 (a) Diagram of the MXene/PANI film. (b) Illustration depicting the pathways
for ion and electron transport. (¢) CV curves for the MXene/PANI electrode captured at
various scan rates. (d) Illustration of the MXene//MXene/PANI asymmetric
supercapacitor (¢) CV curves of MXene, MXene/PANI electrodes, and
MXene//MXene/PANI ASC at 10 mV/s, (f) CV profiles of TizC:T/P-100-H electrode at
different scan rates, (g) Optical image of a wearable bracelet assembled from multiple

device components. [148].

Table 3.4 presents a comparative overview of the capacitance values reported for various
MXene-based asymmetric supercapacitors, highlighting differences in performance based

on electrode composition and configuration.
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Table 3.4 Capacitance of various MXene-based asymmetric supercapacitors

Device Specific Capacitance Reference
MZXene//MnO; 20.5F/gat 1.5 A/g [174]
PANI-MnO , // MXene 21.1F/gat0.5 A/g [175]
NiO@MX// copper oxide 73.3 F/g at 10 mA /cm? [176]
MZXene//CFP 20 F/g [177]
80 wt% MXene/CNT composite film 50 F/g [178]
MXene //MoS;@MXene 29 F/g at 50 mA/g [179]
Ce0,//Ti3C,Tx MXene 122.27F/gat1 A/g [180]
T13C,Tx // GO/CNT/PANI 117 F F/g at 10 mV/s [181]
MXene/PANI//AC 262 F/g [182]
M-Ti3C, T//PANI@M-TisCaTx 87.3F/g [183]
rGO/MXene@NiCoO,// GO/MXene 1285F/gat05A/g [184]
PANIC//Co-MXene 95.71F/gat1 A /g [185]
AC//CoB-V-MX 88.75F/gat1 A/g [186]
CC/MnO,//CC/MXene-Ppy 75.3 F/g at 10 mV/s [187]

3.4 Summary

With their high electrical conductivity, layered structure, and adjustable surface chemistry,
MXenes are increasingly seen as excellent electrode materials for energy storage. Their
versatility makes them suitable for both symmetric and asymmetric supercapacitor
configurations. In symmetric supercapacitors, MXenes are employed as both positive and

negative electrodes, benefiting from their fast charge/discharge capabilities and stable
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cycling performance. In contrast, in asymmetric supercapacitors, MXenes are often
combined with complementary electrode materials, such as metal oxides or conducting
polymers, to increase the operating voltage window and improve energy density. The
investigation focuses on understanding how MXenes perform in these configurations,
optimizing their electrochemical properties, and evaluating their practical potential in next-

generation energy storage systems.
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Chapter 4 Methodology

This section outlines the methods used for device fabrication, detailing each step involved
in the experiments. It also highlights the key characterization techniques used to analyze
device performance. These experimental methods form the foundation for investigating the

research objectives.
4.1 Device Fabrication

In device fabrication, MXene-based efficient electrodes are fabricated for energy storage
applications. Further, integrating these engineered electrodes with some compatible high-
ionic-conductivity electrolytes would provide a larger extent of both capacitance and
energy densities.

4.1.1 Fabrication of Electrodes

Carbon fibers are used as an ideal substrate for active material deposition due to their
flexibility, conductivity, and ductility [188]. Before the deposition of electrode material,
carbon fibers (CF) were treated in a mixed acid solution and rinsed thoroughly with ethanol
and deionized water. The treated carbon fibers were dried in an oven. For deposition on
supercapacitor electrodes, the active materials, Activated Carbon, and binder were weighed
in a ratio of 8:1:1 and ground with a mortar and pestle to create a fine powder. This powder
was mixed with NMP to create a uniform slurry. The slurry was then deposited on two
carbon cloth fibers using dip coating and dried on a hot plate at 50°C for half an hour. The
step-by-step procedure of the fabrication of electrodes for supercapacitor devices is shown

in Figure 4.1.
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Figure 4.1 Preparation of the Electrode

4.1.2 Preparation of Electrolyte

To prepare an acrylamide-based electrolyte, dissolve 0.2 g of polyvinyl alcohol (PVA)
powder in 6 mL of distilled water at 90°C for 1 hour. Mix the resulting PVA solution with
1 mL of glycerol and stir for 10 minutes. Subsequently, 0.0662 g of Irgacure, 1.36 mg of
MBA, 1.775 g of acrylamide, and 0.525 g of AMPS are added to the PV A/glycerol mixture.
After thorough stirring, the solution is poured into a mold and exposed to UV light to form
a gel. The rigid PVA chains aggregated into clusters through crystalline domain
interactions, forming the physically crosslinked primary network of the hydrogel. The
flexible P(AM-AMPS) chains created the elastic secondary network via chemical
crosslinking. Glycerol (Gly) functioned as a bridging crosslinker within the hydrogel
matrix, reinforcing the physical crosslinking of the network. Glycerol helps in increasing
ionic mobility within the polymer matrix by reducing crystallinity and enhancing
amorphous content. AMPS is an ionically active component and a key ionic conductivity
enhancer [189]. The step-by-step procedure for the preparation of the electrolyte for

supercapacitor devices is shown in Figure 4.2.
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Figure 4.2 Preparation of Electrolyte

4.1.3 Assembly of a Flexible Supercapacitor
Prepared electrodes are placed appropriately and dried on the electrolyte gel. More
electrolyte is poured and kept in sunlight until gel formation. Figure 4.3 illustrates the

prepared device.

Figure 4.3 Fabricated Supercapacitor

4.2 Testing and Characterization of the Fabricated Devices

The devices can also be tested and characterized using various techniques. Electrochemical
analysis and structural and morphological tests can be employed as methods. Structural
and morphological features can be obtained from SEM and XRD. Different techniques,
including cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and

galvanostatic charge-discharge (GCD), are used to assess electrochemical properties.
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4.2.1 X-ray Diffraction

X-ray diffraction (XRD) effectively analyzes the crystallographic structure of materials,
determines distinct phases, and assesses various structural features. It operates on the
principle of X-ray scattering, which occurs when X-rays interact with a material. X-rays
are a type of electromagnetic radiation with wavelengths typically between 0.01 and 10
nanometers. These wavelengths are perfectly suited to interact with the spacing between
atoms in a crystal lattice, making XRD an essential method for studying the structure of

solid materials [190]. Figure 4.4 shows the schematic of the XRD instrument.
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Figure 4.4 XRD instrument schematic[191]

This technique is utilized in fields of material science, chemistry, and engineering to
characterize crystalline materials, detect impurities, and determine crystallite size, making
it essential for research and industrial applications.

4.2.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is one of the most essential tools used for examining
and analyzing a sample’s chemical composition and microstructure morphology [192]. By
focusing electron beams on a sample, SEM generates detailed surface images. When

electron beams interact with a sample, they emit signals that offer crucial insights into the
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surface's composition and texture. SEM is an effective tool for the analysis of organic and
inorganic materials at micrometer and nanometer scales. Modern SEM systems offer
magnification capabilities of up to 300,000x or more. The machine utilizes a high-energy
electron beam as a probe to analyze surface morphology. Inside the electron gun, a tungsten
filament functions as the cathode, facilitating thermionic emission to produce a high-
energy electron beam (30 keV, ~3 A) within a vacuum chamber. The SEM system consists
of an electron gun, electromagnetic lenses, scan coils for beam deflection, electron
detectors, a sample chamber, and a computer system with a display and keyboard for

controlling the electron beam. Figure 4.5 illustrates the design and operation of the SEM.
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Figure 4.5 SEM Layout [ 193]
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4.2.3 ASMEC Electro-Physical Characterization System

ASMEC is a powerful tool that is used for current-voltage analysis. Current-voltage
analysis is performed to accurately map the characterization and efficiency of
supercapacitors. This helps in assessing the quality of the supercapacitor material and film
[194]. It is also important to see the impact of the contacts and the device assembly on the
performance. The current-voltage analysis relationship is given by Equation 4.1.

I=V/R @.1)

Where I stands for current, V represents voltage, and R corresponds to resistance.
4.2.4 Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is an electrochemical technique used to analyze the charge
storage characteristics, specific capacitance, and durability of flexible supercapacitors.
During CV, the potential (voltage) applied to the supercapacitor is varied linearly over time
between two defined values, called preset limits. This sweep can occur in both the forward
and reverse directions, creating a cyclic pattern. The scan rate, typically measured in volts
per second (V/s), determines how quickly the voltage is varied. A slow scan rate allows
more time for ion diffusion, while a faster scan rate is useful for studying capacitive
behavior. Common scan rates in CV experiments for supercapacitors range from 5 to 200
mV/s, depending on the used material and system being studied. As the voltage is varied,
the system's current response is measured. The resulting current-versus-voltage (I-V) plot
is the required CV curve, which provides insight into the electrochemical properties of the
supercapacitor. Capacitance can be calculated by integrating the area under the CV curve

[195- 197]. Figure 4.6 illustrates a typical cyclic voltammetry (CV) curve.
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4.2.5 Galvanostatic Charge-Discharge (GCD)

The Galvanostatic Charge Discharge (GCD) rate is a principal electrochemical technique
to evaluate supercapacitors. Secondly, this method is to provide a constant current to the
supercapacitor and to measure the variation of voltage with time. The GCD curve gives the
measurement of capacitance, internal resistance, cyclic stability, and the efficiency of the
supercapacitor device. The charging process starts by applying a predetermined potential.
Subsequently, the current is inverted to initiate the discharge phase. At the moment of
current reversal, a distinct voltage drop, known as the IR drop, is observed, arising from
the inherent internal resistance, as shown in Figure 4.7. In our work, GCD curves were
used for charge and discharge time estimation. The stability performance of supercapacitor
devices is also measured from hundreds of GCD cycles. GCD measurements under several
current densities are used to evaluate the supercapacitor's ability to be charged and
discharged quickly. The decrease in specific capacitance of the supercapacitor with the

increase in current density indicates limitations in ion transport and electrode material
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properties. If the profile of GCD is close to the same for different numbers of cycles, it

means that it has good cyclic stability and is highly necessary for practical applications.

Potential (V)

Time (s)

Figure 4.7 Typical GCD curve[199]

4.2.6 FElectrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electrochemical technique used to
determine key parameters and characteristics of different electrical circuit components.
[200-203]. In EIS, an AC-sinusoidal signal with a small potential in a broad frequency
band is used, and the current response is measured. EIS is a non-destructive technique used
to investigate an electrochemical system. The potential magnitude applied is small enough
that it does not disturb the equilibrium state of the system during measurement. EIS-based
Nyquist and Bode plots will be regarded as key metrics for characterizing the internal
electrical parameters of supercapacitors [204]. The Nyquist plot displays the real part of
impedance (ZRe) on the x-axis and the negative imaginary part (-ZIm) on the y-axis. In a
standard EDLC supercapacitor, this plot usually shows a semicircle at high frequencies, a
sloped line at mid-range frequencies, and an almost vertical line at low frequencies, as

shown in Figure 4.8.
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Figure 4.8 Schematic of a typical Nyquist plot for EDLC supercapacitors [205]

The Nyquist plot does not explicitly display frequency information, which can sometimes
be useful. To address this issue, a Bode plot is used. An impedance-based Bode plot is
between the frequency and impedance(Z) [206]. This plot illustrates how the overall
impedance trend varies with frequency. In a phase difference-based Bode plot, the x-axis
represents frequency, and the y-axis displays the phase angle. The phase difference
between voltage and current represents the magnitude of the phase angle. The derivation
of capacitance from EIS depends on the conventional method of deriving capacitance from
the imaginary component of impedance (ImZ), as shown in Equation 4.2 [201], where f is

the frequency.

