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Abstract

The rising global energy and environmental challenges, caused by rapid population
expansion, demand the development of sophisticated energy storage technologies beyond
traditional fuel cells and batteries. This study examines energy storage devices, notably
supercapacitors (SCs), considering their unique blend of high-power density, extended cycle
life, quick charge/discharge rates, and enhanced energy density, establishing them as a
bridge between conventional capacitors and batteries. Despite its advantages, modern SCs
encounter challenges concerning cost, manufacturability, stability, and environmental effects.
Spinel ferrites provide affordability and magnetic separation capabilities, with metal-doped
spinel ferrites further strengthening magnetic, electromagnetic, and chemical stability.
Simultaneously, two-dimensional (2D) materials, notably reduced graphene oxide (rGO), are
promising for their large surface area, conductivity, and mechanical robustness in energy
storage. However, rGO alone sometimes falls short of the necessary power and energy
capacity. To circumvent these restrictions, this thesis suggests an effective approach:
fabricating nanocomposites of spinel ferrites and rGO. This technique exploits the
complementary attributes of both materials to develop unique electrode compounds with
outstanding charge storage capacity. The major goal is to develop high-performance, cost-
effective SC electrodes employing rGO and mixed spinel ferrite nanoparticles, aiming for
higher power and energy density, specific capacitance, and cycle stability using simple,
industrially viable approaches. To validate this, rare-earth doped spinel ferrites, mixed spinel
ferrite nanoparticles, rGO, and their nanocomposites were synthesized and electrochemically

tested for their applicability as supercapacitor electrode materials.

This research work introduces lanthanum-doped copper-cobalt spinel ferrites
(Cuo.79Co0.21LaxFe>x0Os), zinc-doped manganese-nickel spinel ferrite (Zng.1Mno.4NigsFe204)
nanoparticles, rGO, and Zno.1Mno4NiosFe;04/rGO (ZMNFG) nanocomposite as cost-
effective electrode materials designed to store energy and deliver power efficiently. The
above Cuo.79C00.21LaxFe2.xO4 and Zno.1Mno.4NiosFe204 spinel ferrites prepared through sol-
gel auto-combustion approach, rGO using modified hummers method, and the ZMNFG
nanocomposite was created through a physical blending approach. The synthesized materials
underwent extensive characterization via various techniques such as X-ray Diffraction
(XRD) analysis, Vibrating Sample Magnetometry (VSM), Fourier Transform Infrared (FTIR)
and Raman Spectroscopic analysis, Impedance Analyzer, Field Emission Scanning Electron

(FESEM) Microscopy coupled with Energy Dispersive X-ray (EDX) analysis, Cyclic
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voltammetric (CV) analysis, Electrochemical Impedance Spectroscopic (EIS) analysis, and
Galvanostatic Charge-Discharge (GCD) analysis to determine their structural, magnetic,

elemental, vibrational, dielectric, morphological, and electrochemical properties.

This research presents the successful synthesis of Cuo.79Co021LaxFerxOs (0.0 < x <
0.8) nanoparticles via the sol-gel auto-combustion technique, with varying La** dopant
concentrations. In this study, the estimated crystallite size (D) ranges from 27.92 nm to 40.90
nm. The microstructural parameter determination in XRD data was improved using Rietveld
refinement. FTIR spectra exhibit two distinct metal stretching vibrational bands within (400
- 600) cm™! range, a characteristic fingerprint region for all ferrites. FESEM analysis unveils
that particle agglomeration occurs because of magnetic interactions, and non-uniform
distribution of average particle sizes ranging from (1.06 - 1.87) um. EDX validates the
chemical composition's accuracy. Owing to the dilution effect resulting from the introduction
of non-magnetic La*" ions into the ferrite structure, there is a reduction in the saturation
magnetization value, decreasing from 37.28 to 6.24 emu g in the VSM study. Dielectric
studies revealed that the dielectric constant’s real part () decreases with frequency and
stabilizes beyond 1 MHz, demonstrating enhanced polarization with increased La** ion
concentration. Likewise, the dielectric constant’s imaginary part (¢") showed high values at
low frequencies, and dropped drastically as the frequency increased, indicating significant
polarization mechanisms. At low frequencies, the loss tangent (tan §) reaches its maximum
due to thermally activated charge carriers and structural defects, while higher frequencies
reveal reduced losses attributed to charge hopping and dipole alignment mechanisms. AC
conductivity was observed to rise with increasing frequency and La®" ion incorporation,
facilitated by enhanced polaron hopping and reduced grain boundary resistance, highlighting
its potential for frequency-dependent applications. The electrochemical analysis showcases
the impressive characteristics of newly synthesized ferrites, highlighting a significant specific
capacitance (Cs) of 540.0 F g!. This finding suggests that lanthanum-doped copper-cobalt
spinel ferrites have substantial potential for use in supercapacitor applications for energy

storage.

Furthermore, another research work reports the synthesis of Zno.1Mno4NigpsFe>O4
(ZMNF) nanoparticles via sol-gel auto-combustion method, rGO using modified hummers
method, and Zno.1Mno 4Nio sFe>04/rGO (ZMNFG) of ratio (1:3) nanocomposite via physical
blending method. XRD analysis was conducted on GO, rGO, Zno.1Mno.4Nio.sFe204 (ZMNF)
nanoparticles, and the Zno1Mno.4NiosFe;04/rGO (ZMNFG) nanocomposite to verify the
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crystalline structure and ensure phase purity across all samples. GO exhibited two peaks, a
sharp peak (001) and a less intense peak (100) at diffraction angles (26 = 10.52%) and (20 =
42.36°) respectively, that are indicative of oxygen functional groups. Likewise, in the case of
rGO, two peaks (002) and (100) occurred at diffraction angles (20 =23.51°) and (20 = 43.14°)
respectively, demonstrating the successful reduction process through thermal treatment. The
ZMNF nanoparticles showed intense peaks confirming a single-phase cubic structure with
excellent crystallinity. The ZMNFG nanocomposite exhibited enhanced crystallite size (31.10
nm) compared to ZMNF nanoparticles (20.25 nm), suggesting strong interactions between
ZMNF and rGO. Raman spectroscopy confirmed the successful reduction of graphene oxide
(rGO), showing a D band at 1323.20 cm™ and a G band at 1593.64 cm™'. FTIR spectroscopy
confirmed the vibration modes and chemical bonds in ZMNF nanoparticles, rGO, and the
ZMNFG nanocomposite. The spectra revealed characteristic absorption bands indicative of
metal-oxygen bonds in ZMNF, the restoration of graphitic structure in rGO, and combined
peaks in the ZMNFG nanocomposite, verifying its successful synthesis and structural
integration. FESEM analysis revealed unique morphologies of ZMNF nanoparticles, rGO,
and ZMNFG nanocomposite while EDX analysis confirmed the elemental composition of
ZMNFG nanocomposite. The ZMNFG nanocomposite exhibited a complex structure
integrated with rGO and ZMNF nanoparticles, contributing to enhanced properties and high
purity. VSM analysis showed that ZMNF nanoparticles and ZMNFG nanocomposite exhibit
superparamagnetic behavior, with significant reductions in magnetic properties of ZMNFG
nanocomposite compared to ZMNF nanoparticles due to the incorporation of non-magnetic
rGO. Dielectric study of ZMNF nanoparticles, rGO, and ZMNFG nanocomposite exhibited
frequency-dependent capacitance, real permittivity (¢'), and imaginary permittivity (&'’)
characteristics. ZMNF nanoparticles demonstrated low capacitance and a simple dielectric
response with a gradual decline in &' as frequency increased, suggesting typical dielectric
relaxation. In contrast, rGO and ZMNFG displayed negative permittivity at low frequencies,
indicating unique polarization effects and resonance mechanisms. The imaginary permittivity
(¢"") analysis showed that ZMNF nanoparticles, GO, and ZMNFG nanocomposite exhibit
varying dielectric loss behaviors, with significant energy dissipation at low frequencies and
stabilization at high frequencies. Loss tangent (tan §) plots highlighted relaxation processes
in rGO and ZMNFG nanocomposite, while ZMNF nanoparticles showed lower conduction
losses. These findings reveal distinct dielectric behaviors and relaxation mechanisms across

the materials. The analysis of AC conductivity for ZMNF nanoparticles, rGO, and ZMNFG
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nanocomposite revealed low conductivity at low frequencies, with rGO and ZMNFG
exhibiting negative conductivity at low frequencies before transitioning to positive
conductivity at higher frequencies, indicative of complex microstructural effects and charge
carrier dynamics. The CV study indicated that the ZMNFG nanocomposite possesses a
notable Cs value (513.78 F g'!, at 5 mV s!), outperforming ZMNF nanoparticles as well as
rGO electrodes, attributable to its improved conductivity and porous morphology. GCD
evaluation further demonstrated the excellent Cs value (311.25F g'!, at 1 A g'') and discharge
performance of ZMNFG nanocomposite, underscoring its potential for advanced
electrochemical supercapacitors. In the EIS study, it was found that the ZMNFG
nanocomposite electrode displayed desirable electrochemical properties with minimal
equivalent series resistance (Rs = 0.084 Q) and charge transfer resistance (R¢t = 1.88 Q),

enhancing ion diffusion and confirming its potential for energy storage applications.
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CHAPTER 1

Introduction

1.1 General Background

he introduction of this thesis begins with a brief overview of key areas such as

energy storage devices (ESDs), spinel ferrites (SFs), two-dimensional (2D)

materials especially reduced graphene oxide (rGO), and their composites. One of
the most significant challenges in the 21% century is the growing demand for energy
alternatives that are renewable and eco-friendly. Energy is often regarded as the cosmic spark
that ignites the universe. It is at the heart of modern society as well as development. The
alarming growth of the global population along with the ongoing energy crisis have
intensified concerns about the generation and consumption of energy. According to the U.S.
Energy Information Administration's International Energy Outlook 2017 (IEO02017),
worldwide energy consumption is likely to rise by 28 % from 575 quadrillion British Thermal
units (quads BTU) in 2015 up to 736 quads BTU by 2040 [1]. As per the statistical data, India
has witnessed a robust increase in energy consumption, rising from 25,805 petajoules (PJ) in
2012-13 to 33,508 petajoules (PJ) in 2021-22. Despite a slight decrease in energy
consumption to 30,354 PJ in 2020-21 from 32,729 PJ in 2019-20 due to the COVID-19
pandemic, which triggered negative growth across all the sectors, including industrial,
agricultural, health, and others. Notably, the overall energy usage or consumption upsurges
from 30,354 PJ in 2020-21 to 33,508 PJ in 2021-22, showing a substantial rise of 10.39 %
[2]. The world's economic expansion, industrial revolution, and progressive lifestyle have all
significantly relied on non-renewable fossil fuels [3]. However, the increasing depletion of
these non-sustainable energy sources along with population growth, climate change, and
environmental pollution collectively pose a severe threat to the global community [4].
Consequently, these factors demand an urgent need to think about alternate renewable energy
remedies by developing energy storage devices using novel nanomaterials [5,6]. The
fabrication of efficient as well as sustainable ESDs including capacitors, batteries, fuel cells,
and supercapacitors (SCs) is essential for unlocking huge potential in renewable sources of
energy, thereby addressing future energy needs [7,8]. Among these efficient ESDs,
supercapacitors (SCs) have emerged as a potential choice that bridges the distance between

batteries and traditional (conventional) capacitors [9].



The SCs deliver fast charging-discharging rates, enormous power density (Pq), cycling
stability, and excellent protection as well, which makes them desirable for an extensive range
of applications. The electrode material is the fundamental component that defines the
performance of SCs. In the quest for novel materials, humongous research activities were
focussed on enhancing the specific capacitance (Cs) and electrical conductivity of the
electrode materials for promising applications in SCs. Furthermore, spinel ferrites and 2D
materials, particularly rGO, gained considerable attention for serving as potential electrode
materials for energy storage supercapacitors (SCs) owing to their unique attributes, including

high specific surface area, good electrical conductivity, and structural stability [10].