1

C=- 2nf Im(Z)

(4.2)
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4.3 Summary

In our work, we fabricate electrodes for flexible supercapacitor devices by applying slurry
to carbon cloth and then immersing the electrodes in a gel-based electrolyte. After the
fabrication process, we utilize various testing and characterization techniques, including
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS), to assess their performance in terms of charge storage

capacity, stability, and overall efficiency.
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Chapter 5  Experiments, Results, and Discussion

This study focuses on designing and fabricating a range of electrodes by modifying the
composition of MXenes, including pure MXenes, MXene composites, and electrodes with
varying levels of MXene impurities. This careful adjustment of tailored electrodes allows
us to investigate how material composition affects electrochemical performance in energy
storage applications. We fabricate and assemble symmetric and asymmetric
supercapacitors by utilizing these specialized electrodes. In symmetric devices, both
electrodes comprise the same MXene-based materials, whereas asymmetric devices
employ distinct electrode materials for the anode and cathode.
To evaluate the performance of fabricated devices, we employ multiple characterization
techniques.
e Cyclic voltammetry (CV): Determines specific capacitance and energy density.
e Galvanostatic charge-discharge (GCD): Analyzes the charge-discharge time
profiles and evaluates the cyclic stability of the system.
e Electrochemical impedance spectroscopy (EIS): Calculate series resistance and
charge transfer resistance.
e Structural analysis: Methods such as X-ray diffraction (XRD) and scanning

electron microscopy (SEM) evaluate material morphology and crystallinity.
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Figure 5.1 presents a flowchart illustrating the fabrication and evaluation process of the

supercapacitors developed in this study.
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Figure 5.1 Flowchart of the fabrication and testing of supercapacitors designed in our

work
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5.1 MXene-Enabled Impurities (TiC) -based Supercapacitors

Five different electrodes are prepared with varying TiC (MXene-Enabled Impurities)
content, and symmetric supercapacitors are fabricated using three electrolytes:
acrylamide, N, N’-Dimethylacrylamide, and 2-hydroxyethyl methacrylate, to achieve
flexibility and improved energy storage. Before the electrode fabrication, all samples are
tested using X-ray diffraction (XRD) analysis. In this study, TiC-based electrodes are
incorporated into an acrylamide-based electrolyte. [189]. Two novel electrolytes are
developed by replacing Acrylamide with N, N'-Dimethylacrylamide and 2-Hydroxyethyl
methacrylate. TiC-based electrodes show excellent specific capacitance, greater flexibility,
and superior energy storage performance when paired with these advanced electrolytes.
5.1.1 Experimental Details

To prepare the acrylamide-based electrolyte, dissolve 0.2 g of PVA in 6 mL of distilled
water at 90°C for 1 hour, then mix with 1 mL of glycerol and stir for 10 minutes. Add
0.0662 g Irgacure, 1.36 mg MBA, 1.775 g acrylamide, and 0.525 g AMPS, and stir until
fully dissolved. Pour the solution into a mold and cure under UV light to form the gel [189].
Then, two novel electrolytes were prepared by replacing Acrylamide with N, N'-
Dimethylacrylamide and 2-Hydroxyethyl methacrylate. Polyvinylidene Fluoride (PVDF)
particles, activated carbon, and N-methyl pyrrolidone (NMP) solvent were purchased from
Sigma Aldrich, while TiC was obtained from Shanghai Alladin Biochemical. To prepare
the supercapacitor electrodes, TiC, activated carbon, and PVDF were weighed and then
ground using a pestle and mortar into a fine powder. NMP was added to the powder to
create a homogeneous slurry, which was then applied to two carbon cloth fibers via dip

coating. The coated fibers were dried for half an hour on a hot plate. After proper placement
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and drying, additional electrolyte was poured onto the fibers and exposed to sunlight until
gel formation occurred. Once the electrolytes were dried, the supercapacitors were sealed
with a polymer sheet. Carbon cloth-based supercapacitors are cost-effective, highly
conductive, and mechanically robust, enhancing device flexibility [207-209].

Five pairs of electrodes were prepared using the same procedure with different contents of
TiC and Activated Carbon, as shown in Table 5.1.

Table 5.1 Electrode configuration

Activated TiC (g) PVDF(g) | Net mass

Sr. Carbon

No Samples AC ® MXene-enabled Binder ®

impurities

1 S1 0 0.10813 0.00983 | 0.11796

2 S2 0.004915 0.103215 0.00983 | 0.11796

3 S3 0.00983 0.0983 0.00983 | 0.11796

4 S4 0.05895 0.04915 0.00983 | 0.11796

5 S5 0.10813 0 0.00983 | 0.11796

The Activated Carbon/TiC mixture with contents (in the ratio of x,0.10813-x) was named
S1, S2, S3, S4, and S5, respectively. PVDF was used as a binder, and NMP was used as a
solvent for slurry preparation. Then, electrodes with the same configuration were placed
on as-fabricated electrolytes and labeled as E1, E2, and E3, respectively.

5.1.2 Results And Discussion:

5.1.2.1 X-Ray Diffraction Analysis (XRD)

The phase changes and crystallinity of the as-synthesized samples, as shown in Table 5.1,
are analyzed using X-ray diffraction (XRD). The analysis is conducted at 26 values ranging
from 5° to 80°. From Figure 5.2, diffraction peaks observed at 35.912°, 41.707°, 60.454°,

72.360°, and 76.132° correspond to the characteristic reflections corresponding to the
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(111), (200), (220), (311), and (222) crystal planes, respectively [135]. All samples show

different intensities at specified angles due to the addition of activated carbon.
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Figure 5.2 XRD pattern of MXene-enabled electrode material featuring TiC (titanium

carbide) impurities

Electrochemical characteristics of the fabricated supercapacitors are analyzed using
multiple techniques, including Electrochemical Impedance Spectroscopy (EIS), Cyclic
Voltammetry (CV), and charge-discharge tests conducted under both open-circuit and
short-circuit conditions. These methods enable the evaluation of critical parameters such
as capacitance, internal resistance, and charge transfer behavior. By employing these
analytical techniques, a comprehensive insight into the supercapacitor's overall

performance, stability, and efficiency is obtained.
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5.1.2.2 Cyclic Voltammetry

While performing a CV, a voltage-dependent current curve is generated by applying a
potential (V) at a constant rate over time (t) [63]. The voltage window and starting point of
CV curves are two key factors that influence specific capacitance and Faradic losses in
supercapacitors. In our study, the fabricated supercapacitors (Table 5.1) are tested with a
multimeter after fabrication. For a quick check to see if the supercapacitor has been
properly fabricated, it is connected to a conventional ohmmeter for an initial inspection.
During current-based transient analysis of any capacitor, the current magnitude decreases
over time. As the current drops, the resistance value increases from a lower to a higher
level. This indicates that if the supercapacitor is successfully fabricated, the resistance
measured by the ohmmeter should gradually increase. While this early inspection provides
a rapid assessment, it can also generate parasitic voltages on the electrodes, which may
cause issues during CV measurements. To prevent problems caused by testing the
supercapacitor with an ohmmeter (which involves an internal battery effect in the
circuitry), it is essential to properly discharge the supercapacitor by shorting both
electrodes before conducting CV [210]. It means that the voltage on the supercapacitor
should be zero before performing CV to minimize losses while performing calculations of
specific capacitance. In our work, CV is performed at three scan rates, i.e., 10mV/s,
50mV/s, and 100mV/s. As shown in Figure 5.3, the voltage-time curve exhibits a higher
slope at a high scan rate than at lower scan rates. At a high scan rate, the voltage increases
more rapidly, allowing the maximum voltage to be attained in a shorter time compared to
a low scan rate. This occurs because, at higher scan rates, there is fast charge and discharge,

limiting the time available for ion diffusion within the electrode material. Consequently,
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the electrochemical reaction kinetics dominate the process, leading to a swift rise in

voltage.
1.0 4
0.8
2 0.6
)
(@)
S
S 0.4 —— 10mV/sec
> —50mV/sec
0.2 —100mV/sec
0.0 -
| v 1 4 | ¥ ] L4 1 4 1
0 20 40 60 80 100
Time(sec)

Figure 5.3 Conceptual framework of scan rates for Cyclic Voltammetry

Cyclic voltammetry is conducted within a potential window ranging from -1 Vto 1 V. As
reported in the literature, the specific capacitance (Cs) of symmetric supercapacitors can
be calculated from the CV curve using the formula given in Equation 5.1 [211,212]. In this
equation, m represents the active mass of material on both electrodes (40.8 mg), v denotes
the scan rate (10 mV/s, 50 mV/s, and 100 mV/s), Vi shows the initial voltage (-1 V), Vf
represents the final voltage (1 V), I corresponds to the current from Vi to Vf, and AV

represents the potential window (2 V) [163,213].

1
mvAV

Cs =4 X f:if (5.1)
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The energy density (E) can be determined using Equation 5.2, where Cs represents the
specific capacitance.

0.5XCsx(AV)?
3.6

E = (5.2)

Figure 5.4 shows the CV curves from our study, measured within a potential window of -
1V to 1V at scan rates of 10 mV/s, 50 mV/s, and 100 mV/s. These curves illustrate the
supercapacitor's electrochemical behavior at different scan rates, helping to assess

variations in current response and charge storage. The CV curves are used to calculate

specific capacitance and energy density, as outlined in Equations 5.1 and 5.2.
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Figure 5.4 CV curves within a potential range of -1V to 1V at varying scan rates: (a) 10
mV/s, (b) 50 mV/s, and (¢) 100 mV/s
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The specific capacitance of a material decreases as the scan rate increases in
electrochemical measurements. This inverse relationship arises due to variations in
electrolyte penetration into the electrode material. At lower scan rates, electrolyte ions have
sufficient time to diffuse deeply into the porous structure or nanosheets of the electrode,
maximizing the utilization of the active surface area and facilitating more electrochemical
reactions.

Consequently, this enhances the specific capacitance observed in CV curves. In contrast,
at higher scan rates, the limited time for ion diffusion restricts electrolyte access to deeper
regions of the electrode. As a result, the active material is not fully utilized, leading to a
reduction in the measured specific capacitance [214]. Therefore, optimizing electrode
porosity and ion transport pathways is essential for maintaining performance at high scan
rates.

Figure 5.5 compares the specific capacitance and energy densities of all supercapacitors in
three different electrolytes at different scan rates. The comparison is made for three
different electrolyte types, showing how electrolyte choice impacts performance. The
supercapacitor using 2-Hydroxyethyl methacrylate-based electrolyte (E3) shows a specific

capacitance of 79 F/g for sample S4 at 10 mV/s. In contrast, the supercapacitor with an N-

N’ Dimethylacrylamide-based electrolyte (E2) exhibits a specific capacitance of 50 F/g for

sample S2 at the same scan rate.
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5.1.2.3 Electrochemical impedance spectroscopy (EIS)

Randles circuit shown in Figure 5.6 is evaluated in EIS analysis. This circuit model is

represented by AC circuit elements, including resistors and capacitors. This model helps

in understanding charge transfer kinetics, diffusion processes, and overall electrode—

electrolyte interactions.

The Randles model incorporates Rs, Ret, and Cnf in a specific configuration. Here, Rs

represents the series resistance, Ret denotes the electron transfer resistance at the interface

of the electrode and electrolyte, and Cnf represents the non-Faradaic capacitance

originating from the electrode surface.
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In Figure 5.6(a), the circuit is evaluated with a non-Faradic process. In a non-Faradic
process, all charge is accumulated on the non-Faradic capacitor. In Figure 5.6 (b), the
circuit is with the faradic process in which capacitance offers infinite impedance, so all

current passes through Ret. [200].

Cnf Cnf

Rs Rs

(a) <_> Vs | (b) !

Figure 5.6 Randles circuit (a) Non-faradic process (b) Faradic process

EIS is used to examine the internal electrical parameters of supercapacitors through the
two-probe method. The two-probe configuration measures the combined impedance of
both electrodes and the electrolyte. In this method, the anode and cathode are connected
during the analysis, and a small alternating current signal is applied over a range of
frequencies. The initial operating conditions were maintained constant, with a pretreatment
time of 5 seconds, an alternating current (AC) amplitude of 0.01 V (Vac), and a variable
frequency from 0.1 Hz to 10 kHz at a charging voltage of 1 V DC. Nyquist and Bode plots
(both impedance- and phase-based) are employed to determine the values of the circuit

elements.
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Figure 5.7 Nyquist plot at 1V (a) normalized scale (b) logarithmic scale

The Nyquist plot is a key parameter in Electrochemical Impedance Spectroscopy (EIS)
analysis, providing critical insight into the electrochemical behavior of energy storage
devices like supercapacitors. It graphically represents the complex impedance, plotting the
real component (Z') on the x-axis and the imaginary component (Z") on the y-axis. This
plot helps distinguish various resistive and capacitive elements within the system. A
Nyquist plot reveals information about internal resistance, electrode/electrolyte interface
quality, and ion transport efficiency. Thus, the Nyquist plot is essential for diagnosing

performance bottlenecks and guiding material or design improvements in supercapacitors.
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The x-axis offers critical insights into the magnitudes of series resistance (Rs) and electron
transfer resistance Ret (Rp) [215]. If we consider the supercapacitor as ideal, the series
resistance (Rs) is assumed to be zero, while the electron transfer resistance (parallel
resistance, Ret) is considered infinite. [216]. However, these considerations do not apply
to real supercapacitors. Figure 5.7 shows the Nyquist plot in both normalized scale and
logarithmic scale. Table 5.2 shows the Rs value for all supercapacitors at 1V, evaluated
from the Nyquist plot. These results show positive and negative features of resistance for
the better operation of supercapacitors. For optimal supercapacitor performance, the
electron transfer resistance (Ret) should be as high as possible, while the series resistance
(Rs) should be minimized to near zero [217]. In Figure 5.6 (a), the Nyquist plot indicates
that the electron transfer resistance (Ret or Rp) is not observed within the frequency range
used for the EIS measurements, as evidenced by the incomplete semicircle. This suggests
that the selected frequency range is insufficient to capture the full electrochemical behavior
of the system, particularly the characteristics associated with Ret. To thoroughly examine
the EIS spectra and accurately evaluate Ret, a broader frequency range should be
employed, extending both to lower and higher frequencies. This adjustment would ensure
that the semicircle in the Nyquist plot is fully resolved, providing a more comprehensive
understanding of the impedance characteristics of the supercapacitor. It is shown in Table
5.2 that in all electrolytes, Sample S1, made entirely of titanium carbide (TiC), shows the
lowest series resistance (Rs), highlighting its superior conductivity and minimal resistive
losses. Rs is a crucial figure of merit in electrochemical impedance spectroscopy (EIS) as
it directly impacts the performance of supercapacitors, particularly their energy efficiency
and power delivery. When the proportion of TiC in the sample is reduced and activated

carbon (AC) is added to the composition, the Rs value increases despite the total mass of
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the sample remaining constant. This variation can be linked to the intrinsic differences in
the electrical conductivity of TiC and AC. TiC, being a highly conductive material,
contributes to lower resistive losses, whereas AC, while beneficial for its high surface area
and electrochemical activity, has comparatively lower electrical conductivity.
Consequently, the introduction of AC reduces the overall conductivity of the electrode
material, leading to an increase in Rs. This behavior highlights the trade-off between
achieving high conductivity (low Rs) and incorporating materials like AC for enhanced
surface area and capacitive performance. Optimizing the ratio of TiC to AC is, therefore,
essential for balancing conductivity, capacitance, and overall device performance.

Table 5.2 Numerical Magnitudes of Series Resistance of supercapacitors at 1V

Electrolyte Rs (ohms)
S1 S2 S3 S4 S5
E1l 93.9 105.8 90.51 198.8 | 114.6
E2 77.98 101.8 106.1 180.1 202.2
E3 72.07 76.71 78.67 79.8 89.17

Bode plots are crucial in EIS (Electrochemical Impedance Spectroscopy) analysis because
they show how the impedance magnitude and phase angle of a system change with
frequency. This helps in identifying whether a supercapacitor behaves more like a
capacitor, resistor, or inductor at different frequencies. For example, a phase angle near
—90° indicates ideal capacitive behavior, while deviations point to resistive losses or
inductive effects. By analyzing these trends, researchers can evaluate the charge storage

efficiency, ion transport limitations, and overall performance of the supercapacitor.
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Figure 5.8 (a) shows the impedance-based Bode plots of said supercapacitors. The
impedance-based Bode plot is between frequency and impedance(Z). This plot describes
the change in the trend of overall impedance with frequency. From Bode plot analysis, real
and imaginary impedance responses of supercapacitors can be calculated. Real and
imaginary impedances can be utilized to determine the real and imaginary capacitance
characteristics of supercapacitors.

Figure 5.8(a) illustrates that the impedance decreases with increasing frequency and vice
versa. Figure 5.8(b) shows the phase difference-based Bode plots for a charging voltage of
1V. In a Bode plot based on phase difference, frequency is represented on the x-axis, while
the phase angle is shown on the y-axis. The phase difference between voltage and current
is the phase angle magnitude. If the supercapacitor is considered ideal, then this phase
difference is 90°, which means that the current leads the voltage by a 90° phase shift. Based
on fundamental circuit theory, at higher frequencies, the capacitor's impedance is almost
zero, while at lower frequencies, the impedance increases significantly, approaching
infinity [216].

At high frequencies, the series resistance (Rs) in an electrochemical system allows charge
to flow readily. This is because, at high frequencies, the impedance of capacitive elements
becomes negligible, effectively short-circuiting them. In such conditions, the behavior of
the system is dominated by resistive components like (Rs), where the phase difference
between current and voltage is zero. This zero-phase difference indicates that the current
and voltage are perfectly in phase, a characteristic of purely resistive behavior.

As the frequency decreases, the impedance of the capacitor increases, governed by the
relationship Zc = 1/joC, where Zc represents the capacitive impedance, o represents the

angular frequency, and C represents the capacitance. The capacitive impedance becomes
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significantly large, dominating the overall system response at very low frequencies. This
causes the phase angle to approach its maximum value (close to -90°), reflecting the
predominantly capacitive nature of the system. In the low-frequency region, the capacitor's
behavior enables a more detailed analysis of its physical properties, especially the active
surface area of the electrode that interacts with the electrolyte. This is because, at low
frequencies, the capacitive elements have sufficient time to charge and discharge fully,
allowing for the measurement of the system's maximum capacitance.

The capacitance is directly proportional to the physical area of the electrodes, as described
by C=€A/d, where C represents the capacitance, € is the permittivity, A is the surface area,
and d is the separation between electrodes. By analyzing the system's impedance and phase
angle at both high and low frequencies, valuable insights into the capacitor's behavior can
be gained. At high frequencies, the data helps identify resistive losses and the internal
resistance of the system. At low frequencies, the analysis reveals information about the
charge storage capability and diffusion processes. Together, these observations allow for a
comprehensive evaluation of key electrical and physical properties, including the effective
electrode area.

According to Figure 5.8 (b), sample S1, which is purely TiC, shows the highest value of
phase difference with electrolytes E2 and E3, which means the maximum physical area is

evaluated in the case of electrodes of pure TiC.
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Figure 5.8 EIS-based Bode Plot, (a) Impedance-based Bode plots, (b) Phase-based Bode
plots

5.1.2.4 Kinetics of Current

The kinetics of electric current at charging voltages of 1 V are also studied here. Figure 5.9
shows circuit schematics for charging and discharging supercapacitors. In charging and
discharging the supercapacitor, a DC power supply, an ammeter, a supercapacitor, and a
328P Microchip are used. Charging of the supercapacitor occurs when switch S1 is closed
and switch S2 is open. In discharging mode, the supercapacitor is tested by indirect loading,

which means short-circuit analysis and open-circuit analysis.
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Figure 5.9 Charging and Discharging Schematics
While performing a short circuit test after charging, switch S1 is kept open, and switch S2
is closed. In the open circuit test, after charging, both switch S1 and switch S2 were kept
open. During charging, the supercapacitor is charged at 1V for 120 seconds, and during
this time, the current is measured by an ammeter.
The Kinetics of the current analysis is to study the detailed charging mechanism at 1V by
using Equations 5.3 and 5.4, where C shows the capacitance, I represents the charging

current, and v¢ is the charging voltage [42].

C=+ (5.3)

vt =2 [[*idt (5.4)
The charging behavior of the supercapacitor can be analyzed at 1V. We can plot the
transient behavior of charging current(mA), capacitance (F), and Voltage(V) to analyze the
time-based charging mechanism. In Figure 5.10, the voltage versus time curve shows

variation in the behavior of charging voltage from ground (0-1) V.

79



Voltage(V)

Current(mA)

0.4

0.30 |

0.24

-
N

e
©

Voltage (V)
°
»

[~—S2

0 20 40 60 80 100 120

Time (sec)

-
(8]
T

o,
®
yL

Voltage (V)
2
1

Current(mA)

0 20 40 60 80 100 12¢

Time(Sec)
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During the voltage variation period, capacitance increases as a function of the charging
current in response to the applied voltage. By analyzing the current kinetics graph, we can
effectively examine the charging behavior of a supercapacitor. When studying this
behavior, the time required for a specific supercapacitor to fully charge at an applied
charging bias of 1V can be calculated. Table 5.3 shows the currents and capacitance values
of the supercapacitor during charging.