This thesis explains how we prepare different spinel ferrites and rGO via sol-gel auto-
combustion method and modified hummers method respectively and explore the behavior of
these nanomaterials with various characterization techniques such as structural, magnetic,
dielectric, and electrochemical. Furthermore, this thesis explores the fabrication of
supercapacitor electrodes by the composites (insertion of rGO within the spinel ferrite
matrix), which have shown encouraging results in boosting energy storage and power delivery

capabilities.

1.2 Energy Storage Devices

In this era of modernization, energy storage devices (ESDs) are essential components for the
generation, conversion, and storage of electrical energy to fulfill future necessities. ESDs hold
significant importance in our daily lives. ESDs could retain energy in numerous aspects
including electrochemical (using batteries, fuel cells, and SCs), thermal (using solar thermal
power), hydrogen storage, mechanical (via kinetic and gravitational force), etc. As already
stated in the general background section, ESDs are categorized into four main classes viz
capacitors, batteries, fuel cells, and SCs. In conventional capacitors, energy is stored
electrostatically between a pair of conducting plates that are separated via dielectric material.
On the flip side, conventional capacitor storage mechanism occurs through a non-faradic
process which means there is no transfer of electrons (charge) in between plates and dielectric
medium. Besides, the small surface area in conventional capacitors provides a high level of
Pq at the cost of relatively limited (low) energy density (Eq). Nonetheless, batteries store
energy via chemical processes and are renowned for their high Eq, thereby corresponding to

their long-term energy storage capabilities [11,12]. Moreover, fuel cells utilize



electrochemical reactions to transform chemical energy directly into electrical energy. They
are renowned for their potential to deliver consistent power with high efficiency, effective
emission control, and minimal pollution if fuel is supplied. This makes fuel cells ideal for
applications such as transportation, backup power systems as well as stationary power
generation [13,14]. Supercapacitors (SCs) often referred to as ultracapacitors or electric
double-layer capacitors or electrochemical capacitors store energy due to the electrostatic
separation of charges (electrostatic attractive or repulsive forces) at the electrode and
electrolyte interface. This technique includes the development of an electrical double-layer
where ions coming from the electrolyte get adsorbed by the electrode surface. This
mechanism allows SCs to unite collaboratively the huge Pq of capacitors with the huge Eq of
batteries, thus forming a hybrid device by integrating the properties of both devices

(capacitors as well as batteries) [15].

CAPACITORS

BATTERIES FUEL CELLS

SUPERCAPACITORS

Fig. 1. 1: Energy storages devices

Compared to the above energy storage devices (ESDs) shown in Fig. 1.1, only three
ESDs such as viz batteries, fuel cells, and SCs are extremely essential and advanced
contributors in the realm of energy conversion and storage. Despite this, SCs and batteries

attain respectable attention among researchers because of their extensive range of applications
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and potential for groundbreaking future advancements. As mentioned in the general overview
section, a supercapacitor (SC), an example of innovative technology is considered to be
unique that fills the gap between batteries and traditional capacitors. Moreover, SCs are
presently receiving enormous attention because of their exceptional characteristics which
include high Pq, rapid charge/discharge rates, and long cyclic life [16—-18]. A suitable and
effective approach to evaluate and compare the operational characteristics of several ESDs
such as capacitors, batteries, fuel cells, and SCs, by analyzing the plot of P4 against Eg,
depicted in Fig. 1.2, known as Ragone plot [19]. It is obvious from the plot that SCs offer
better Eq in contrast to traditional capacitors and higher P4 in comparison to batteries and fuel
cells, thus occupying an intermediate position between these ESDs. However, due to the
unique positioning and notable properties of SCs, they are suitable for diverse applications
including hybrid electric vehicles, portable and wearable electronic devices, urban rail transit

systems, smart grids in aircraft, industrial scale, defence, medical fields, etc [20-22].

‘ Vetal ion

hybrid capacitor

Battery

Power Density (W Kg 1)

{ Fuel Cell

10° 10" 10° 10' 10 10°
Energy Density (Wh Kg 1)

Fig. 1. 2: Ragone plot illustrating power density as a function of energy density for several
energy storage devices (ESDs)[19]



1.3 Supercapacitors and their Classification

As mentioned in the general overview section, a supercapacitor (SC), an example of innovative
technology is considered to be unique that bridges the gap between batteries and traditional
capacitors. Moreover, SCs are presently receiving enormous attention because of their
exceptional characteristics which include high Pq, rapid charge/discharge rates, and long cyclic
life [16-18]. The compact-designed electrode layers of SCs have a large surface area,
contributing to their much higher Cg values than traditional ones. Supercapacitors provide
exceptional Cs values in contrast to traditional capacitors owing to their large surface area and
densely packed electrode layers.

Based on charge storage mechanism and active electrode materials, SCs can be
classified into three categories viz electric double layer capacitors (EDLCs), pseudo-capacitors,

and hybrid capacitors [8] as shown in Fig. 1.3.

Classification of
Supercapacitors

Electric Double

Layer Capacitor Pseudo-capacitor Hybrid Capacitor

Fig. 1. 3: Types of supercapacitors

1.3.1 Electric Double-Layer Capacitor

The energy storage process in an electric double-layer capacitor (EDLC) resembles to the
conventional capacitors. However, conventional capacitor normally uses a dielectric material
sandwiched between two metallic plates to store charge, while the charge storage in EDLC
happens electrostatically and is based on non-faradaic process. The charge storage mechanism
in EDLC results from the build-up of a double layer at the electrode and electrolyte interface

[23]. An EDLC structure comprises a pair of conducting electrodes having high surface area



and an electrolyte solution to offer a channel for the ions. Additionally, the inclusion of a
dielectric layer (separator) between the electrodes lowers the possibility of contact between the
two electrodes. In the context of an EDLC, the applied voltage induces the ion transition
towards electrodes (the positive ions within the electrolytes shift toward the negatively charged
electrode and vice versa). This process builds an additional layer of opposing charges at the
corresponding surfaces of the aforementioned electrodes, without any chemical change [24].
Thus, an electric double-layer capacitor provides a quick response for charging and discharging
cycles due to which energy is stored effectively within a short period and in a high-power
density range, thus making an EDLC valuable in numerous applications concerning energy
storage, particularly because of their high Pq compared to conventional capacitors [25]. Figure

1.4 demonstrates the working mechanism of charge storage in an EDLC.
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Fig. 1. 4: Charge storage mechanism of electric double-layer capacitors (EDLC) [26]

1.3.2 Pseudo-capacitor

Despite electric double-layer capacitors which rely solely on electrostatic attraction, pseudo-
capacitors utilize fast, reversible redox reactions on the electrode surfaces to store additional
charge via chemical reactions [27,28]. This process allows pseudo-capacitors to achieve higher
energy densities compared to EDLCs, while still maintaining faster charge-discharge rates than
batteries. The working of a pseudo-capacitor uses transition metal oxides together with
conducting polymers as electrode materials to store electrical energy employing charge transfer

between electrodes and electrolytes through a faradaic process [24] as depicted in Fig.1.5.
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Fig. 1. 5: Charge storage mechanism of pseudo-capacitor [29]

Pseudo-capacitors are efficient energy materials with quick charge-discharge rates, and
higher energy density and capacitance. However, they face a major drawback in mechanical
and cycling stability with low P4 and degradation resulting from redox reactions, making it an

important area of investigation to enhance such devices of energy storage [30].

1.3.3 Hybrid Capacitor

As an efficient alternative energy storage device, the high Py4 together with E4 properties of
hybrid capacitors are preferable over EDLCs and pseudo-capacitors [31]. The composite
electrode of a hybrid capacitor is fashioned from two dissimilar electrodes made from different
materials including metal oxides and carbon-based materials (see Fig.1.6). The main advantage
of a hybrid capacitor is its charge storage mechanism that relies on both faradaic and non-
faradaic processes [32]. Contrary to EDLCs and pseudo-capacitors, hybrid capacitors offer
excellent cycling stability and durability [33].
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Fig. 1. 6: Schematic representation of hybrid capacitors [34]

In this thesis, we focus on different possible combinations of graphene-based electrode
materials, metal oxide-based electrode materials, and electrolyte materials in quest of further

enhancement of high Eq, P4, and stability.

1.4 Electrode Materials for Supercapacitors

The SC's electrochemical capabilities mainly depend upon the choice of appropriate electrode
materials. Various commercially available electrode materials, for instance, carbon and some
forms of carbon like activated carbon, carbon black, carbon foams, carbon aerogels,
graphene, reduced graphene oxide, carbon nanotubes, etc are utilized in electric double-layer
capacitors, while electrode materials viz metal oxides, and conducting polymers are employed
in pseudo-capacitors [16]. Some of the features of these materials are higher conductivity,
thermal stability, corrosion resistance, surface area, and porosity in comparison with other

materials at relatively low cost [27,35].

1.4.1 Carbon-Based Materials

Due to the widespread use of fuel energy extracted from fossil resources, the scientific
community has focused its research on improving materials with better electrochemical
performance. Among the electrode materials utilized in EDLCs, the major focus shifted

towards carbon-based materials including carbon nanotubes, carbon aerogels, carbon foams,



activated carbon, graphene (GO, and rGO), due to their remarkable thermal, mechanical, and
electrical properties [36]. Moreover, the large surface area and high storage capacity made
these carbon-based materials quite apt for efficient energy storage supercapacitors. More
specifically, high conductivity, good chemical stability, and lightweight together with high
surface area of graphene make it an active electrode material in the fabricating process of
supercapacitors. However, the graphene sheet restacking results in the supercapacitor
electrodes experiencing a significant reduction in surface area, leading to minimal ion
transport, storage capacity, and adsorption efficiency [37].

To overcome this problem several attempts have been made to develop the composites
of graphene with transition metal oxides together with conducting polymers, carbon nanotubes,
and others. These composites enhance the power density by providing a small channel for the
diffusion of electrolytic ions, and at the same time improve their accessibility, preventing
agglomeration within the graphene sheets, and gathering the advantages of individual

components [38,39].

1.4.2 Conducting Polymers

Conducting polymers are frequently employed as potential electrode materials because they
are endowed with excellent stability, adaptability in mechanical properties, and superior
electronic conductivity. They undergo electrochemical charge-discharge processes based on
the redox mechanism where the ions penetrate the conducting polymer during oxidation
followed by their expelling back into the electrolyte solution during reduction. Conducting
polymers offer higher specific capacitance than carbon-based materials, but their mechanical
stability is a concern due to stress from redox cycling. Moreover, the low cyclic stability,
swelling, and shrinking of conducting polymers can reduce their performance, which can be

addressed by incorporating metal oxides or carbon-based materials [39—41].