Table 5.3 Current and Capacitance values while charging

Current (mA)
Electrolyte
S1 S2 S3 S4 SS
E1l 0.7 0.5 2.6 1.2 3.2
E2 1.26 1.56 1.69 2.07 1.52
E3 1.55 1.66 1.38 2.51 5.71
Electrolyte Capacitance (mF)
S1 S2 S3 S4 SS
E1l 423 39.9 132.1 39.51 226
E2 12.96 58.43 19.89 126.7 61.3
E3 95.72 151.5 60.3 164.2 182.61

In an open-circuit test, the circuit is open, meaning no direct load is attached to the system.
In this case, the impedance of the load is at its maximum, resulting in no current flow.
Since no current flows through the circuit in this state, the only measurable parameter is
the discharging voltage magnitude. The voltage is measured across the capacitor without

any current draw, reflecting the voltage behavior over time as the capacitor discharges.
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Discharging Voltage (V)

In contrast, during a short-circuit test, the circuit is configured in a way that minimizes
resistance. This is typically done by directly shorting the capacitor through an ammeter,
where the ammeter itself provides a small amount of resistance. In this scenario, the short
circuit condition provides the path with the lowest resistance for current flow, resulting in
a maximum current reading. The ammeter records this current, allowing us to measure the
capacitor's discharge current under near-zero resistance conditions. The resistance faced in
this test is mainly the very small resistance of the ammeter itself, which is insignificant
compared to other circuit components. During open-circuit and short-circuit tests, the
discharging voltage and current are observed under controlled conditions. The absence of
significant power loss is ensured by the lack of a direct external load, and these tests help

us understand the discharge characteristics of the capacitor in idealized conditions.

1.0 [

0.8

0.6
0.4
0.2 =

0.0

1.0
0.8
0.6

0.4 -

0.2

0.0 |-

Discharging current (A)

1.0 B

0.8

0.6
0.4 |1

0.2

0.0

0 100 200 300
0 500 1000 1500 2000 2500 3000

Time (Sec) Time (Sec)
Figure 5.11 Discharge characteristics (a) No-load _ Open circuit test (b) Full-load _Short

circuit test.

82



The time of voltage storage can be calculated by the discharge voltage curve at no Load,
as shown in Figure 5.11(a). It is noticed in the discharge curve that when switches S1 and
S2 open, the voltage drops immediately. During this time, no voltage is measured at the
load terminals, and it is called dead-zone. After the dead zone, the voltage is sustained due
to stored charge, and it is called the operation zone of the supercapacitor. [215].

Figure 5.11(b) shows the discharging current characteristics of supercapacitors. Table 5.4
shows how much current can be provided by a supercapacitor for 4 minutes. In the open
circuit tests, electrolyte E2 shows the highest initial currents, exceeding 1200uF across all
samples. Additionally, after 4 minutes, it maintains high values of the lowest current,
greater than 20uF in all cases. This indicates that electrolyte E2 provides better initial
charging and discharging responses than the other electrolytes. For the S4 sample, the
electrostatic behavior under full load is particularly noticeable with electrolyte E2. Both
the initial and final currents reach their maximum values, showcasing the superior
performance of E2 in these conditions. Electrolyte E2 is highly compatible with the
electrodes that were fabricated, further enhancing the total performance of the
supercapacitor. In terms of the dead zone, the range for electrolyte E2 is from 0.9V t0 0.7V,
except for sample S2, which discharges quickly across all electrolytes. For all samples with
electrolyte E2 (except S2), the supercapacitors retain a voltage of approximately 0.3V after
around 3000 seconds (50 minutes), which serves as a key indicator of performance during
the open-circuit test.

This voltage retention is a significant figure of merit, showing how well the supercapacitor
holds its charge. The operating time of the electrodes using electrolyte E2 is approximately

30 minutes, demonstrating its efficient discharge characteristics over this period. Overall,

83



electrolyte E2 provides the most stable and effective performance, with high currents, good
voltage retention, and strong compatibility with the electrodes.

Table 5.4 Maximum to minimum current values while discharging

(Ii= initial current, I=Final current)

" Current (pA)

4

% S1 S2 S3 S4 S5

é Ii I 1i I Ii I Ii I Ii I
E1l 1272 | 1.7 1567 | 1.6 779 1.91 983 10.8 2320 | 38.2
E2 1890 | 29 1805 | 21 1935 | 58.7 2011 189 1247 | 128
E3 706 0.1 1100 | 6.1 1199 | 9 1126 | 4.7 4100 | 6.7

5.2 MXenes / Conducting Polymers-based Asymmetric Supercapacitors

This study develops three asymmetric supercapacitors using Poly (benzoxazole aniline)
(pBOA) as the anode. The cathodes in these supercapacitors include pristine MXene, a
binary composite (MXene-PANI), and a ternary composite (MXene-PANI-PEDOT: PSS).
Notably, pBOA has only been explored in symmetric supercapacitor systems, such as NiO-
pBOA-GNP and V:0s-pBOA-Graphene.

This study systematically investigates the potential of pBOA in asymmetric configurations,
in conjunction with MXene-based materials, to optimize the performance and practical
applicability of flexible energy storage devices [218,219]. The fabricated supercapacitors
demonstrated enhanced electrochemical performance, marked by a higher charge storage
capacity.
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5.2.1 Experimental Details

The study utilized high-purity research- and analytical-grade materials. Materials such as
titanium aluminum carbide (TisAlCz), lithium fluoride (LiF), polyvinyl alcohol (PVA), N-
methyl-2-pyrrolidone (NMP), carboxymethyl cellulose (CMC), activated carbon (AC),
polyaniline (PANI), and poly(3,4-ethylenedioxythiophene): polystyrene sulfonate
(PEDOT: PSS) were used as received, with no additional purification or modification.
Ti:C.Tx MXene was synthesized through a selective etching process, where aluminum (Al)
layers were removed from the TizAlC2 MAX phase. This was done using a mixture of
lithium fluoride (LiF) and hydrochloric acid (HCI), which facilitated the breakdown of the
MAX phase structure, resulting in the formation of layered TisC.Tx MXene. Initially, 1.5
g of LiF was dissolved in 45 mL of 6 M HCI in a container under continuous magnetic
stirring. Then, 1.5 g of the MAX phase powder was slowly added to the solution with
continuous stirring. The etching reaction was carried out at 45 °C for 24 hours, followed
by cooling the mixture to room temperature. The resulting material was washed multiple
times with deionized water via centrifugation at 3500 rpm for 6 minutes per cycle until the
pH of the supernatant exceeded 5. The final product was collected using Whatman filter
paper and dried under vacuum at 60 °C for 12 hours to yield Ti3CoTx MXene powder [220].
Poly(benzoxazole aniline) (pBOA) was synthesized using a one-step procedure that
involved chemical polymerization combined with reflux condensation [221]. The binary
MXene composite was synthesized by dissolving blue polyaniline (PANI) powder in N-
methyl-2-pyrrolidone (NMP) and stirring the solution for approximately 4 hours at 50 °C
to form a uniform solution. This solution was then mixed with an aqueous dispersion of

Ti,C,Tx MXene under continuous stirring, resulting in the preparation of black MXene—
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PANI precipitates, which were subsequently isolated by filtration to obtain the final
composite [169].

The MXene—PANI composite was combined with PEDOT: PSS by thoroughly grinding
the components together using a mortar and pestle. This process was carried out
continuously to ensure proper integration. As a result, a ternary MXene—PANI-PEDOT:
PSS composite was formed.

Carbon fiber serves as the substrate for depositing the active material due to its flexibility,
superior electrical conductivity, and ductile properties. Carbon fiber was pretreated with a
sulfuric—nitric acid mixture to activate its surface before electrode material application.
Once activated, the carbon fiber was repeatedly rinsed with ethanol and deionized water to
remove any remaining acid residues. It was then oven-dried to ensure all moisture was
eliminated before further application.

PBOA, MXenes, MXene-PANI, and MXene-PANI-PEDOT: PSS electrodes were
fabricated using a defined process to ensure effective mixing and material deposition.
Initially, the active material, carboxymethyl cellulose (CMC) binder, and activated carbon
(AC) were measured out in a proportion of 8:1:1. These components are then spread in
NMP (N-Methyl-2-pyrrolidone) through continuous crushing. This step ensures uniform
blending of the components and produces a homogeneous suspension, commonly referred
to as “ink.” Ink concentration was controlled by varying the amount of NMP solvent. This
allows control over the viscosity and consistency of the ink for deposition. Once the ink is
ready, it is applied to activated carbon cloth using the dip-coating method. The cloth acts
as a flexible substrate for the electrode material. During this process, it is immersed in the
ink, allowing the active material to coat its surface evenly. The dip-coating step ensures

uniform deposition, resulting in a well-formed and structured electrode.
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For the preparation of MXene-PANI-PEDOT: PSS electrodes, a defined fabrication
process is used. MXene-PANI composites are mixed and ground with PEDOT: PSS, a
conducting polymer, without the addition of NMP. The prepared mixture is applied to
carbon cloth via the dip-coating method, eliminating the need for a separate binder. In this
composite, PEDOT: PSS functions simultaneously as a conductive additive and a binder.
PEDOT: PSS, a well-known conductive polymer, significantly improves the electrical
conductivity of the material, making it suitable for electrode applications. Its incorporation
facilitates more efficient charge transport pathways, allowing electrons to move quickly
through the material. This enhanced conductivity not only reduces internal resistance but
also promotes better energy transfer during device operation, ultimately boosting the
overall electrochemical performance of the electrode. In addition to increasing the
conductivity, PEDOT: PSS also serves as a structural binder within the electrode. By
effectively interlinking the MXene—P ANI composites, it reinforces the mechanical stability
of the electrode structure. This cohesive interaction eliminates the need for an external
binder like carboxymethyl cellulose (CMC), simplifying the fabrication process and
improving the overall electrochemical performance by reducing inactive components. This
dual functionality of PEDOT: PSS enhances the performance and stability of the electrode
material [222]. Overall, these steps ensure the creation of highly efficient electrodes with
high conductivity, mechanical stability, and optimal electrochemical properties for use in
energy storage or supercapacitor applications.

Before supercapacitor assembly, a gel polymer electrolyte was prepared by dissolving 0.2
g PVA in 6 mL deionized water at 90 °C with stirring. After adding 1 mL glycerol and
stirring for 10 minutes, Irgacure, MBA, acrylamide, and AMPS were sequentially mixed

in until fully dissolved [189,223]. The hydrogel precursor was placed in a mold and UV-
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cured under vacuum. Electrodes were soaked in electrolyte, followed by an additional

electrolyte layer, then UV-cured again to form the gel.

5.2.2 General Characterizations and Electrochemical Analysis

The surface features of fabricated electrodes were characterized using scanning electron
microscopy (SEM). The crystal structure of the synthesised materials was analysed with
X-ray diffraction (XRD). The ASMEC system with a two-probe setup was used to measure
the electrical resistance, using voltage—current spectroscopy at ultra-low current resolution.
Electrochemical testing was performed using a standard two-electrode setup connected to
an electrochemical system analyzer. The supercapacitor's performance was assessed
through three methods: cyclic voltammetry (CV), galvanostatic charge—discharge (GCD),
and electrochemical impedance spectroscopy (EIS). CV and GCD analyzed specific
capacitance, charge—discharge characteristics, and capacitance retention. EIS was
performed to measure the system's equivalent series resistance.

Figure 5.12(a) shows the original Carbon Fiber Cloth (CF) morphology, with no additional
materials deposited. The fibers appear smooth at their edges, and each fiber's diameter is
approximately 8 um. This shows the natural, pristine structure of the carbon fiber material,
highlighting its uniformity and smooth surface.

In Figure 5.12 (b), the changes in the structure of carbon cloth are shown when the MXene-
PANI composite is deposited onto a selected portion. This image reveals that the MXene-
PANI composite has been successfully applied to the carbon fiber surface. The composite's
presence is visually confirmed as it appears to coat and bond with the carbon fibers,
enhancing the overall surface structure. When viewed in this state, the rough texture of the

fiber shows a marked change due to the deposition. This roughness indicates strong
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physical bonding between the MXene-PANI composite and the carbon fibers, which likely
enhances their mechanical or electrochemical performance. This bonding enhances
adhesion, ensuring the active material remains intact and does not detach during multiple
charge—discharge cycles. It shows that the deposition process was successful, allowing the
composite to integrate well with the carbon cloth without separation, resulting in durable
interface materials [224]. Together, these factors contribute to improved electrochemical
performance and long-term durability of the supercapacitor.

Scanning electron microscopy shows that the electrolyte readily flows through the spaces
between the carbon fibers. The material deposited on the electrodes also enters the spaces
between carbon fibers. (Figure 5.12 (c—d)). Such an open and interconnected structure
facilitates efficient ion transport during charge and discharge. This improved electrolyte
accessibility improves the overall capacitance and supercapacitor’s energy storage
performance. Electrolyte ion diffusion helps in the electrode activation by enhancing ion

transport and interaction at the electrode surface [225].
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Figure 5.12 SEM images of (a) carbon fiber, (b) carbon fiber coated with MXene—PANI

composite, (c, d) detailed views of MXene—PANI deposition on the fiber surface

Figure 5.13(a—b) shows the XRD analysis of MXene and the composites of MXenes with
conducting polymer. In pristine MXenes, the (002) peak appears in the XRD pattern,
reflecting changes in interlayer spacing influenced by surface functional groups (e.g., —
OH, —F, —0O). The peak's position and intensity may vary depending on several factors such
as synthesis conditions, chemical composition, and post-synthesis treatments [226]. A
closer view of the MXene peak is shown, where the main characteristic peak is observed

at 20 =~ 8.4° at the (002) phase (Figure 5.13 (a)) [227,228]. The (002) peak shifted toward
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a lower angle (20 = 7.2°) in the binary (MXene-PANI) composite, confirming the
successful intercalation of PANI into the MXene [229,230]. The (002) diffraction peak
shifts to approximately 6.6° in the ternary composite of PEDOT: PSS, PANI, and MXene,
indicating further interlayer expansion (Figure 5.13(b)). It indicates planar displacement
during the development of the ternary structure. Moreover, in the ternary (MXene—PANI—
PEDOT: PSS) composite, the PANI peak at 20 = 25.9°, which is visible in the
binary(MXene—PANI) composite, becomes less prominent, suggesting effective

encapsulation of PANI by PEDOT: PSS [231,232].
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Figure 5.13 XRD (a) Magnified view of XRD of MXene (b) MXenes and their

composites
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Electrochemical performance of each sample in a two-electrode configuration was
evaluated using a two-electrode setup with CV, GCD, and EIS measurements.

CV curves for pPBOA//MXene, pPBOA//MXene-PANI, and pBOA//MXene-PANI-PEDOT:
PSS were recorded at scan rates ranging from 5 to 150 mV/s within a 0.6 V window (Figure
5.14a—). The CV curves of all supercapacitors exhibited a quasi-rectangular shape,
remaining stable even at 150 mV/s, indicating an outstanding rate capability. High-rate
capability means the device can efficiently store charge and rapidly diffuse ions during fast
charge-discharge cycles, a crucial factor for high-power applications. The CV curve's
shape remains stable at higher scan rates, showing the electrode's rapid charge—discharge
behavior. This stability suggests minimal resistive losses, allowing ions to move quickly
through the electrode material without significant hindrance. The area enclosed by the CV
curve represents the charge stored during the cycle. Therefore, a larger enclosed area
indicates higher capacitance and better overall performance of the supercapacitor.

Figure 5.14(d) shows CV curves of the reported asymmetric supercapacitors, recorded at a
scan rate of 150 mV/s. MXene-based supercapacitor displays only a slight response,
indicating low capacitance and limited charge storage capability. This outcome likely
stems from the intrinsic properties of pristine MXene, which, despite its high electrical
conductivity and broad surface area, may not provide the synergistic benefits found in

composite materials that boost energy storage performance.
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Figure 5.14 CV curves of (a) MXene, (b) binary(MXene-PANI) composite, (c)

ternary(MXene—PANI-PEDOT: PSS) composite-based asymmetric supercapacitors,

(d) all devices at 150 mV/s

Asymmetric supercapacitor based on ternary composite exhibits a much greater CV loop

area than MXene and binary composite-based supercapacitors, indicating higher specific

capacitance and better charge storage performance. The stronger current response recorded

at a scan rate of 150 mV/s scan rate confirms the improved electrochemical performance

of this hybrid system. This enhancement is due to the combined properties of the materials
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used, such as MXene's high conductivity and surface area, polyaniline's (PANI)
pseudocapacitance through its redox-active nature, and PEDOT: PSS's enhanced electronic
conductivity and structural stability. Of all the configurations, MXene—-PANI-PEDOT:
PSS-based supercapacitors exhibit the highest charge and energy storage capacity,
outperforming both MXene and MXene-PANI systems.

GCD (galvanostatic charge—discharge) measurements were carried out within a consistent
potential window at varying current densities ranging from 0.1 to 0.5 A/g, as shown in
Figure 5.15(a—). The specific capacitance of each device was calculated using data
obtained from both cyclic voltammetry (CV) and GCD analyses, providing a
comprehensive evaluation of their charge storage capabilities [233,234].

At a scan rate of 5 mV/s, the MXene—PANI-PEDQOT: PSS supercapacitor achieves a high
specific capacitance of 279 F/g. This performance is substantially higher than that of the
MXene—PANI composite, which delivers 153 F/g, and the pristine MXene-based
supercapacitor, which only achieves 68 F/g. This significant improvement can be attributed
to the synergistic interaction between PEDOT: PSS and PANI, which work together to
enhance both charge storage capacity and overall electrochemical performance. When
combined with MXenes, these polymers form a conductive and porous network that
promotes efficient ion diffusion, increases active surface area, and ensures better utilization
of electroactive sites. As a result, the composite electrode exhibits improved capacitance,
faster charge—discharge kinetics, and enhanced long-term stability compared to its
components.

GCD measurements at 0.1 A/g revealed specific capacitances of 208, 136, and 56 F/g for
MXene-PANI-PEDOT: PSS, MXene-PANI, and MXene-based supercapacitors,

respectively. Corresponding energy densities were calculated as 13, 7.3, and 3 Wh/kg.
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These results demonstrate the enhanced energy storage performance of the composite

systems, particularly the MXene—PANI-PEDOT: PSS configuration, because of its

improved charge storage mechanisms.
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Figure 5.15 GCD curves for (a) MXene, (b) binary(MXene-PANI) composite, (c)

ternary(MXene—PANI-PEDOT: PSS) composite-based asymmetric supercapacitors, (d)

all devices at 0.1 A/g.
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Figures 5.16(a) and (b) show how specific capacitance (Csp) varies with scan rate and
current density for all three fabricated asymmetric devices. The specific capacitance is
higher at lower scan rates and current densities but drops as these values increase. At lower
scan rates, electrolyte ions have enough time to penetrate the porous electrode structure
and reach active sites, enabling efficient charge accumulation and resulting in higher
capacitance [233,234].

Furthermore, the cyclic stability of the supercapacitors was assessed through GCD
measurements conducted at a current density of 1 A/g. As illustrated in Figure 5.16(c),
after 1,000 charge—discharge cycles, the capacitance retention was 96% for MXene-PANI-

PEDOT: PSS, 91% for MXene-PANI, and 89% for the pure MXene-based devices.
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EIS analysis was done to further investigate the behavior of each component of the
supercapacitor as well as the overall cell performance. The analysis was performed over a
frequency range of 0.1 Hz to 10 kHz, with a bias voltage ranging from 0.2 V to 1 V.
However, in this study, only the readings at 0.2 V are discussed, owing to the complexity
and large size of the dataset. Figure 5.17(a) shows the Nyquist plots for all the
supercapacitors. After performing circuit fitting based on the Randles circuit, equivalent
series resistance (Rs) and charge transfer resistance (Rct) values were obtained from the
high-frequency region. The electrochemical impedance spectroscopy results showed that
the ternary composite (MXene-PANI-PEDOT: PSS)-based supercapacitor exhibited the
lowest series resistance (Rs) and charge transfer resistance (Rct), with values of 27.19 Q
and 28.03 Q, respectively. In comparison, the MXene—PANI device showed slightly higher
Rs and Rct values of 37.43 Q and 38.72 Q, while the pure MXene-based supercapacitor
demonstrated the highest resistances at 75.71 Q (Rs) and 77.57 Q (Rct). These findings
indicate improved electrical conductivity and more efficient charge transfer at the
electrode—electrolyte interface for the ternary composite-based device. In the low-
frequency region of the EIS (electrochemical impedance spectroscopy) curve, the slope
reflects the ion diffusion characteristics within the electrode material, exhibiting behavior
indicative of Warburg resistance. This suggests effective ion transport and favorable
electrochemical kinetics within the composite electrode structure [150]. At low
frequencies, the Warburg diffusion line appears almost parallel to the imaginary axis,
indicating efficient ion diffusion from the electrolyte to the electrode interface. This boosts
the specific capacitance of the MXene-PANI-PEDOT: PSS supercapacitor. The ternary
device has the lowest equivalent series resistance (Rs) reported, due to its minimal sheet

resistance, as shown in the IV characteristics of Figure 5.17(b). IV analysis reveals that the
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ternary composite has a significantly lower sheet resistance of 0.3 k€/sq, compared to 1.06

kQ/sq for the binary composite and 1.3 k€)/sq for pure MXene, respectively.
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of MXene-PANI-PEDOT: PSS, MXene-PANI, and MXene materials.
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The voltage is systematically varied in IV analysis, and the corresponding current response
is measured, as depicted in Figure 5.17(b). The differences in charge storage behavior
among the supercapacitors are due to variations in the conductive behavior of fabricated
binary and ternary composites. These variations influence how each material responds to
the applied voltage. The MXene—PANI-PEDOT: PSS composite achieves its peak current
response at an applied voltage of 1 V. The peak current for MXene—PANI occurs at 4 V,
while MXene reaches a maximum current at 5 V. This suggests a direct correlation between
electrical conductivity and capacitive performance, with the trend: MXene-PANI-PEDOT:
PSS > MXene-PANI > MXene.