1.4.3 Metal Oxides

Metal oxides are an exciting prospect for pseudo-capacitive electrodes due to their
conductivity, electrochemical stability, high Cs, high cyclic stability, superior Eq4, and several
oxidation states compared to carbon-based EDLC electrodes and conducting polymer-based
electrodes. This enables them to be an appropriate candidate in high-performance energy
storage applications. The most frequently used metal oxides for supercapacitor electrodes

include ZnO>, RuO;, Fe203, C0203, NiO, V205, Fe304, MnO», Co3z04, SnO2, IrO2, MoO, MoO-,



CuO and Cux0, extensively explored for their capabilities in energy storage advancements
[39,42,43]. Among all aforementioned metal oxides, extensive research efforts have been
carried out initially on the electrode material of ruthenium dioxide (RuOz) which was
considered to be the most preferable due to its ability to undergo fast reversible redox processes,
excellent conductivity, long cycle life, high specific capacitance, extremely low equivalent
series resistance (ESR) value, and broad operating potential window compared to other metal
oxides [44]. Despite the merits of ruthenium dioxide (RuO»), it has certain limitations such as
being highly toxic, expensive, and rarely available compared to other metal oxides [45]. These
limitations restrict the commercialized utilization of ruthenium dioxide (RuOy) in energy
storage applications, thus encouraging researchers to explore new materials as an alternative to
ruthenium dioxide [46—48]. The electrode materials such as iridium dioxide (IrO2) and cobalt
oxide (CoO) considered to be promising alternatives owing to their remarkable Cs together
with cyclic stability, however, potential degradation and elevated prices of these electrode
materials hamper their extensive utilization in commercial applications. Subsequently, nickel
oxide (NiO) and manganese dioxide (MnQO;) were explored because of their impressive
capacitance and reasonable cost. However, the applicability of nickel oxide (NiO) was indeed
restricted by its limited electrical conductivity, along with its narrow potential window. This
limitation hinders its performance in electrochemical devices where higher conductivity and a
wider potential window are required for optimal performance. Thus, the research is focused on
identifying cost-effective, high-specific capacitance materials suitable for commercial
applications [42].

Manganese dioxide (MnO>) on the other hand, was believed to be a potential electrode
material compared to others because of its superior theoretical capacitance, large potential
window, affordable cost, and eco-friendly nature [39]. Irrespective of these advantages of
manganese dioxide (MnQy), it has low conductivity, a low chemical stability, thereby limiting
its performance in electrochemical applications. In order to overcome the poor electrical
conductivity and chemical stability of manganese dioxide, it is crucial to improvise its surface
area by synthesizing mesoporous nanostructures. Besides this, the merger of manganese
dioxide with other metal oxides viz iron (Fe), copper (Cu), cobalt (Co), zinc (Zn), nickel (Ni),
and others can further enhance its conductivity [49]. Iron-based electrode materials such as
ferric oxide (Fe20s), in particular, have been recognized as viable alternatives
for supercapacitor applications because of their notable theoretical capacitance, widespread
availability, and eco-friendly characteristics. Nevertheless, the single and binary transition

metal oxides as electrode materials limit their conductivity and specific capacitance [43].
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Research efforts have been made to address these issues by combining mixed transition metal
oxides, thus facilitating quick redox responses along with higher specific capacitance than
single and binary transition metal oxides. These mixed transition metal oxides, also called
ternary metal oxides can exist in the form of perovskite structure and spinel structure.
Recently, the introduction of ferrites especially spinel ferrites such as manganese ferrite
(MnFexOs4), zinc ferrite (ZnFe,04), cobalt ferrite (CoFe204), nickel ferrite (NiFe204), copper
ferrite (CuFe>04), nickel-copper ferrite (Ni-CuFe204), nickel-cobalt ferrite (Ni-CoFe204), and
copper-cobalt ferrite (Cu-CoFe>O4) have gained immense interest as electrode materials due to
their multiple oxidation states, electrical behavior, high stability and remarkable

pseudocapacitive nature [43].

1.5 Ferrites

Ferrites, characterized by their dark grey or black color, are ceramic materials known for their
hardness and brittleness. Their ferrimagnetic behavior categorizes them as magnetic materials,
consisting primarily of ferric ions, hence the name "ferrite" derived from the Latin word
"Ferrum". Ferrites can be produced in powder or thin-film form using various methodologies
such as high-temperature solid-state reaction, coprecipitation, sol-gel synthesis, high-energy
ball milling, pulsed laser deposition, and hydrothermal processes [50]. Ferrites exhibit
insulating properties with moderate permittivity, high electrical resistivity, high magnetic
permeability, low eddy currents, and minimal dielectric loss [51,52]. These diverse properties
make them suitable for numerous applications across various disciplines [53]. Based on
the properties of the magnetic field, ferrites can be categorized into soft and hard ferrites, while
on a crystal structures basis, they are grouped into hexagonal ferrites, spinel ferrites, garnet

ferrites, and ortho ferrites [54] as depicted in Fig 1.7.

Classification of Ferrites

‘ Based on Magnetic Field ‘ ‘ Based on Crystal Structure ‘
I |
I |
Soft Ferrites Hard Hexagonal Spinel Ferrltes Garnet Ortho
Ferrites Ferrites (Cubic Ferrites) Ferrites Ferrites

Fig. 1. 7: Classification of ferrites
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Though all ferrites have magneto-dielectric characteristics, many researchers
frequently employ spinel ferrites for applications involving energy storage due to the fact that
they demonstrate outstanding magnetic and dielectric attributes over other ferrites. Moreover,
SFs have moderate Ms, low Hc, high initial permeability, and remarkable stability, thereby

making them befitting in diverse applications involving energy storage requirements [55].

1.5.1 Spinel Ferrites and their Crystal Structure

Spinel ferrites (SFs) belong to the class of metal oxides recognized for their remarkable
magnetic characteristics and well-defined crystal structure. The structure of SFs is face-
centered cubic with Fd3m as the space group, formed by the combination of iron oxide and
various cations [56]. These cations can be either divalent, such as Cu®*, Co**, Zn*', Cd*", Ni*",
Mn?", Sr?*, Ba?*, Ca**, Mg?" etc or trivalent, such as La**, Pr**, Ce*", Sm**, Eu**, Ho**, Dy**,
Nd**, Gd®*, Er** etc [57,58]. Chemical composition of SFs is expressed via AB,O4, where "A"
and "B" symbolize cations involved in divalent and trivalent, respectively. The spinel structure
is based on a close-packed arrangement of oxygen ions, with metal cations filling certain
interstitial positions within this lattice [59,60].

The spinel structure comprises thirty-two closely packed oxygen anions to form a full
structural unit cell. In this structure, there are two types of interstitial voids among these oxygen
anions: tetrahedral voids or A-site and octahedral voids or B-site surrounded by four and six
oxygen ions respectively. The cubic spinel ferrite unit cell consists of eight small cubes known
as octants, and it possesses 64 tetrahedral sites, with 8 of them being occupied, and 32
octahedral sites, with 16 being occupied in it. All the ions are held in the octant body diagonal,
and the octant on the privilege has a tetrahedral site in the middle, and four oxygen ions per
octant, as shown in Fig. 1.8 [54,61]. The ions present in the tetrahedral position are called the
“network formers” while the ions present at the octahedral position are also called the “network

modifiers” [62].
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Fig. 1. 8: Schematic representation of crystal structure of spinel ferrites representing

tetrahedral and octahedral sites

Spinel ferrites (SFs) follow the standard formula M2t Fe3t [M2* Fe3} 102~ [63]. In
this structure, the cations positioned at tetrahedral sites are placed outside the brackets, while
those at octahedral sites are inside the brackets. The degree of inversion, expressed by the
variable “x” specifies the classification of SFs into three groups depending on the distribution
of the metal cations within the unit cell such as normal SFs, inverse SFs, and mixed SFs, as
depicted in Fig. 1.9 with detailed structural formulae [52,56]. In normal SFs, divalent (M%)
cations occupy all tetrahedral sites, while trivalent (Fe*") cations occupy all octahedral sites.
This specific cation distribution is exemplified by various materials, including zinc ferrite
(ZnFe>04) and cadmium ferrite (CdFe204) [64,65]. In inverse SFs, some trivalent (Fe**) cations
migrate from the octahedral sites to occupy tetrahedral sites alongside divalent (M**) cations,
with the remaining octahedral sites still occupied by trivalent (Fe**) cations. Some well-known
examples of inverse SFs include magnetite (Fe3Oa), nickel ferrite (NiFe2O4), copper ferrite
(CuFe204), magnesium ferrite (MgFe>04), and cobalt ferrite (CoFe2O4) [66]. However, mixed
SFs exhibit a variable cation distribution (both divalent and trivalent) among tetrahedral and
octahedral sites. Manganese ferrite (MnFe2O4) is one of the examples of mixed SFs [67,68].
These unique cation distributions and their characteristics impact the magnetic and
electrochemical behavior of respective ferrites, resulting the exceptional capabilities in energy

storage applications [54].
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Fig. 1. 9: Schematic representation of types of spinel ferrites

1.6 Two-dimensional (2D) Materials

Two-dimensional materials emerge as a revolutionary class for supercapacitor electrodes
because of their substantial electrochemical and physical properties. The two-dimensional (2D)
materials, distinguished by their atomic-scale thickness exhibit exceptional electrical, optical,
and mechanical properties. These unique features make them desirable for future applications
in numerous fields such as electronics, sensing technologies, biomedical and drug delivery,
photonics, energy storage and conversion, and optoelectronics. In particular, their advantages
have made a profound impact on energy storage devices, making them more efficient and
reliable. These 2D materials have grabbed substantial attention among researchers since the
inception of graphene. Nowadays, for energy storage purposes, MXenes, black phosphorous,
transition metal dichalcogenides (TMDs), and graphene oxide (GO), are extensively utilized
[69,70].

Among the aforementioned 2D materials, reduced graphene oxide (rGO) stands out for
its large surface area, high electrical conductivity, lightweight nature, and distinctive structure
provide ultrathin layers and open frameworks for fast ion transport and charge storage, making
them highly desirable for supercapacitor applications [71]. The usage of 2D materials
especially GO has drastically enhanced the efficacy of electric double-layer capacitors

(EDLCs) and pseudo-capacitors, due to their flexibility and tuneable electrochemical
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properties. Research efforts concentrate on optimizing these materials, either in their pure form
or by amalgamation with other constituents, such as metal oxides, to enhance their overall

power and energy densities [72].

1.6.1 Reduced Graphene Oxide

Graphene is among the most widely studied 2D materials which contains a monolayer of sp?
hybridization of carbon configured in a honeycomb-like structure [73]. This material has
received much attention for its excellent surface area, atomic-scale thickness, outstanding
thermal and electrical conductivity, lightweight, and mechanical strength [74,75]. However,
the synthesis of this material presents significant challenges, particularly when attempted on
larger scales. Moreover, the tendency of graphene sheets to restack and agglomerate during
cycling causes a reduction in surface area, limits ion transport, and severely influences the
capacity to store energy. Consequently, researchers have explored alternate graphene
derivatives like GO, and rGO, which are comparatively easier to yield in large scale [76].

GO, recognized as graphene’s oxidized variant contains numerous oxygen-rich
functional groups, which increase its solubility and processability compared to pristine
graphene. However, the insulating or semi-insulating behavior of GO, affected by the existence
of functional groups, limits its electrical conductivity and causes structural defects [77-79].
Moreover, graphene oxide has poor mechanical strength and a low carbon-to-oxygen ratio,
which limits its use in various energy domains [80]. To solve these limitations, researchers
have turned their emphasis toward rGO, a modified version of GO [81]. The conversion to GO
and rGO from graphene was done using a modified hummers approach, in which oxidized
functional groups are removed from graphene oxide through reduction, and the so obtained
rGO is slightly different from undoped graphene due to certain imperfections and oxygen

functional groups [82,83] as illustrated in Fig. 1.10.

Graphene Graphene Oxide (GO) Reduced Graphene Oxide (rGO)

Fig. 1. 10: Conversion of graphene oxide (GO) and reduced graphene oxide (rGO) [84]
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The creation of rGO via the thermal/chemical reduction of GO, restores most of the sp?
hybridization of carbon atoms, considerably enhancing its conductivity while preserving a high
surface area [85]. This positions rGO as a potential choice in diverse energy storage
applications particularly when combined with other metal oxides, especially spinel ferrites. The
extensive surface area of rGO facilitates more electrolytic ions to be adsorbed, while the spinel
ferrites deliver pseudo-capacitance through fast redox reactions [86]. This combination not
only overcomes the constraints of individual materials but also lays the foundation for
producing high-performance supercapacitors that are cost-effective and efficient.
Consequently, it enhances durability and cyclic stability, power efficiency/density, and energy
storage capabilities/density, meeting the increasing need for sustainable energy storage

solutions [87].