To illustrate practical applications, MXene-PANI-PEDOT: PSS devices were connected in
series glow the Light Emitting Diodes (LEDs). In this series configuration, the CV curve
at 10 mV/s reveals an extended potential window of up to 3 V (Figure 5.18(a)). Figure
5.18(b) shows that four series-connected asymmetric supercapacitors powered four 1.8 V

red LEDs for 300 seconds, confirming operation above 1.5 V.
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Figure 5.18 a) CV curve of the series-connected supercapacitors; (b) LEDs powered by

the series connection device
100



Table 5.5 highlights the superior electrochemical performance of the MXene-PANI-
PEDOT: PSS-based supercapacitor as compared to the other devices.
Table 5.5 Comparative Electrochemical Performance of pPBOA//MXene, pPBOA//MXene—

PANI, and pBOA//MXene—PANI-PEDOT: PSS Supercapacitors

Specific Energy Discharge
S No. | Device name | capacitance density time(s) Rs(Q) | Ret(QQ)
F/g Wh/kg
1 pBOA//MXene 68 3 338 75.71 | 77.57
2 pBOA//MXene 153 73 821 37.43 | 38.72
-PANI
3 pBOA//MXene 279 13 1249 27.19 | 28.03
-PANI-
PEDOT: PSS

Of the three configurations, the pPBOA//MXene—PANI-PEDOT: PSS shows the highest
specific capacitance (279 F/g) and energy density (13 Wh/kg), as well as the longest
discharge time (1249 s), highlighting its exceptional charge storage capacity. This device
also exhibits the lowest series resistance (Rs: 27.19 Q) and charge transfer resistance (Ret:
28.03 Q), which contributes to enhanced charge transfer kinetics. The pBOA//MXene—
PANI device delivers moderate performance with 153 F/g capacitance, 7.3 Wh/kg energy
density, and reduced resistances (Rs: 37.43 Q, R¢i: 38.72 Q). The pPBOA//MXene device,
while having the highest resistance (Rs: 75.71 Q, Re: 77.57 Q), shows the lowest
capacitance (68 F/g) and energy density (3 Wh/kg), showing limited electrochemical
activity. Overall, the sequential incorporation of PANI and PEDOT: PSS significantly
enhances the capacitive behavior, energy storage capability, and conductivity of the

supercapacitor systems.
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5.3 MXene Quaternary (MXene-pBOA-NiO-rGO) Composite-based

Symmetric Supercapacitors

This study utilized pBOA, an aniline-derived polybenzoxazole, in binary (pBOA—NiO),
ternary (pBOA—-NiO-—GO), and quaternary (MXene—-pBOA—-NiO-rGO) configurations.
Composite polymer and its composites are synthesized and deposited over conductive fiber
yarn and placed in an acrylamide-based gel electrolyte to fabricate supercapacitors.

5.3.1 Experimental Details

All chemicals were of analytical grade and used as received, without further purification.
NiO nanoparticles were synthesized by dissolving 2.2 g of NiClz in 100 mL of distilled
water, while 0.06 g of CTAB was separately dissolved in 20 mL of distilled water. Both
solutions were stirred at room temperature, then combined and mixed for two hours.
Sodium hydroxide was gradually added to the mixture until it turned green, indicating the
reaction's completion. The mixture was then left at room temperature for 7 hours to allow
for further precipitation. The resulting precipitate was thoroughly washed with distilled
water, dried at 80 °C for 9 hours, and then calcined at 550 °C for 6 hours to obtain black
NiO nanoparticles.

The NiO-pBOA binary nanocomposite was synthesized using an in situ chemical
polymerization approach. Initially, the prepared NiO nanoparticles were dispersed in
deionized water through 40 minutes of ultrasonication, then continuously stirred to achieve
a homogeneous suspension. This suspension was then added to an HCI solution containing
the monomer 2-(benzoxazole-2-yl) aniline, initiating the polymerization reaction. After the

reaction, the mixture was filtered, and the resulting material was dried at 60 °C.
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The pBOA-NiO-rGO ternary nanocomposite was produced through chemical
polymerization. Reduced graphene oxide (rGO) is a chemically modified form of graphene,
was prepared from graphite. To obtain a uniform dispersion, the pBOA and rGO powder
were ultrasonically treated in 100 mL of deionized water for 60 minutes. It was then mixed
with dispersion of NiO nanoparticles to form a ternary composite.

For the quaternary composite (MXene-pBOA-NiO-rGO), TisC. MXene sheets were
effectively prepared through selective etching using HF. Then, an aqueous MXene solution
was added to the ternary nanocomposite suspended in NMP and stirred for two hours. The
final mixture was filtered to obtain the quaternary nanocomposite.

The fabrication of all supercapacitor devices followed the same procedure. First, MXene,
pBOA, NiO, and rGO were mixed in equal mass ratios (1:1:1:1). Then, a cellulose-derived
binder, carboxymethyl cellulose (CMC), comprising 10% of the total mass, was added to
the active material. To offset the effects of binder, an equal mass of carbon black was
added. The mixture was stirred for one hour using NMP as the solvent. This produced a
uniform slurry for deposition on carbon cloth.

The conductive carbon fiber cloth was cut into 4 cm lengths and cleaned before depositing
the slurry. Each strip was dip-coated with the prepared uniform slurry and placed in an
oven at 80°C for three hours. Meanwhile, the electrolyte was prepared, with half poured
into the mold and UV-cured for five minutes. After solidification of the electrolyte, the
electrodes were placed in the mold at distances of 2, 3, and 4 mm. The remaining electrolyte
was then added to fully encapsulate the electrodes in gel electrolyte. After the final UV
polymerization, the assembled supercapacitor devices were ready for performance

evaluation.
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5.3.2 Results and Discussion

Figure 5.19 displays the XRD patterns of the individual materials and the quaternary
nanocomposite. The X-ray diffraction (XRD) pattern of NiO nanoparticles reveals distinct
peaks at 38°,42°,63°, 75°, and 78°, which can be indexed to the (111), (200), (220), (311),
and (222) crystal planes, respectively. These sharp and well-defined peaks confirm the
crystalline nature of the NiO nanoparticles. In comparison, the XRD profile of poly
(benzoxazole aniline) (pBOA) shows broad humps centered around 22° and 23°,
corresponding to the (321) and (113) planes. The broadness of these peaks suggests the
amorphous or semi-crystalline nature of the pBOA polymer, which is typical for
conjugated polymer structures.

In Figure 5.19(c), the presence of MXene is confirmed by the XRD peaks observed at 9.7°
and 19.4°, corresponding to the (002) and (004) crystal planes, respectively. These peaks
indicate the characteristic layered structure of Ti:C2 MXene [235]. In Figure 5.19(d), the
XRD pattern shows a prominent peak near 27°, which is characteristic of rGO prepared by
the Hummers method. This peak corresponds to the (002) plane of rGO, representing the
restoration of graphitic stacking and the effective reduction of oxygen-containing groups
during the synthesis process [236].

For the quaternary composite MXene-pBOA-NiO-rGO, the XRD pattern in Figure 5.19(e)
shows the characteristic features of each component. The presence of distinct peaks from
NiO, MXene, and rGO, along with the broad feature associated with amorphous pBOA,
confirms the successful integration of all materials into a single nanocomposite. These
combined signatures reveal that the structural and crystalline properties of each component
are conserved within the quaternary composite, confirming the effectiveness of the

synthesis process [237].
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Figure 5.19 XRD patterns of (a) NiO Nanoparticles, (b) pBOA, (¢c) MXene, (d) rGO, and

(e) the quaternary MXene-pBOA-NiO-rGO composite

Cyclic voltammetry (CV) analysis was performed using a two-electrode setup to assess the
electrochemical behavior of the fabricated pBOA-based supercapacitors. As shown in
Figure 5.20, CV curves were recorded within a 0—0.6 V window at scan rates ranging from
5 to 100 mV/s. The nearly rectangular shape of the CV curves, along with the absence of
peaks, confirms that the charge storage mechanism is dominated by

electric double-layer capacitance (EDLC) rather than redox-based pseudocapacitance.
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The pBOA-based supercapacitor exhibits a specific capacitance of 125 F/g at a scan rate
of 5mV/s with an electrode spacing of di = 2 mm. However, increasing the distance
between the electrodes to d2 = 3mm and d; = 4 mm results in a noticeable decline in
capacitance, dropping to 106 and 84.7 F/g, respectively, as illustrated in Figures 5.20(a—
c¢). This reduction can be attributed to the increased internal resistance and reduced ion
transport efficiency across the wider electrode gaps, which adversely affect charge storage
performance. Figure 5.20(d) presents the variation of specific capacitance with scan rate,
as determined from cyclic voltammetry (CV) measurements. The results reveal that
specific capacitance declines as the scan rate increases and further demonstrate its
dependence on the spacing between the fibrous electrodes.

Further experiments systematically assess how the composition of binary, ternary, and
quaternary nanocomposites affects the electrochemical performance of supercapacitors. To
ensure reliable comparisons, all key experimental parameters were kept consistent
throughout the experiments. These parameters include the type of electrolyte, the device
fabrication process, the spacing between electrodes, and the methods used for mass
loading. By keeping these parameters constant, the study focuses on the impact of
compositional changes, providing a clearer understanding of how various material

combinations affect charge storage and capacitance characteristics.
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Figure 5.20 Cyclic voltammetry curves of pPBOA-based supercapacitors at varying scan

rates and electrode gaps: (a) 2 mm, (b) 3 mm, (c) 4 mm, (d) Specific capacitance vs. scan

rate

A binary composite was formed by incorporating 50 wt% NiO nanoparticles into the pPBOA
matrix, yielding a uniform dispersion of the inorganic phase within the polymer network.
All other factors, including the electrolyte used, device fabrication technique, spacing
between electrodes, and mass loading, were maintained consistently across all
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nanocomposites. Incorporating NiO nanoparticles into pBOA enhances capacitive current
and CV area, indicating better charge storage. Figures 5.21(a—c) present CV curves for
pBOA-NiO devices with electrode spacings of 2, 3, and 4 mm, measured at scan rates from

5 to 100 mV/s in the 0—0.6 V range.
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Figure 5.21 Cyclic voltammetry curves pBOA-NiO-based supercapacitors at varying scan
rates and electrode gaps: (a) 2 mm, (b) 3 mm, (c) 4 mm, (d) Specific capacitance vs. scan

rate
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Figure 5.21(d) shows a decline in specific capacitance with increasing scan rate. At 5 mV/s,
the supercapacitors based on the binary composite exhibit a significantly higher specific
capacitance of 240.3 F/g compared to the 125 F/g shown by the supercapacitor based on
pBOA polymer. The improvement is due to the lattice mismatch between pBOA and NiO,
aiding ion diffusion and electrolyte access.

Moreover, variations in electrode spacing and scan rates considerably affect energy
storage performance, as depicted in Figure 5.21(d). Adding rGO to the pBOA-NiO
composite forms a ternary (pBOA-NiO-rGO) nanocomposite, where rGO improves
electrochemical performance by increasing electrode conductivity.

Additionally, Graphene’s high surface area raises specific capacitance from 240.3 to
266.4 F/g at 5 mV/s in the ternary composite at a scan rate of 5 mV/s (d = 2 mm). Figure
5.22 displays the CV curves and capacitance of the pPBOA-NiO-rGO supercapacitor at
various scan rates and electrode spacings. All ternary devices fabricated exhibit a steady
reduction in specific capacitance as the scan rate and electrode distance increase, following

the same pattern observed for both the pPBOA and binary nanocomposite devices.

109



Current (mA)

10

| =5 mVI/s (a)Ternary-d1 — 5 MV/S b Temary-d2
g | =——10mvis 8 10 mVis (b)
] =20 mV/s e 20 MV/s
6 4 =——40mvis 4 J=——40mvis
J e 60 mV/s e 60 MV/s
4 o =380 mV/s e 80 MV/s
4 =100 mV/s 2 2 Jem=—=100 mV/s
2 1 £
£
0 4 i
g
5
5 . 3, ]
4
6 4 4 4
-8 J . .
-10 1 X 1 T T T T T ! Y T T T T T T
0.0 0.1 0.2 0.3 04 0.5 0.6 0.0 0.1 0.2 0.3 04 0.5 0.6
Voltage (V) Voltage (V)
280
4 '_?om"\ll\l,sls (c) Ternary-d3 (d) | —@=—Ternary-d1
1 240 - —@— Ternary-d2
3 20 mV/s
|=——40mVis - —@— Ternary-d3
1——60mvis o
- 200 4
2 {—s80mvis Ty
- ] — w
Py q o 100 mV/s g
E £ 160 4
- =
50 1 :
E 2 120 -
o4 o
= A
2 £ 80
o
o
3 o (7] 40 -
4 4
¢ T T T T . T
L] L] L L] L] Ll 1 L}
0.0 0.1 0. 4 05 06 0 20 40 60 80 100

? Voltage (V) Scan Rate (mV/S)
Figure 5.22 Cyclic voltammetry curves of pPBOA-NiO-rGO-based supercapacitors at
varying scan rates and electrode gaps: (a) 2 mm, (b) 3 mm, (c) 4 mm, (d) Specific

capacitance vs. scan rate

The addition of MXene to the pPBOA-NiO—rGO ternary composite produces a novel

quaternary nanocomposite: MXene—-pBOA-NiO-—rGO. Its superior supercapacitor
performance arises from the synergistic interactions among the components. MXene and

rGO establish an interconnected conductive network that facilitates rapid electron
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transport, while NiO and pBOA contribute to enhanced redox activity, thereby increasing
the overall pseudocapacitive behavior.

The layered and porous structure of the MXene—pBOA-NiO-rGO quaternary composite
facilitates efficient ion diffusion and enhances electrolyte infiltration within the electrode
matrix. Additionally, pBOA contributes to structural stability, while rGO inhibits MXene
restacking, thereby preserving a large surface area.

The electrochemical behavior of this MXene-pBOA-NiO-rGO nanocomposite was
analyzed with cyclic voltammetry (CV), as shown in Figure 5.23(a—).CV performed at
various scan rates, with variations in electrode distances, revealed that the addition of
MXene markedly enhanced the electrochemical performance of supercapacitors, as shown
in Figure 5.23(d). A specific capacitance of 338.4 F/g was achieved at a 5 mV/s scan rate
with a 2 mm electrode gap. Increasing the electrode spacing to 3 mm and 4 mm resulted in
a decrease in capacitance to 265 and 252 F/g, respectively, highlighting that smaller
electrode gaps increase the specific capacitance and charge transfer. Overall, the specific
capacitance decreased at higher scan rates and larger electrode separations. Lower scan
rates yielded higher capacitance due to more effective electrode-electrolyte interaction.
Even at 5 mV/s, capacitance varied with electrode distance, mainly because electric
double-layer capacitance (EDLC) weakens as electrode separation increases. These results
highlight how device geometry influences electrochemical performance.

By optimizing the geometric configuration, it is possible to improve charge transfer. Such
improvements can lead to higher energy storage capacity and faster response times. The

design layout directly impacts the overall efficiency and performance of the system.
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Figure 5.23 Cyclic voltammetry curves of MXene-pBOA-NiO-rGO-based
supercapacitors at varying scan rates and electrode gaps: (a) 2 mm, (b) 3 mm, (c) 4 mm,

(d) Specific capacitance vs. scan rate

Galvanostatic charge-discharge (GCD) analysis was performed at fixed current densities
from 0.1A/g to 0.3A/g within a voltage window (0-0.6V) and a 2mm electrode gap for all
fabricated devices. At the initial current density of 0.1 A/g, the supercapacitor exhibited

the lowest IR drop, suggesting minimal internal resistance within the device. This reduced
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resistance facilitates more efficient charge and discharge cycles by allowing smoother ion
transport and electron, eventually enhancing overall electrochemical performance.

The symmetrical shape of the GCD (galvanostatic charge—discharge) curves reflects ideal
capacitive behavior, indicating efficient and reversible charge storage. Additionally, the
minimal voltage drop and symmetry suggest low contact resistance between the carbon
thread current collector and the electrode material. This effective interface supports smooth
electron transfer and ion diffusion, contributing to improved energy storage capacity,
enhanced charge—discharge efficiency, and long-term cycling stability of the device.

The quaternary nanocomposite-based supercapacitor device with electrode separation of
2mm displayed the longest discharge time of 2000 seconds, and achieved a maximum
energy density of 16.9 Wh/kg among all tested supercapacitors. These findings confirm
that the addition of MXene notably improves the energy density of the supercapacitor. Its
layered structure facilitates efficient ion transport, while the high surface area offers
abundant active sites for ion adsorption, enabling greater energy storage without

compromising power performance.
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Figure 5.24 GCD curves for reported devices at various current densities (electrode

spacing: 2 mm)

EIS was used to evaluate the mobility of ions in the electrolyte and the electrical resistance

of the electrode materials. Measurements were conducted using an alternating current of

0.01 mA combined with a direct current biasing of 0.6 V (open-circuit potential), over a

frequency range of 0.1 Hz to 10 kHz. Nyquist plots for the pBOA, binary, ternary, and

quaternary configurations are presented in Figure 5.25
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Figure 5.25 Nyquist plots for devices with electrode gaps of 2, 3, and 4 mm: (a) pBOA,

(b) binary, (c) ternary, and (d) quaternary composite

A Nyquist plot analysis through an equivalent circuit model offers a wvaluable
understanding of the operational characteristics and performance of the supercapacitor

device. The Randles circuit model is used to determine the equivalent series resistance (Rs)
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and the charge transfer resistance (Rct). Higher values of series resistance (Rs) reduce
power and energy efficiency.

In a standard Nyquist plot of an electrochemical system, the high-frequency region
typically shows a semicircle, the mid-frequency region presents a 45° slope, and the low-
frequency region appears as a vertical 90° line. In contrast, an ideal supercapacitor should
lack a high-frequency semicircle and show a line of 45° immediately, following the
equivalent series resistance (Rs).

Figure 5.24(d) shows that the quaternary devices exhibit full supercapacitor behavior,
featuring the lowest series resistance (Rs) of 22 €, a 45° line, and a 70° sloped line. Series
resistance (Rs) decreases from the polymer device to the binary and ternary composites,
reaching a minimum in the quaternary device. Furthermore, Rs increases with greater
electrode separation (d; to d3) because a larger distance weakens the electric field.

Figure 5.26 presents the impedance-based BODE plots for all the fabricated devices. At
lower frequencies, higher impedance values reflect superior supercapacitive behavior, as
they indicate the device’s ability to store and retain charge effectively. In contrast, the
reduction in impedance at higher frequencies is consistent with typical electrochemical
responses. Among the various supercapacitor configurations, devices with the shortest
inter-electrode distance of 2mm show the lowest impedance at low frequencies,
highlighting their enhanced electrochemical performance and more efficient charge

transport compared to devices with larger electrode separations.
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Figure 5.26 BODE plot with electrode separation 2mm, 3mm, and 4mm (a) pBOA

device. (b) Binary device (c) Ternary device (d) Quaternary device

The fabricated flexible supercapacitors demonstrated outstanding electrochemical
properties, as shown by cyclic voltammetry and galvanostatic charge-discharge
measurements, validating the reliability and efficiency of our fabricated supercapacitors.
Table 5.6 indicates that, under identical mass loading and electrode spacing, the quaternary

composite-based devices outperform the rest of the devices in the electrochemical analysis.
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Table 5.6 Evaluation of the electrochemical performance of supercapacitor devices

incorporating pBOA, binary, ternary, and quaternary nanocomposites

Device Electrode Specific Energy | Discharge | Rs Impedance
name spacing | capacitance | density | time(s) @ | (o) @ f—0hz
(d) F/g Wh/kg
pBOA 2mm 125.1 6.2 102 208 | 424
Binary 2mm 240.3 12 256 60 2534
Ternary 2mm 266.4 133 290 25 68
Quaternary | 2mm 3384 16.9 2000 22 42

The engineered flexible supercapacitors of binary, ternary, and quaternary configurations
demonstrated remarkable electrochemical performance. The quaternary nanocomposite
(MXene-pBOA-NiO-rGO) flexible supercapacitor demonstrated the peak electrochemical
performance, with a specific capacitance of 338.4 F/g, energy density of 16.9 Wh/kg, and
a discharge time of 2000 seconds. These results highlight its potential for next-generation

self-powered, flexible energy storage and electronic systems.

5.4 Comparison with the Reported Literature

A comprehensive comparative analysis has been carried out to evaluate the electrochemical
characteristics of various MXene-based devices documented in recent scientific literature
and to assess how they compare with our research findings. This analysis focuses on
identifying similarities, differences, and potential improvements in electrochemical
performance. In alignment with our research methodology, MXene-based supercapacitors
are systematically fabricated and subjected to rigorous electrochemical characterization.

The fabrication and characterization processes are implemented through the following
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three distinct strategies, each designed to optimize different aspects of the supercapacitor’s
performance.
e MXene-Enabled Impurities (TiC) -Based Supercapacitors
e MXenes and Conducting Polymers composites for flexible asymmetric
Supercapacitors
e Quaternary Composite of MXene (MXene-pBOA-NiO-rGO) for Enhanced

Energy Storage in Symmetric Supercapacitors

By using these three approaches, this study aims to enhance the understanding of the factors
that influence MXene-based supercapacitor performance and to establish a comparative
framework that places our work within the broader field of existing research. The insights
gained from this analysis contribute to the ongoing development of high-performance
energy storage systems utilizing MXene materials.

The details about the key works published in the literature, compared with the findings
presented in sections 5.1-5.3, are provided in the following section.

MXene-Enabled Impurities (TiC)-based Supercapacitors: The TiC-based
supercapacitors developed in this study demonstrate a maximum specific capacitance of
79 F/g (197 mF/cm?) and an energy density of 44 Wh/kg (109.5 mWh/cm?). Table 5.7
provides a comparison of the capacitance values for TiC- and TiS-based supercapacitors
reported in the literature, alongside the capacitance results of TiC-based supercapacitors

using gel electrolytes obtained in this work.
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Table 5.7 Comparison of Capacitance and Energy density of TiC-based supercapacitors

reported in our work with the literature.

Device Specific Capacitance | Energy density Ref.