16



CHAPTER 2

Literature Review

2.1 Review of Supercapacitors

he history of supercapacitors (SCs) begins in 1745, with the invention of a Leyden

jar also known as condenser by the German scientist and jurist Ewald Georg von

Kleist [88]. In late 1745, he presented his invention to a group of German scientists,
but his information about Leyden jar (condenser) somehow reached in muddled form to
Leyden University, Netherlands. Later in 1746, the Dutch scientist Pieter van Musschenbroek
along with his student Andreas Cunaeus at Leyden University succeeded in doing the same
experiment with water [89]. In 1853, Hermann von Helmholtz presented the electric double-
layer idea via his investigation of charge accumulation in capacitors, providing the
groundwork for EDLCs. However, his model fell short of properly understanding the
electrode/electrolyte interface structure [90]. In the early 90s, Guoy and Chapman refined
Helmholtz’s electric double-layer model by introducing a diffuse ion layer influenced by
thermal motion. In 1924, Otto Stern combined this with Helmholtz’s compact layer, forming
the Stern model, which added the concept of adsorption and offered a more detailed structure

of the electrode—electrolyte interface [90,91].

In the 1950s, H. Becker and engineers at General Electric pioneered the use of porous
carbon electrodes, resulting in the first patent for a double-layer capacitor in 1957. This
energy storage technique relies on porous carbon immersed in liquid electrolytes such as
sulfuric acid (H2SO4) for effective charge accumulation. [92]. Despite its high specific
capacitance due to the large electrode surface area, the 1957 patent lacked clarity on the
energy storage mechanism, rendering it commercially unviable. In 1962, Robert A. Rightmire
of Standard Oil Company, located in Ohio (SOHIO) proposed a refined electrochemical
capacitor, patented in 1966, that stored energy via ionic adsorption at the interface of electron
and ion conductors [93]. In 1970, SOHIO patented a carbon-based electrolytic capacitor with
a high-capacitance double-layer interface. Nippon Electric Company (NEC) acquired the

patent in 1971 and introduced the first commercial supercapacitor in 1975 [94].

Subsequently, in 1978, Panasonic came up with a supercapacitor known as the “Gold
capacitor” for memory backup purposes [95]. In 1980, apart from porous carbon coin cells,

new-generation high-performance supercapacitors were fabricated by using tantalum oxide
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and ruthenium as high-capacitance electrode materials [96]. In the same year, 1980, SOHIO
launched the “MaxCAP” double-layer capacitor, offering multiple farads at 5.5V. The
financial glitches of the SOHIO company led to its sale to NEC. NEC emerged as a global
supercapacitor leader and popularized the term “Supercapacitor”. By 1982, advancements in
metal oxide electrodes led to low-resistance supercapacitors called the “PRI Ultracapacitor”,
developed by Pinnacle Research Institute (PRI) for military applications like missile guidance
and laser weapons [97]. Researchers concentrated more on the utilization of supercapacitors
in automobiles, particularly in the starters used in internal combustion engines, since early
1985 [89] ELNA began producing its double-layer capacitors under the name “Dynacap” in
1987. Meanwhile, heightened tensions during the Cold War and increased interest in space
exploration prompted Russia to invest in supercapacitor technology [98]. In 1988, Russia’s
MP Pulsar (later ELIT) began producing advanced supercapacitors. By 1989, ELIT
introduced the first asymmetric supercapacitors fabricated using nickel oxyhydroxide,
activated carbon, and potassium hydroxide, designed to enhance battery performance for
wheelchairs. In 1990, they developed symmetric supercapacitors with two activated carbon
electrodes and the potassium hydroxide electrolyte [89,99]. Throughout these evolutionary

stages, substantial research efforts were devoted to optimizing supercapacitor technology.

Until 1990, supercapacitors saw limited economic development due to low energy
density, despite some applications in energy sectors. In 1991, “The Econd Corporation” in
Moscow introduced supercapacitors suitable for trucks and hybrid vehicles, while NEC
developed high-performance double-layer capacitors using activated carbon electrodes [100].
Besides this, the concept of pseudo-capacitance emerged in the same year (1991) from
Conway’s team by exploring RuO, with exceptional specific capacitance. Maxwell
Technologies built its unique supercapacitors called “Boost Caps” in 1992 [101]. However,
in the same year 1992, the U.S. Department of Energy endorsed the adoption of
supercapacitors in hybrid electric vehicles through Maxwell Technologies [102]. This
prompted Russia to establish ESMA in Troitsk in 1993, producing supercapacitor modules
ranging from 20 kJ/14 V to 30 MJ/190 V with capacitances between 3000 and 100,000 Farads
for heavy-duty transport. ESMA’s activated carbon-based cells gained global recognition for
their high-power efficiency, stable cycling, and cost-effectiveness, building on NEC Japan’s

Ni-Cd battery innovations for aircraft [89,100].

In 1994, a hybrid supercapacitor with a high pseudo-capacitance cathode composed

of metal oxides combined with strong dielectric anode materials was introduced by Evans and
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his team. In the same year, 1994, the Australian firm Commonwealth Scientific and Industrial
Research Organization (CSIRO), headquartered at Clayton South, Victoria, formed a
partnership with Plessey Ducon, a passive component manufacturer company. Subsequently,
in two years, their researchers collaboratively developed carbon electrodes together with
organic electrolyte-based spiral wound supercapacitors exhibiting 9 Wh/kg of total energy
density with temporal constants on the scale of seconds to milliseconds [100]. Thus, during
the year 1996, when the market race intensified all over the world, new supercapacitor models
came forth, such as the FG-series, high-power FT-series, and FC-series, all under one
trademark name “Tokin” by NEC. The first appearance of a supercapacitor on record was in
1997, when it was reported that supercapacitors achieved an energy density greater than 10
Wh kg! [89,99]. A Japanese company, so-called Nippon Chemi-Con (NCC), the world’s
largest manufacturer of aluminium electrolytic capacitors, came up with a supercapacitor
product called “DLCAP”. Moreover, in 1998, this company began the mass production of
spiral-wound and prismatic cells, with a capacity of 3000F operating at 2.5V. In 1998, the
South Korean Daewoo Group also created its initial supercapacitor product, called the
“NessCap”. During that period, these products were structured using organic electrolytes and
a spiral-wound prismatic cell arrangement, which could offer capacitance ranging from a few

farads to as high as 5000 F at 2.7 V [89,100].

Despite the hefty competition in the supercapacitor industry, the Japanese still
occupied one of the leading positions in supercapacitor technology. In 1999, Panasonic
introduced the “UpCap”, a cost-effective, waterproof supercapacitor designed for hybrid
electric vehicles (HEVs). With a capacity of 2000F and 2.3V, its sealed packaging
minimized heat retention during charging cycles, making it ideal for regenerative braking and
acceleration [103,104]. In the year 2001, another Japanese manufacturer, “Tokin”, entered
the supercapacitor market and introduced two distinct series, both using organic electrolytes,
that include a spiral-wound series, a low-profile thin-format series. Later in 2002, the
company rebranded from “Tokin” to “NEC-Tokin”. In 2002, Dr. T. Morimoto of Asahi Glass
Company outlined a novel asymmetric supercapacitor arrangement at the centennial gathering
of the Electrochemical Society held in Japan. This design utilized two carbonaceous
electrodes and an organic electrolyte containing lithium salt, achieving 16 Wh/L of volumetric
energy density. As of now, this design is widely adopted by manufacturers for its higher 4.2 V

output and improved energy density enabled by its asymmetric configuration [100].
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In July 2002, Maxwell Technologies acquired Swiss supercapacitor firm Montena
Components, introducing new design developments [105]. In 2005, its “Boostcap”
ultracapacitor was selected by Diehl Luftfahrt Elektronik to power emergency actuation
systems such as doors and evacuation slides on passenger aircraft, notably the Airbus A380
jumbo jet [106—108]. In 2006, Joel Schindall of MIT and his colleagues initiated a study on
a “synthetic battery” based on nanotubes that would be better than existing capacitors or
condensers [109]. In 2007, ESMA and American Electric Power developed a low-cost
asymmetric supercapacitor using lead oxide, sulfuric acid, and activated carbon. Such
supercapacitors, designed to store overnight grid energy, featured a 10-year lifespan, over
5000 cycles, and outperformed symmetric supercapacitors in energy density, though they
remained below that of lead-acid batteries [100]. The next breakthrough came in the same
year (2007), with the advent of lithium-ion capacitors into the market with high-power storage
suitable for a multitude of applications [110]. Until 2007, significant advancement in the field
of supercapacitors was observed. However, some issues such as low energy density, high
manufacturing cost, and short cycle life remain unresolved. However, based on the
developmental trend of supercapacitors since 2000, significant novel improvements have
been noticed in energy density, high reliability, specific capacitance, power density, and

safety aspects [111,112].

In 2004, the physics Nobel laureates, namely Andre K Geim and Konstantin S
Novoselov, found the wonder material of the future, “Graphene” using a simple adhesive tape
and a graphite sample at the University of Manchester, UK [113]. The pseudo-capacitive
carbon-based electrodes, particularly graphene, became the focus of interest as they increased
the energy density together with charge-discharge rate of SCs [114]. During the year 2010,
Belle Dume presented supercapacitors made from curved graphene sheets. These flexible
graphene-based sheets offer improved energy density with a specific charge density of 85.6
Wh kg! at room temperature and 136 Wh kg™ at 80°C. This technique was the turning point
in the evolution of supercapacitors that are equivalent to nickel-metal hydride batteries [115].
Despite extensive global research attempts to boost Cs of graphene-based supercapacitor
electrodes, the results show significant limitations in capacitance. These electrodes failed to
achieve the theoretical Cs of 550 F g}, even though the single-layered graphene has a surface
area of approximately 3000 m* g'! [89,116]. Thus, to overcome this limitation the quality as
well as the functioning of supercapacitors has been upgraded throughout the years. For

example, activated carbons are extensively included in the main supercapacitors available in
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the market because of their properties such as high cyclability, cheap cost, and corrosion
resistance. However, carbon-based material offers Cs of 150 F g'! at maximum, while the
typical energy density is (3—5) Wh Kg™! which is quite lower than lead-acid batteries (30-40)
Wh Kg'!. This abysmally low energy density limits their usage for certain energy-storage
applications [117].

Nowadays, the fabrication of hybrid SCs via metal oxides, conducting polymers,
together with graphene-based materials has been the focus of researchers to overcome these
limitations by enhancing their energy as well as power density. Moreover, the integration of
pseudocapacitive properties of metallic oxides into carbon-based materials, for instance,
graphene or its reduced form, can potentially increase the double-layer capacitance.
Furthermore, important achievements in the production of graphene supercapacitors have
been observed by Sunvault Energy and Edison Power, by announcing the fabrication of the
world's biggest graphene supercapacitor with a capacitance of 10,000 Farad. Supercapacitors
attained worldwide acceptance since their inception, and the current market scenario is

growing exponentially and is expected to flourish further in the near future.

2.2 Review of Electrode Materials

J. Kalidas et al. (2024) developed a core-shell manganese ferrite/reduced graphene oxide
(CSMF/rGO) composite using a rapid two-step ultrasonication method. This study explained
the synthesis of CSMF via an electrochemical method enhanced by ultrasound, resulting in a
three-dimensional network integrated into a self-assembled graphene matrix. This hybrid
structure effectively addresses volume expansion issues associated with magnetite, improving
lithium-ion and electron mobility. The CSMF/rGO electrode achieved an impressive initial
discharge capacity of (1512 mAh g at 0.2 A g'!) along with commendable reversible capacity
of (492 mAh g at 2.0 A g'! after 500 cycles), with a coulombic efficiency greater than 99%.
The findings of this research reveal that the CSMF/rGO hybrid electrode's potential has the
possibility of becoming a choice for next-generation cost-effective high-capacitive anode for

lithium-ion batteries to improve energy storage technologies [118].