TiC nanotube arrays 27.6 mF/cm? 4.5 uWh /cm? [137]

TiC nanotube arrays 53.3 mF/cm? 4.6 mWh /cm? [138]

TiS,2/Ti 68.62 mF/cm? 34.35 mWh /cm? [238]

TiC /AC 197mF/cm? 109 mWh /cm? | Current research
79 Flg 44Wh/kg

MXenes and Conducting Polymers Composites for Flexible Asymmetric
Supercapacitors: Table 5.8 compares the specific capacitance and energy density values
of different MXene-based asymmetric supercapacitors documented in previous studies
with those obtained in the current research. Particularly, supercapacitors utilizing Metal
selenides on MXene/g-CsNa exhibit superior performance, showing specific capacitance
and energy density of 60F/g and 10.1 Wh/kg, respectively [239]. The CosOs-MXene-based
asymmetric supercapacitor achieves an energy density of 10.41 Wh/kg [240]. This research
presents two novel supercapacitor devices: a pPBOA//TisC.Tx-PANI device shows specific
capacitance of 153 F/g and an energy density of 7.6 Wh/kg, whereas the pPBOA//Ti:C2Tx-
PANI-PEDOT: PSS device outperformed it, achieving a capacitance of 279 F/g and an
energy density of 13 Wh/kg. These results indicate that ternary composite-based devices
fabricated in this work surpass MXene-based supercapacitors in both capacitance and

energy storage performance.
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Table 5.8 Comparison of Capacitance and Energy density of various MXene-based

asymmetric supercapacitors from literature with our work

Device Specific Energy Reference
Capacitance density

80 wit%- MXene/CNT | 50F/g 7.34 Wh /kg [178]

composite film

MXene //MoS2@MXene |29 F/g 1.21 Wh /kg [179]

MZXene/graphitic  carbon | 60 F/g 10.1 Wh /kg [239]

nitride-supported metal

selenide

Cos0s-MXene 10.41 Wh /kg [240]

nanocomposite

pBOA// Ti3C, Ty -PANI 153 F/g 7.6 Wh /kg Current research

pBOA// TisC,Tyx -PANI-| 279 F/g 13 Wh /kg Current research

PEDOT: PSS

Quaternary MXene Composite (MXene-pBOA-NiO-rGO) for Improved Energy
Storage in Symmetric Supercapacitors: In this study, we present a quaternary
nanocomposite device with a 2 mm electrode spacing, demonstrating enhanced
electrochemical performance. The results are compared with previous studies and
summarized in Table 5.9. The d-TisCN MXene-based supercapacitors achieved a
capacitance of 41 F/g and an energy density of 5.7 Wh/kg [242]. The incorporation of
polypyrrole (PPY) in MXene-based supercapacitors resulted in an energy density of 8.77
Wh/kg [243]. In another study, MXene is combined with carbon nanotubes (CNTs) in a
Ni-based film structure to fabricate a supercapacitor and achieve an energy density of 14.5
Wh/kg [244]. The PANI/Ti:C.Tx-modified cotton (PTC) yarn-based supercapacitor
showed a specific capacitance of 175.6 F/g and an energy density of 6.1 Wh/kg [245]. The
present study introduces a novel MXene-pBOA-NiO-rGO composite, which significantly

outperforms previously reported ones. With a specific capacitance of 338.4 F/g and an
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energy density of 16.92 Wh/kg, this composite surpasses all previously reported materials.
The outstanding performance is likely due to the synergistic interaction of MXene with
NiO, rGO, and pBOA, which enhances charge storage capacity, conductivity, and
electrochemical stability.

Table 5.9 Comparison of the Capacitance of various MXene-based symmetric

supercapacitors with our work

Device Specific Energy density Ref
Capacitance

MX-ANF-NB 9.4 Wh /kg [241]

d-Ti;CN MXene 41 F/g 5.7 Wh /kg [242]

MXene/PPY = | e 8.77Wh/kg [243]

MXene/CNTs @Ni film | ------mememmmmemme 14.5 Wh /kg [244]

PANI/Ti3C, Ty modified | 175.6F/g 6.1Wh/ kg [245]

cotton (PTC) yarn

Polyaniline (PANI) | 88.7F/g 2.5Wh/kg [246]

hybridized Ti;C,Ty (PT)

fiber

Bacterial cellulose | 259 F/g 7.28 Wh /kg [247]

(BC)/T13C, Ty (PBT)

hybrid fiber

MZXene-pBOA-NiO-rGO | 338.4 F/g 16.92312 Wh /kg Current
research
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5.5 Summary

This study explores the design and creation of flexible, stretchable electrodes for advanced
energy storage devices. This is achieved by using the unique features of MXene-based
Titanium Carbide (TiC) impurities, which boost conductivity, stability, and overall
electrochemical performance. Additionally, advanced polymer composites with MXenes
are also created in binary, ternary, and quaternary forms, each providing better strength
and adjustable electrochemical properties. By integrating MXene-based electrodes in both
symmetric and asymmetric device architectures, this research aims to optimize energy
storage performance. The symmetric configuration, where identical electrode materials are
used, ensures balanced charge distribution and extended cycling stability. Meanwhile, the
asymmetric configuration, which combines different electrode materials, allows for a
broader operating voltage window, leading to higher energy and power densities. These
methods support the fabrication of durable, flexible, and high-performance energy storage

solutions, addressing major challenges in today’s electronics and energy systems.
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Chapter 6 Conclusion and Future Work

This chapter provides a summary of the work earned and major findings, along with some
discussion about the future directions of work, which may be important to understand the

problem and solutions better.
6.1 Conclusion

This study primarily explored the development and fabrication of flexible, stretchable
electrodes for energy storage. The compositions of MXenes are systematically varied to
include pure MXenes, MXene-based composites, and electrodes with precisely controlled
levels of MXene impurities. Integrating MXene-based electrodes in both symmetric and
asymmetric configurations was found to enhance electrochemical performance, providing
high conductivity, exceptional charge storage capacity, and improved mechanical stability
and flexibility.

Some of the important highlights of the work are as follows.

a) Five different electrode materials were tested with three different gel electrolytes
to evaluate their behavior and compatibility. TiC material was specifically used to
study MXene impurities as a conducting material in supercapacitors. MXene-
enabled TiC electrodes exhibited excellent electrochemical properties with N, N'-
Dimethylacrylamide, and 2-Hydroxyethyl methacrylate electrolytes. The highest
specific capacitance values recorded were 50 F/g with N, N'-Dimethylacrylamide,
and 79 F/g with 2-Hydroxyethyl methacrylate.

b) Electrochemical Impedance Spectroscopy (EIS) was used to determine equivalent
series resistance (Rs) with pure TiC electrodes showing the best performance using

2-Hydroxyethyl methacrylate (Rs = 72.09 Q). Open circuit and short circuit tests
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d)

confirmed the best electrode compatibility with N, N’-Dimethylacrylamide
electrolyte. The operating time of the electrodes with this electrolyte was
approximately 30 minutes. TiC-based supercapacitors demonstrated a promising
combination of electrode properties with novel electrolytes.

This study highlights the outstanding capabilities of MXene-based conducting
polymer composites, especially the TisC.Ty-PANI-PEDOT: PSS composite as a
high-performance electrode material for electrochemical energy storage
applications. An asymmetric supercapacitor utilizing Tiz:CoTx-PANI-PEDOT: PSS
achieved a notable specific capacitance of 279 F/g. The device retained 97% of its
capacitance after undergoing 1,000 charge—discharge cycles at a current density of
1 A/g. Moreover, when four pBOA//Ti:C:Tx-PANI-PEDOT: PSS units were
connected in series, they successfully powered small electronic devices,
highlighting their suitability for flexible energy harvesting applications.

The flexible symmetric supercapacitor shows significant promise for the
development of next-generation flexible electrochemical energy storage systems.
These devices, made with standalone (pBOA), binary (pBOA-NiO), ternary
(pBOA-NiO-rGO), and quaternary (MXene-pBOA-NiO-rGO) composites,
demonstrated excellent electrochemical performance, effectively overcoming
several issues noted in recent studies.

Electrochemical analysis, including cyclic voltammetry, galvanostatic charge-
discharge, and electrochemical impedance spectroscopy, verified the
supercapacitors' stability and performance in all cases. With an electrode spacing
of 2 mm, the quaternary nanocomposite device achieved a specific capacitance of

338.4 F/g and an energy density of 16.9 Wh/kg.
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These findings mark a significant step forward in the practical development of efficient
wearable electronics. This study enhances insight into MXene-based flexible
supercapacitors and presents a viable strategy for creating self-sustaining, flexible energy
storage systems.

6.2 Directions for Future Work

Future research will focus on developing novel strategies to enhance porosity, increase the
effective surface area, and reduce restacking in MXene-based electrodes. Some of the ideas
are summarized.

e Chemical etching and intercalation methods: Utilizing strong acid or base
treatments can introduce micropores and mesopores, improving charge storage and
electrolyte accessibility.

e Janus MXenes: Designing asymmetric MXenes with distinct chemical
terminations on each side may enhance surface reactivity and charge storage
capability.

o Integration with conductive polymers or carbon-based materials: This
approach can prevent stacking while maintaining high electrical conductivity and
mechanical stability.

As wearable electronics continue to advance, there is a growing need for supercapacitors
that are flexible and lightweight. MXenes have demonstrated potential in textile-based

energy storage systems, but there are still several aspects that need to be further researched:

e Scalability and manufacturing techniques: Maintaining consistent MXene
properties across different batches remains difficult, affecting device uniformity.

The use of toxic chemicals and low material yields increases costs and
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environmental risks. Developing affordable, scalable synthesis methods for
MXene-coated fabrics is essential for commercialization. Future efforts should
focus on eco-friendly approaches, replacing hazardous HF etching with safer
alternatives like electrochemical or molten salt etching to enable sustainable
production. Implementing roll-to-roll manufacturing can support continuous
MXene film production, vital for large-scale output. Incorporating automation, Al,
and robotics can improve reproducibility, minimize human error, and streamline
manufacturing processes. Additionally, conducting thorough lifecycle assessments
of environmental impact, energy use, and costs is crucial for sustainable
commercial adoption. These strategies are key to moving MXenes from laboratory
research to practical, industrial energy storage solutions.

Long-term stability and durability: MXene-based textile supercapacitors show
great potential for wearable electronics because of their high conductivity and
flexibility. However, their long-term performance in real-world scenarios is still a
concern. To make these devices practical, they must undergo thorough testing under
repeated mechanical stresses like bending and stretching, which are typical in
clothing and wearables. Washing resistance is also crucial, as water and detergent
exposure can impair performance or lead to delamination of active materials. Such
tests are vital to evaluate the mechanical strength, electrochemical stability, and
adhesion of MXene films on textile substrates. Achieving durability under these
conditions is essential for creating washable and flexible energy storage solutions

integrated into smart fabrics.
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Electrolyte compatibility: A major challenge with MXene-based supercapacitors
is ensuring compatibility with different electrolytes. TisC.Tx MXenes are
particularly prone to oxidation in aqueous electrolytes, leading to a notable decline
in their electrochemical performance over time. Such systems also limit the voltage
range, which reduces energy density. When using organic or ionic liquid
electrolytes, interface stability becomes an issue, as weak interactions between the
electrode and electrolyte hinder charge transfer. Moreover, the large ions in ionic
liquids may find it difficult to intercalate into MXene layers, decreasing capacitance
and rate performance. These challenges emphasize the need for developing new
electrolytes and surface treatments to fully energy storage capabilities of MXenes.
Advances in gel or polymer electrolytes that offer high ionic conductivity and
mechanical flexibility are vital for wearable devices. Additionally, protective
coatings or barrier layers that prevent oxidation without hindering ion access are
crucial areas for further research.

Flexibility: Although MXene films are ultrathin and two-dimensional, they can be
brittle and prone to delamination with repeated bending, which challenges their
application in flexible and wearable supercapacitors. A key issue is substrate
compatibility, as MXenes often do not adhere well to flexible materials like PET or
textiles, leading to mechanical instability and compromised device integrity.
Additionally, electrochemical degradation under mechanical strain is a concern;
ongoing deformation can create microcracks in the electrode, causing conductivity
loss and reduced capacitance over time. These issues underscore the importance of
developing better material integration and mechanical reinforcement methods to

preserve flexibility and electrochemical performance in MXene-based energy
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storage devices. Future research should focus on optimizing these factors to
produce durable, high-performance flexible supercapacitors suitable for real-world
use. This includes exploring MXene-based fibers and inks for wearable electronics

and establishing testing protocols under actual bending and twisting conditions.
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