S. Chai et al. (2024) synthesized MnFe;O4/rGO composite employing a single-step
hydrothermal technique. In this study, the authors demonstrated an improvement in charge

transfer due to the uniform dispersion of MnFe;O4 nanorods on rGO sheets, which further
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improves interfacial interaction and reduces agglomeration. In addition, the authors claim that
the optimized MnFe,04/rGO composite electrode maintains a higher Cs of 195 F g'! at current
density (Im) of 1 A g’!, in contrast to individual electrode materials of MnFe>O4 and rGO both
having respective capacitances of 77 F g! and 67 F g!. Moreover, the MnFe,04/rGO
composite exhibits excellent cycle stability having 75.22 % capacitive retention at the end of
4000 cycles at I, of 2 A g'!. This study further explains the (MnFe,O4/rGO/AC) based
asymmetric supercapacitor (ASC) device reaches 16 W h kg'! of energy density at 1280 W
kg! of power density and demonstrates good cyclic stability with a total of 73.78 % capacitive
retention after 5000 cycles at 1A g'!, showcasing the potential for supercapacitor applications

[119].

M. Ikram et al. (2024) showed the effectiveness of rGO which acts as a good electrode
material in the fabrication of SCs mainly due to its flexibility, highly conductive nature, and
improved surface redox reactivity. They had synthesized NiO/CoFe2O4/rGO composite
electrodes via the sonication method. The findings of this study revealed that
NiO/CoFe204/rGO composite electrode attained a high Cs of 911.25 F g! as well as low
equivalent series resistance (ESR) of 0.29 Q outperforming nickel oxide/cobalt ferrite
(N1O/CoFe204), nickel oxide (NiO), and cobalt ferrite (CoFe>O4) electrode materials. This
research reveals that the combined properties of both the superior conductivity of rGO and
the good crystalline nature of metal oxides such as NiO and CoFe;O4, make

NiO/CoFe204/rGO nanocomposite advantageous for supercapacitors [120].

Ahad et al. (2024) examined the role of manganese-substituted Ni-Mn-Cu-Zn spinel ferrites
which were synthesized via the sol-gel auto-ignition approach. They also found that the
average grain size and bulk density increases in these mixed spinel ferrites due to the
incorporation of manganese (Mn) ions which act as grain growth accelerators. Moreover, they
observed that the optimal composition of these mixed spinel ferrites exhibited high
permeability along with saturation magnetization (Ms), low coercivity (Hc), and a broad
operational frequency range of up to 10 MHz. These properties suggest that the synthesized
mixed ferrites are promising for multifunctional electronic devices and medical applications

such as cancer treatment [121].
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T. Putjuso et al. (2023) synthesized cobalt-substituted zinc ferrite (CoxZnixFe204)
nanoparticles via the hydrothermal process. In this study, it was validated by XRD analysis
that these synthesized nanoparticles possess a cubic structure, while the metal oxide
vibrational modes were observed within the spinel structure which was confirmed through
FTIR spectroscopy. It was observed that the substitution of cobalt (Co*") ions in cobalt-
substituted zinc ferrite (CoxZnixFe2O4) nanoparticles creates an impact in parameters like
crystallite size, lattice constant, and average particle size, as these parameters decreased
slightly with the varying cobalt (Co) concentrations. Moreover, they revealed the micrographs
of SEM as well as TEM exhibit cuboidal-shaped evenly distributed nanoparticles, yielding a
highly active electrode surface which in turn results in quick transport of ions and electrons,
which was further confirmed by Brunauer-Emmett-Teller (BET) measurements. These
researchers discussed that the cobalt ions not only impact the structural and morphological
characteristics but also electrochemical properties. In addition, the cobalt-substituted zinc
ferrite (CoxZnixFe2O4) nanoparticles exhibit pseudo-capacitive behavior owing to their
faradaic redox processes, particularly the nanoparticle at a specific concentration
(Co03Zno 7Fe204) attains a peak Cs of 855.33 F g at I, of 1 A g'! together with impressive
retention of 90.41 % after 1000 charge-discharge cycles, thereby solidifying its place
as potential candidate in SC electrodes [122].

T. Hoang et al. (2023) explored the successful synthesis of spinel nickel-manganese cobaltite
(s-NMC) using a hydrothermal/calcination technique, confirming its spinel structure and
nanostructure through various characterization techniques. The electrochemical analysis of
this study demonstrated that s-NMC exhibits pseudocapacitive behavior with a maximum Cs
of 418.3 F gl at 10 mV s™! of scan rate, and 216.2 F g at I, of 1 A g!, alongside impressive
capacitive retention of approximately 95 % after 5000 cycles at I, of 2 A g’!. Furthermore,
within this research work, the fabrication of an asymmetric SC device using s-NMC as the
anode and activated carbon serving as the cathode achieved a peak energy density of 16.58
Wh kg! at 825 W kg! of power density and maintained approx. 97 % capacitive retention
after 2000 cycles at Im of 2 A g!, highlighting its place as an electrode material for SCs [123].

M. El-Masry et al. (2023) synthesized pristine cobalt ferrite (CoFe204) as well as copper-
and zinc-doped cobalt nano-ferrites (Cu- and Zn-doped CoFe>O4) via the citrate auto

combustion technique, examining these materials key attributes such as structural, thermal,
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magnetic, and electrical. The authors noticed that all the synthesized samples were classified
under the Fd3m space group, with crystallite sizes of 8 nm, 15 nm, and 14 nm for Cu-
CoFe;04, Zn-CoFe>04, and CoFexO4 respectively. Their study demonstrated that Cu®* doping
enhanced the elastic properties of cobalt nano ferrite (CoFe2O4), with increases in force
constant (45%), elastic moduli (46%), and Poisson’s ratio (66%) compared to pristine cobalt
(CoFe204) and zinc-doped cobalt ferrite (Zn-CoFe;04). While the pristine cobalt ferrite
(CoFe»04) exhibited the maximum saturation magnetization (56.1 emu g!), zinc-doped cobalt
ferrite (Zn-CoFe>04) demonstrated superior magnetic susceptibility (0.639). Furthermore,
doping improved thermal characteristics, with copper-doped cobalt ferrite (Cu-CoFe2O4)
achieving the peak thermal conductivity (0.95 Wm™ K1) and diffusivity (0.75 m?s™!), together
with specific heat (0.85 MJ m™ K!). These findings suggest that these comprehensive
characterizations indicate the potential of doped cobalt ferrites for diverse electronic

applications [124].

S. Habib et al. (2022) synthesized manganese ferrite (MnFe2O4), cobalt ferrite (CoFe204),
and cobalt-manganese ferrite (Co-MnFe>O4) using a coprecipitation method. They developed
composites of these ferrites with graphene ata 3:1 weight ratio (75 % ferrites, 25 %
graphene). The experimental outputs validated the formation of single-phase nanoferrites
having soft magnetic and semiconducting properties. Although the composites exhibited
lower saturation magnetization and conductivity than pure ferrites, they retained similar
behavior trends. This research highlights the potential improvements in materials for

applications in supercapacitors and battery electrodes [125].

B. Mary et al. (2022) synthesized potential electrode materials, CuFe>O4, and CuFe>O4/rGO
nanocomposite using a microwave combustion technique for supercapacitor applications.
Their results showed CuFe;04/rGO having a Cs of 800 F g! at I, of 2 A g'! in a 6M KOH
electrolytic solution, outperforming pure CuFe,Os at 712 F g!. This innovative synthesis
achieved significant capacity at lower current densities, with the composite exhibiting 360 F
glatlnof 1 A g, aspecific energy of 18.3 Wh kg™!, with 455 W kg™ of specific power, a 50
Q resistance, and impressive stability, retaining 98% capacity after 3000 cycles. These
findings suggest that CuFe2O4/rGO composite electrode is a viable eco-friendly option for

high-performance energy storage solutions [126].
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A. Aslam et al. (2021) synthesized La-doped Mg-Ni-Cu-Co spinel ferrites via a sol-gel auto-
ignition route, confirming the cubic single-phase structure of these ferrites. They
demonstrated that doping of Lanthanum (La*") ions into these ferrites causes fluctuations in
certain parameters such as ionic radii, lattice constant, crystallite size, and X-ray density.
FTIR and Raman analyses indicated La*" ions preferentially occupy the octahedral site, while
SEM revealed uniform morphology. EDS confirmed stoichiometry and UV-visible data
showed a decline in energy band gap from (2.48—1.53) eV. Additionally, the activation energy
decreased from (1.803—1.505) eV with La*" ions doping, highlighting the influence of doping

on the electronic and optical attributes of synthesized ferrites [127].

M. Roni et al. (2021) utilized a solid-state reaction approach to synthesize lanthanum-doped
Mn-Zn ferrite nanoparticles, Mno ¢Zno 4LaxFe,xOs with La** content (x) varied incrementally
from 0.00 to 0.10. Their study revealed a cubic spinel structure through XRD analysis,
predominantly oriented along the (311) plane, while microstructural parameters varied with
La*" content. FTIR identified key functional groups at 423 cm™ and 529 cm™!, and UV-visible
absorption data revealed bandgaps of (1.23—1.30) eV. Magnetic analysis showed that M
decreased and Hc increased with La*" ions doping. Additionally, this study showed that the
dielectric properties attain higher values in undoped Mn-Zn ferrite compared to Lanthanum-

doped samples [128].

M. A. Gabal et al. (2020) employed a sucrose-assisted auto-combustion technique to
synthesize MgixZnxFe>oO4 nanocrystalline ferrites with varying zinc (Zn) concentrations
ranging between 0.0 to 1.0 for x. Their XRD analysis identified single phase structure up to
Zn concentration (x = 0.2), with the formation of secondary phases ZnO and a-Fe;Os
emerging at higher Zn concentrations, alongside an increase in lattice parameters from
(8.3937—8.4454) A ascribed to Zn*' ions larger ionic radius than Mg?* ions. The size
of crystallites substantiated the nanocrystalline structure, while FTIR spectroscopy showed
characteristic tetrahedral and octahedral ferrite bands. TEM imaging micrographs revealed
spherical agglomerated particles consistent with XRD size measurements. In this study
magnetic measurements unveiled that most of the samples exhibit soft ferromagnetic
behavior, except for ZnFe;O4. The authors highlighted the influence of Zn substitution on
magnetic parameters. They further demonstrated that all samples exhibited semiconducting

behavior with AC conductivity showing temperature-dependent changes linked to a magnetic
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transition from ferromagnetic to paramagnetic states around 500 K, corroborated by dielectric

measurements [129].

L. Phor et al. (2020) examined synthesis of the magnetic nanoparticles with the composition
Mgi«ZnxFe>O4, where x varied from 0.3 to 0.7, using a coprecipitation route. Their XRD
analysis indicated that the lattice parameter increased from (8.402-8.424) A with higher Zn**
content. Fourier transform infrared spectroscopy unveiled characteristic peaks at about 560
cm’! and 430 cm™!, confirming the structure of spinel ferrite nanoparticles. TEM micrographs
indicated that the particle size increased from (18—24) nm with higher Zn>* ion content.
Magnetic studies via a vibrating sample magnetometer and electron paramagnetic resonance
demonstrated superparamagnetic behavior, with magnetization peaking at 32.78 emu g! for
x = 0.5 before decreasing. XPS was used to analyze the chemical composition and oxidation

states [130].

R. Jasrotia et al. (2020) analyzed the influence of substituting Ag/Mn/Cr ions on nanosized
Ni-Cu-Zn spinel ferrites, synthesized via the sol-gel auto-ignition approach. Their study
revealed that increasing dopant concentration initially reduced the crystallite size with a
subsequent rise at higher concentrations. The substitution of these dopant ions led to larger
lattice parameters and an expanded unit cell volume, forming densely packed agglomerated
cubic nanoparticles with a grain size of around 86 nm. FTIR results substantiated a single-
phase spinel structure, and magnetic analysis showed a soft ferromagnetic character, with
decreased saturation magnetization (Ms) and coercivity (Hc) at higher dopant concentrations.
Furthermore, the authors concluded that resistivity measurements indicated semiconducting

behavior, suggesting that these materials are viable in multi-layer chip inductors [131].

A. Rajeshwari et al. (2020) explored the successful synthesis of MnLaxFe>xO4 through the
sol-gel auto-combustion technique. Such a structural study validated the cubic structure of
spinel ferrites via XRD analysis, while the morphological FESEM study describes the
spherical-shaped nano ferrites with little agglomeration. Moreover, the elemental
composition validated by EDX confirms the presence of these substituted metal oxides (Mn,
La, Fe, and O) in the intended proportions. UV diffuse reflectance spectroscopy revealed an
inverse correlation between absorbance and energy band gap. In this study, the magnetic

hysteresis loop demonstrated the soft ferromagnetic behavior of ferrites due to a decline in

26



M; and an upsurge in H¢ as the lanthanum ion concentration increases. The authors further
discussed Mn?" and Fe*" ion's role in spinel lattice regarding ferromagnetism. Impedance
spectra suggested grain boundary resistance increased with La*" ions doping, while dielectric
constant (¢) and tangent loss (tan 6) dropped with frequency, suggesting the synthesized

ferrite's potential for enhanced radiation-absorption applications [132].

V. Verma et al. (2019) analyzed the effects of cobalt (Co*>") and copper (Cu?") ion
substitution on the properties of nanocrystalline ferrites (Mno.4Coo.6-xCuxFe>O4) produced by
the sol-gel approach. They found that varying the metal ion content in these ternary nano-
ferrites significantly influenced the material’s structural, magnetic, morphological, and
optical attributes. The single-phase formation of nano-ferrites was confirmed through XRD,
while SEM-EDX and TEM analysis exposed the surface area and surface morphology
variations. The introduction of copper (Cu?*) ions slightly increased magnetization, whereas
cobalt (Co*") doping significantly enhanced it, attaining the M; value up to 65.0 emu g’
observed for Mno.4Co00.4Cuo2Fe204 nano-ferrites. Furthermore, the optical investigations
demonstrated a band gap reduction to 2.03 eV, with the lowest value in Mng.4Coo.4Cuo 2Fe204
nano-ferrites, highlighting the improved magnetic and optical properties compared to the
undoped nano-ferrites. In light of these observations, ternary doping is shown to be of pivotal

importance in an adjustment of MnFe>O4 properties for multifunctional uses [133].

S. Suresh et al. (2018) studied the electrochemical performance of nanocomposite hybrids
of rGO/MFe>04, where (M = Zn, Co, Fe, Ni) prepared through hydrothermal technique for
supercapacitor electrode materials. Their findings validated the cubic spinel structure of
ferrites and the successful reduction of GO, with ferrite nanoparticles well-distributed on rGO
sheets. The study demonstrated that rGO significantly improved the charge storage capacity
and efficiency of charging-discharging in 0.1 M of sodium sulfate (Na>SOj) electrolyte. The
Cs values for pure ferrites were measured, showing respective values of 128 F ¢!, 117 F g’!,
152 F g, and 9.1 F g! for Fes0s, CoFe;04, NiFe;04, and ZnFe,O4. In contrast, the
rGO/ferrite nanocomposites achieved higher values of 233 F g}, 200 F g, 25 F g’!, and 66.8
F g'! for rGO/Fe304, rtGO/CoFe204, rGO/NiFe;04, and rGO/ZnFe; s, respectively. The study
further found that not only the specific surface area, but the structural morphology also plays
a crucial role in influencing how nanohybrids interact with electrolyte ions, thus ultimately

leading to improved electrode performance [134].
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N. Murali et al. (2017) analyzed the influence of aluminum substitution on the properties of
Coo.5Zno sAlxFerxO4, synthesized via the sol-gel route, yielding a single-phase cubic spinel
structure with nanoscale crystallites. They observed that increasing the aluminum (AI*") ions
concentration causes a drop in lattice constant from (8.385—8.211) A, which could be
attributed to the small ionic radii of aluminum (AI’") ions than that of iron (Fe’") ions.
Moreover, the reduction in Ms with increasing aluminum (A1**) concentrations was attributed
to the aluminum’s non-magnetic behavior. In contrast, the absence of hysteresis in the
magnetization curves indicated nearly zero retentivity (M) and coercivity (Hc), suggesting

the materials exhibit superparamagnetic behavior [135].

K. R. Babu et al. (2017) concluded that the auto-combustion sol-gel process successfully
creates single-phase copper (Cu) substituted cobalt-zinc (Co-Zn) nanocrystalline ferrites with
the absence of any secondary phase formation. They observed a linear reduction in lattice
constant with the substitution of high-concentration copper (Cu?") ions, corroborating the
solubility of these ions within the spinel structure. They further revealed that the substitution
of copper (Cu") ions not only influenced the density, particle size, and grain size but also
influenced M, Hc, and M. Notably, the value of M; for Coo.5Zno sFe2O4 was found greater in
comparison to other copper (Cu) substituted cobalt-zinc (Co-Zn) nano-ferrites, while the
reduction in the value of Ms of Cu-substituted Co-Zn ferrites was because of the spin canting
and cation redistribution between A and B sublattices. The findings of this study emphasize

the potential of these nano-ferrites for magnetic recording applications [136].

R. Sharma et al. (2017) examined the successful synthesis of nickel-doped magnesium-zinc
ferrites (Mgo.sZno.sxNixFe204) utilizing the co-precipitation method and analyzed through
numerous techniques, including UV-Visible, XRD, VSM, FESEM, FTIR, and PL
spectroscopy. They found a shift from (x = 0) which is superparamagnetic behavior to (x >
0) soft ferrimagnetism with increasing nickel (Ni?*) content. They observed that the smaller
size crystallites led to higher coercivity (H¢) but lower saturation magnetization (M;s), while
the remanence ratio (M/M) increased with higher nickel (Ni**) content. The optical band gap
estimated through Tauc plots, upsurges for a concentration (x = 0) from 4.50 eV to 5.60 eV
up to concentration (x = 0.50). From the photoluminescence (PL) analysis, they observed that

the band edge emission occurs at energies lower than the optical band gap, highlighting defect
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states in the ferrites. The findings suggest that the ferrite's cation distribution, moderate
coercivity (Hc), and saturation magnetization (Ms) showed promising potential in high-

density information storage applications [137].

J. Wang et al. (2017) presented an innovative hydrothermal synthesis method to create
composites of CuFeO,/rGO and Cu/CuFe;04/rGO for better-performing electrodes. They
demonstrated that synergistic interaction between rGO and copper ferrites enhances storage
capabilities by facilitating electron and ion transfer, providing structural stability, and offering
a large surface area that mitigates volume expansion issues in copper ferrites. Notably, they
revealed that the electrode material CuFeO/rGO achieved a reversible capacity of 587 mAh
gl after 100 cycles at 200 mA g!. In contrast, hybrid Cu/CuFe>04/rGO electrode material
exhibited improved lithium storage performance, with a rate capability of 723 mAh g™ at 800
mA g and 560 mAh g at 3200 mA g'!, along with strong cycling stability at 1102 mAh g’!
after 250 cycles at 800 mA g!. Their findings revealed the structural design and
electrochemical performances of these electrode materials make them suitable for stationary

energy storage applications [138].

G. Chandra et al. (2017) examined how sintering temperature affects the properties of cobalt
nanoferrites created using sol-gel route and characterized them using XRD, VSM, TEM, and
Mossbauer spectroscopy. They found that higher sintering temperatures significantly enhance
both particle size and saturation magnetization (Ms), with M values improved from (53—85)
emu g for the elevated temperature ranging from (300-900) °C. It was also observed that the
retentivity (M;) of nanoferrites upsurged, while the coercivity (Hc) experienced a slight
reduction with temperature. Mossbauer analysis indicated a ferrimagnetic behavior of cobalt
nanoferrites and a temperature-dependent cation distribution, with the stoichiometry
determined as (Co?*xFe*"1x)[Co?"1xFe*"11x]O4, indicating a transition from inverse to normal
spinel structure with increased sintering temperature. The results of this study validated that
the high saturation magnetization (M;) of these nanomaterials holds significant potential for

applications in high-density magnetic storage data and ferrofluid technologies [139].

M. A. Mousa et al. (2017) developed hybrid materials that consist of distinct ferrites (Fe3Oa,
NiFe;04, CoFe20s), polyaniline (PANI), and graphene, and they thoroughly performed an

extensive characterization of their structural and electrochemical characteristics. Their
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research demonstrated that ternary hybrid electrodes exhibited higher capacitance than those
made from single or binary components. Notably, the hybrid CoFe,Os/graphene/PANI
electrode achieved 1123 F g™ of Cs, an energy density of 240 Wh kg™!, together with a power
density of 2680 W kg! at I, of 1 A g!, while retaining 98.2 % of its capacitance with the
culmination of 2000 cycles. This exceptional performance was attributed to the synergistic
effects of these components, where PANI facilitated electron transport and nanoferrites
restricted carbon sheet restacking, thereby increasing overall capacitance through faradaic
processes. The findings of this research work pave the way for exploring innovative hybrid

electrode materials for energy applications [140].

Q. Lin et al. (2015) performed an investigation on lanthanum-doped cobalt spinel ferrite
Cug.sCoosFezxLaxO4, where La*" ions concentration varied from 0 to 0.05 for x, synthesized
through a sol-gel approach. Their findings revealed that a cubic single-phase structure was
formed, while a reduction in lattice parameters and grain sizes was observed as La** dopant
ions increased. Moreover, the nature of the spinel ferrite nanoparticles was confirmed through
SEM, while Mossbauer spectroscopy revealed their ferrimagnetic properties. The
investigation noted that M, M, and H. initially increased before showing a decline with La**

dopant ions addition [141].

R. Indhrajothi et al. (2015) synthesized pristine cobalt ferrite (CoFe>O4) and lanthanum-
doped cobalt nanoferrites (CoLao.osFe1.9404) using citric acid, glycerol and urea-assisted
combustion techniques. Their results demonstrated that larger radii of La*>" dopant ions than
Fe*" ions enhanced the CoLag osFe1 9404 nanoferrites lattice parameter and lowered vibrational
frequency, as validated by XRD and FTIR measurements. This study revealed that
Lanthanum (La*") dopant ions substitution causes a decrease in electrical conductivity but
improves the structural stability of undoped cobalt ferrites (CoFe>O4). The electrochemical
findings of this research indicated the enhancement in oxidation processes of iron (Fe*") and
cobalt (Co*") ions by substituting Lanthanum (La**) dopant ions, which helped to sustain
lithium ions more efficiently during charge-discharge cycles, eventually boosting capacity

retention over undoped cobalt ferrite (CoFe>O4) anodes [142].

Y. Wang et al. (2008) successfully produced Nig.¢Zno.4CrosLaxFe1.5.xO4 nanoferrites using a

rheological phase reaction approach, by examining the impact of La** ions in determining
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their microstructural along with magnetic characteristics. XRD measurement showed
the solubility limit of lanthanum (La*") ions within the spinel lattice. The results demonstrated
that increasing Lanthanum (La*") dopant ion concentration lowered both the size of
crystallites and saturation magnetization (M), while coercivity (H¢) increased. Their findings
emphasize that these La-substituted ferrites showed potential as soft magnetic substances,
with the possibility of improved microwave absorption properties by modifying the

composition of ferrites [143] (Table 2.1).
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Table 2. 1: Comparison of ferrite/rGO-based nanomaterials: synthesis methods, key findings,

and applications
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2.3 Motivation and Research Gap

The growing need for effective energy storage alternatives/solutions triggered our curiosity
to explore innovative electrode materials that can greatly improve the energy storage efficacy
in supercapacitor devices. Although SCs are well-established technologies, they still have
plentiful obstacles particularly about attaining high power and energy density, which require
advancements in electrode fabrication. This study intends to investigate the potential of
electrode materials consisting of spinel ferrites, reduced graphene oxide, and their composites
by examining their electrochemical characteristics including composition, surface area,
morphology, and crystallinity. This study aims to determine the ideal combinations of
electrode materials that may provide enhanced electrochemical performance, thereby

fulfilling the escalating need for effective energy storage devices.

A comprehensive literature survey has been conducted on diverse studies, especially
spinel ferrites, doped spinel ferrites, graphene-based electrode materials, and their respective
nanocomposites. It was observed that most spinel ferrites are synthesized using approaches
like co-precipitation, solid-state synthesis, as well as hydrothermal techniques. However, as
far as our knowledge is concerned, there is a notable lack of research in synthesizing spinel
ferrites from the sol-gel auto-combustion approach. Additionally, many existing studies focus
on spinel ferrites containing only two divalent metal cations, while those incorporating more
than two divalent cations for energy storage applications are rarely explored. The Cs, energy
density, and power density of doped and undoped spinel ferrites are relatively low, indicating
aneed for improvement by incorporating other materials with spinel ferrites, to enhance their
performance to be utilized in numerous applications. To overcome these problems, this
research proposes to investigate various spinel ferrites, reduced graphene oxide, and their

hybrid nanocomposites for energy storage applications.

2.4 Objectives of this work

A brief description of the core objectives of this thesis is given below:

I.  To study the structural, magnetic, and dielectric properties of spinel ferrites.
II.  To study the structural, magnetic, and dielectric properties of 2D material and

spinel ferrites.
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III.  Investigation of electrochemical properties of composites for energy storage

materials.

CHAPTER 3

Research Methodology and Characterization Techniques

3.1 Introduction

This chapter provides an overview of synthesis methods together with
characterization techniques employed in the development of spinel ferrites (SFs),
rGO, and their composites. The SFs were synthesized by utilising sol-gel auto-
combustion approach, whereas rGO was made by a modified Hummers method. Composites
were later made by the physical mixing of these components using a mortar and pestle. In
addition to this, electrode fabrication based on these materials is discussed. Following the
synthesis, several characterization approaches will be explored to understand the structural,

morphological, magnetic, dielectric, and electrochemical features of the resulting materials.

3.2 Method of Synthesis

3.2.1 Sol-Gel Auto Combustion Approach

The sol-gel auto-combustion technique was employed for the synthesis of pristine and doped
spinel ferrites. This wet chemical approach is extensively utilized in materials science and
ceramic engineering, predominantly for synthesizing nanoparticles and metal oxides. The sol-
gel approach has various benefits over other synthesis processes such as co-precipitation,
solid-state synthesis, and hydrothermal methods. This method commences with the
production of a sol, a colloidal mixture or solution consisting of small solid particles dispersed
in a liquid, which is generated by mixing metal precursors with a suitable solvent (viz distilled
or deionized water, ethylene glycol, alcohols, acetic acid, or glycerol) and stabilizing agent
(citric acid). A network is formed during the ‘sol’ to ‘gel’ conversion, entrapping the metal
ions or nitrates within. The gel is then dried or heated till auto-combustion or self-ignition
occurs causing organic materials and metal precursors to react exothermically, evolve gases
quickly, and produce porous crystalline powders. The sol-gel auto-combustion approach is a
low-temperature technique for precise nanoparticle production, enabling control over particle

characteristics such as size, morphology, porosity, and composition, while promoting uniform
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dispersion. This technology is cost-effective and appropriate for large-scale manufacturing
owing to its minimum energy and material needs [144]. The procedure for sample preparation

using the sol-gel auto-combustion process is depicted in Fig. 3.1.

Initial Precursors
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Fig. 3. 1: Sol-gel auto-combustion method

3.2.2 Modified Hummers Method

Modified Hummer's method is an extensively used chemical technique for oxidizing graphite
to produce graphene oxide (GO). This method boosts the original Hummer's approach by
incorporating modifications to improve yield, enhance oxidation, and reduce the risk of
hazardous byproducts. The modified Hummer's method involves a combination of strong and
powerful oxidizing agents, such as potassium permanganate (KMnQO4) and concentrated
sulfuric acid (H2S04), together with sodium nitrate (NaNO3) to introduce oxygen-containing
functional groups onto the graphite structure. This method starts by adding KMnO4 and

NaNO3, along with graphite powder, to a sulfuric acid solution. An ice bath is used to control
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the exothermic reaction by cooling the stirred mixture, allowing the graphite to be exfoliated
into graphene oxide. Once the oxidation reaches its final stage, the reaction is ceased by
quenching it with distilled water, followed by hydrogen peroxide (H202) which is used to
eliminate leftover potassium permanganate (KMnO4). Subsequent washing and filtration
processes assist purify the solution by eliminating residual contaminants and acidic
components yielding a dry storable graphene oxide powder for future use. The resultant GO
comprises hydroxyl, epoxy, and carboxyl groups, which increase its dispersion in aqueous
solutions and its suitability for further chemical modification or reduction to rGO. This
modification not only boosts the quality of rGO generated, but also broadens its usefulness
across sectors including electronics, materials science, sensors, and energy storage, where
important qualities like surface area, conductivity, and reactivity are crucial for its
functioning. In conclusion, the modified Hummer's method has received recognition for its
scalability and ability to yield high-quality graphene oxide with regulated characteristics [83].

The synthesis process of the modified Hummer's method is clearly outlined in Fig. 3.2.

Step 1. Addition of graphite and sodium nitrateé | Step 2 Slow addition of KMnO,
inH,50,

Graphite

Sodium Nitrate

@] [ | @ |

Step 3 Addition of water I Step 4 Addition of H,0,

‘ Magnetic Stirrer .
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Fig. 3. 2: Modified Hummers method [145]

3.2.3 Physical Blending Method

The physical blending method, especially when utilizing a mortar and pestle, is an easy,
efficient, cost-effective, and environment-friendly approach to yield nanocomposites of
spinel ferrites and reduced graphene oxide (rGO). In this method, these two components are
manually blended and pulverized to obtain homogeneous dispersion and mixing of the
materials at the nanoscale. This method starts by carefully weighing the desired quantities of
each component. In the case of spinel ferrites and rGO, the main purpose of the physical
blending or mixing is to strengthen the interaction among ferrite nanoparticles and rGO
sheets, thereby resulting in improved electrochemical and other properties for applications
such as supercapacitors, sensors, and adsorption. The technique helps produce better
dispersion of ferrite nanoparticles on the rGO surface, possibly enhancing conductivity,
surface area, and overall performance of the resultant nanocomposites. This approach is
typically applied as a pre-treatment step before additional processing such as calcination or
sintering, which may increase the performance of the nanocomposite material for certain

applications including energy storage and environmental remediation. Fig. 3.3. depicts a clear

i Reduced
Spinel /‘r ‘ .
Ferrites . (‘g‘\:fsg Graphene Oxide
* o g
2}
- .. &

Grinding

Nanocomposite

overview of the physical blending process for creating spinel ferrite/rGO nanocomposites.

Fig. 3. 3: Physical blending method
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3.3 Experimental Synthesis

The experimental section includes the synthesis of specific spinel ferrites, two-dimensional

reduced graphene oxide and their nanocomposites, along with the fabrication of electrodes.

3.3.1 Synthesis of Lanthanum-doped Cu-Co Spinel Ferrites

For the synthesis of Cuo.79Coo.21LaxFe2xO4 (0.0 < x < 0.8) in increments or (steps) of 0.2,
analytical grade chemicals were employed as shown in Fig. 3.4. The comprehensive
procedures for preparing the spinel ferrites, along with the properties examined through

various characterization techniques, are detailed in Table 3.1.

Spinel Ferrite
(Cuy 70Cop,,La,Fe, ,O,)

Chemicals Used Company Name
» Copper Nitrate ===y Loba
» Cobalt Nitrate > Loba

> Lanthanum Nitrate |=———=) Loba
> Ferric Nitrate ———-=p Loba

% Citric Acid ——————p Loba

> Ammonia Solution |——————=) Loba

Fig. 3. 4: Chemicals utilized for the preparation of Cuo.79Coo.21LaxFe>xO4 spinel ferrites

and their respective suppliers
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Table 3. 1: Comprehensive procedure for synthesizing Cug.790Coo.21LaxFe>~xQO4 spinel ferrites

Material: Lanthanum doped Cu-Co spinel ferrites

Chemical Formulae: Cuo79Coo21LaxFe>xO4 | Doping Conc. (x): 0.0, 0.2, 0.4, 0.6, and 0.8

Synthesis: Sol-gel auto-combustion approach Cations to Citric Acid Ratio: 1:1
Chemicals Used Cu(NO3); | Co(NO3); La(NO3); | Fe(NOs)s | Citric Acid

Molecular Weight (in g) | 241.60 291.03 433.02 404.00 192.13
x=0.0 3.82 1.22 0.00 16.16 12.60
Amount of x=0.2 3.82 1.22 1.73 14.54 12.60
Chemicals x=0.4 3.82 1.22 3.46 12.93 12.60
Used(ing) | x—06| 382 1.22 5.20 11.31 12.60
x=0.8 3.82 1.22 6.93 9.70 12.60

Amount of distilled water utilized for combining nitrates and citric acid: 100 ml

Duration for which the magnetic stirrer is operated to achieve a clear solution: 30 mins

Gradual addition of ammonia until pH reaches 7

Heated between 80 and 100°C with continuous stirring to obtain a viscous gel: 4-5 hours

For complete water removal from the gel, the temperature was raised to 300 °C or 350 °C till

auto combustion occurred: 1-2 hours

Further heating at 100 °C, the charred remnant produces a fluffy powder: 8-10 hours

Using a muffle furnace, the fluffy powder was sintered at 1100 °C: 6 hours

Pulverized the sintered material using a mortar and pestle to obtain: Cuo.79Co00.21LaxFe2-xO4

spinel ferrites

Compressed the powder into 8 mm diameter and 1.5 mm thick cylindrical pellets using a

hydraulic KBr press and KBr die set

Properties studied: Structural (XRD and FTIR), Morphology (FESEM), Elemental (EDX),
Magnetic (VSM), Dielectric (Impedance Analyzer), and Electrochemical (CV).
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3.3.2 Synthesis of Zinc-doped Mn-Ni Spinel Ferrite

As illustrated in Fig. 3.5, Zno.1Mno4NipsFe2O4 (ZMNF) spinel ferrite nanoparticles were
synthesised using purified AR grade chemicals. Table 3.2 summarizes the comprehensive
synthesis route of spinel ferrite and the properties assessed by various characterization

techniques.

Spinel Ferrite
(Zny ;Mn, 4Ni, sFe,0y)

Chemicals Used Company Name
> Zinc Nitrate - Loba

> Manganese Nitrate |—————> Sigma-Aldrich

» Nickel Nitrate ———o-——p Loba
» Ferric Nitrate —————p Loba
% Citric Acid —————p Loba

> Ammonia Solution |[———-)> Loba

Fig. 3. 5: Chemicals utilized for the preparation of Zno.iMno.4Nio.sFe204 spinel ferrite

nanoparticles and their respective suppliers
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Table 3. 2: Comprehensive procedure for synthesizing Zng.iMno.4NiosFe204 spinel ferrite

nanoparticles

Material: Zinc-doped Mn-Ni Spinel Ferrite (ZMNF) Nanoparticles

Chemical Formulae: Zng1Mno.4NigsFe>O4

Doping Conc. (x): 0.0, 0.2, 0.4, 0.6, and 0.8

Synthesis: Sol-gel auto-combustion approach

Cations to Citric Acid Ratio: 1:1

Chemicals Used Zn(NO3); Mn(NO3)> Ni(NO3); | Fe(NO3)s3 | Citric Acid
Molecular Weight (in g) 297.48 178.95 290.80 404.00 192.13
Amount of Chemicals
1.78 1.43 2.91 16.16 12.60
Used (in g)

Amount of distilled water utilized for combining nitrates and citric acid: 100ml

Duration for which the magnetic stirrer is operated to achieve a clear solution: 30 mins

Gradual addition of ammonia until pH reaches 7

Heated between 80 and 100°C with continuous stirring to obtain a viscous gel: 4-5 hours

auto combustion occurred: 1-2 hours

For complete water removal from the gel, the temperature was raised to 300 °C or 350 °C till

Further heating at 100 °C, the charred remnant produces a fluffy powder: 8-10 hours

Using a muffle furnace, the fluffy powder was sintered at 1100 °C: 6 hours

ferrite nanoparticles

Pulverized the sintered material using a mortar and pestle to obtain: Zno.1Mno.4Nio.sFe204 spinel

hydraulic KBr press and KBr die set

Compressed the powder into 8 mm diameter and 1.5 mm thick cylindrical pellets using a

Properties studied: Structural (XRD and FTIR), Morphology (FESEM), Elemental (EDX),
Magnetic (VSM), Dielectric (Impedance Analyzer), and Electrochemical (CV, GCD, EIS).
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3.3.3 Synthesis of Reduced Graphene Oxide (rGO)

For the synthesis of rGO, initial precursors such as graphite powder, sodium nitrate (NaNQO3),
potassium permanganate (KMnQy), sulfuric acid (H2SO4), hydrochloric acid (HCI), hydrogen
peroxide (H20.), and deionized water (DI water) were used. Modified Hummer’s technique
was employed to prepare graphene oxide from the graphite powder. 5 g of graphite powder
and 2.5 g of NaNOs3 were taken in a beaker along with a magnetic stirrer. They were mixed
together by adding 115 ml of concentrated sulfuric acid and stirred well to ensure uniform
dispersion in an ice bath until the temperature reached below 5°C. Subsequently, 15 g of
KMnO4 was very slowly included in the mixture under continuous stirring for 60 mins, and
the reaction was carried out at a controlled temperature till KMnO4 mixed properly with the
solution. Gradually introduce 100 ml of deionized water while ensuring the temperature
remains below 20°C, and continue stirring for 10 to 15 minutes. The reaction was stirred at
90°C on a magnetic stirrer for a predetermined time, followed by the removal of an ice bath
and the addition of 250 mL of deionized water. To terminate the reaction, 12 ml of HyO, was
added to ensure the brownish color of the solution. The resulting solution is then washed
several times with 150 ml of concentrated HCI1 (35%) and filtered with Whatman filter paper
to remove impurities. Once the reaction reaches its final stage, the graphite turns into
graphene oxide (GO). Finally, the dried GO powder was thermally reduced into rGO by
heating at 200°C for 10 mins on a hot plate covering the beaker with aluminium foil with

punched pores on it, as illustrated in Fig. 3.6. We have taken small amount of GO to avoid

|
Oxidation Grinding

Graphite powder, Graphene Oxide (GO) Powder Form
H,SO,, KMnO,4, NaNO;, sheets of GO

B

/

spill out of the material.

Thermal Reduction

Reduced Graphene
Oxide (rGO)

Fig. 3. 6: Schematic representation of rGO synthesis from graphite, illustrating oxidation to
GO followed by reduction to rGO
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3.3.4 Synthesis Approach of Znoi1Mno.4NiosFe:04/rGO (ZMNFG)

Nanocomposite

The ZMNFG nanocomposite was prepared using a physical blending method. For this, a
precise weight ratio of 1:3 was maintained between ZMNF nanoparticles (25 wt%) and
reduced graphene oxide (rGO) (75 wt%), measured accurately using an analytical balance.
The measured amounts of ZMNF nanoparticles and rGO were combined in an agate mortar.
The mixture was then manually ground for 30 minutes using an agate pestle until a
homogeneous blend of ZMNFG nanocomposite was achieved. The grinding procedure was
executed with consistent pressure and in a circular motion to ensure uniform distribution of
ZMNF nanoparticles within the rGO matrix. Finally, the obtained ZMNFG nanocomposite
was collected and preserved in a sterile and moisture-free container for further
characterization analysis and application investigations. Fig. 3.7. illustrates the physical

blending method utilized for the preparation of ZMNFG nanocomposite.

Weight Ratio ZMNF to rGO =1:3

2 ‘H———-]r——_——(

Mixing

Zny;Mn4NijsFe,0, \ll

Mortar and Pestle

After Grinding
VSM 1L . XRD
CV < . / __FTIR
GCD f”;;) Chr;racteriza\xti\oh‘ ’Cl'la/racteriz;tioii’/‘f’j' FESEM
EIS L o T . EDX

Zny Mn( 4Ni; sFe,0,/rGO (ZMNFG) Nanocomposite

Fig. 3. 7: Schematic representation of Zno.iMno.4NiosFe:04/rGO (ZMNFG) nanocomposite
preparation via physical blending method
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3.3.5 Fabrication of Electrochemical Electrodes

The fabrication of an effective electrochemical electrode is vital for several applications,
including energy storage, conversion, and sensing technologies. Till now various categories
of substrates such as carbon-based materials, metal foams, conductive polymers, etc have
been investigated and utilized for the fabrication of electrodes, each having its own merits
depending on the specific applications. Among them, nickel foam substrates are extensively
used in electrode fabrication owing to their superior electrical conductivity, lightweight
nature, high porosity, and structural durability, and hence boost the performance of these
electrodes. These characteristics make nickel foam a good support for active materials in
electrodes, allowing efficient ion transport and boosting overall electrochemical performance.
In this section, we concentrate on the fabrication of ZMNF nanoparticles, reduced graphene
oxide (rGO), and ZMNFG nanocomposite working electrodes on nickel foam substrates, as
well as lanthanum-doped Cu-CoFe;O4 spinel ferrites electrodes. These materials are chosen
for their promising electrochemical characteristics, which can greatly boost the efficiency and
efficacy of energy-related applications. The subsequent subsections (a and b) discuss the
comprehensive step-by-step techniques involved in the fabrication of these electrodes within

a three-electrode system.

(a) Fabrication of ZMNF Nanoparticles, rGO, and ZMNFG Nanocomposite
Working Electrodes:

For the fabrication of ZMNF nanoparticles, rGO, and ZMNFG composite electrodes, a nickel
(Ni) foam substrate with dimensions of (1 x 1 cm?) is used. Before utilization, the Ni-foam
underwent a pre-treatment process to remove surface oxide layers and other surface
impurities, improving its surface properties. This process involved immersing the Ni-foam in
a concentrated HCl solution (37 wt.%) at 50°C and exposing it to ultrasonic treatment for 30
minutes. Subsequently, the Ni-foam was carefully rinsed with deionized water and absolute
ethanol for (5 to 10) minutes each to ensure a clean surface. The electrode preparation
involved creating a homogeneous ink by combining the active material, consisting of
ZMNFG nanocomposite, carbon black, and polyvinylidene fluoride (PVDF) in 8:1:1weight
ratio. Specifically, 80 mg (80 wt.%) of ZMNFG nanocomposite, 10 mg (10 wt.%) of carbon
black, and 10 mg (10 wt.%) of PVDF were mixed and dispersed in an appropriate amount of
N-methyl-2-pyrrolidone (NMP) solvent to generate the ink. This ink was then drop-cast onto
the pre-treated Ni-foam substrate. The coated Ni-foam was further dried under vacuum at

60°C for 6 hours to ensure the comprehensive evaporation of the solvent and the proper
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adhesion of active material onto its substrate, resulting in the final composite electrode. Fig.
3.8, shows the detailed steps involved in the fabrication process of ZMNFG nanocomposite
working electrode. Similar methodologies were utilized to prepare the working electrodes for
the comparative analysis of ZMNF nanoparticles and rGO. The three-electrode system used
at room temperature during the electrochemical investigation included a working electrode
composed of ink-loaded Ni-foam, silver/silver chloride (Ag/AgCl) reference electrode, and

platinum wire counter electrode, with 3 M KOH solution as the electrolyte.
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Fig. 3. 8: Step-by-step fabrication process of Zno.iMno.4Nio.sFe;04/rGO (ZMNFG)

nanocomposite working

(b) Fabrication of Lanthanum-doped Cu-CoFe204 spinel ferrites working electrode:

The three-electrode system consisted of a working electrode (ink-loaded nickel foam), a
(Ag/AgCl) reference electrode, and a counter electrode (platinum wire), along with a 3 M
KOH solution that served as the electrolyte. For the fabrication of Cug.79Co0.21LaxFerxO4
spinel ferrite electrodes, the same procedure was followed as depicted in Fig. 3.8. The nickel
foam (1x1 cm?) working electrode was pretreated by sonication in 3 M HCI at 50°C for 1 hour
to remove the nickel oxide layer. After sonication, it was washed thoroughly with distilled

water together with ethanol and then dried at 60°C for 3 hours. The working electrode ink
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was formulated using Cuo.79Co00.21LaxFe>xOs (70 wt.%), acetylene black (20 wt.%), and
polyvinylidene fluoride (10 wt.%) in n-methyl-2-pyrrolidone (NMP) as the solvent. The
nickel foam loaded with ink was dried at 60°C for 12 hours. This procedure was repeated for

all five distinct concentrations (x = 0.0, 0.2, 0.4, 0.6, 0.8) to ensure a relative study.

3.4 Characterization Techniques

3.4.1 X-ray Diffraction

X-ray diffraction (XRD) crystallography is a fundamental analytical technique used to
determine the atomic and molecular structure of crystalline materials. The fundamental idea
of XRD is based on the interaction between X-rays and the periodic arrangement of atoms in
a crystal lattice [146]. A beam of monochromatic X-rays focused on a crystalline sample
penetrates, the material and is scattered by the electron clouds of the atoms according to

Bragg's law, formulated as
2dsin0 = nA

Where n signifies the integer order of reflection, 41 denotes the wavelength of the
incident X-rays, d represents the interplanar distance, and 6 indicates the angle of incidence
[147]. Constructive interference occurs when the path length difference between waves
scattered from distinct crystal planes satisfies specific criteria. This constructive interference
produces intensified scattered X-rays at specific angles, forming a diffraction pattern
indicative of the material's crystal structure Fig. 3.9. Through the analysis of these diffraction
patterns, researchers can obtain essential information on the unit cell size, symmetry, and
atomic configuration within the crystal. Determining these structural features is crucial for
understanding the physical and chemical characteristics of materials since atomic structure

influences material behavior under different circumstances [148].

An X-ray diffraction (XRD) apparatus consists of many basic components that work
together to study crystalline materials. At its core is the X-ray source, often an X-ray tube that
creates X-rays by striking a metal target (frequently copper or molybdenum) with high-energy
electrons, creating X-rays through characteristic radiation. The X-rays are then collimated
using a beam collimator to ensure a narrow, focused beam directed at the sample. The sample
holder, which can hold powders, thin films, or single crystals, puts the material exactly in the

direction of the X-ray beam. As the X-rays interact with the sample, they are scattered at
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specified angles, which are captured by a detector, such as a scintillation counter or a CCD
camera, that measures the intensity of the diffracted X-rays as a function of angle. A
goniometer is used to spin the sample and the detector around a fixed axis, allowing for
precise angle measurements [ 149]. The resultant data is represented as a diffractogram, where
the intensity of the diffracted X-rays is displayed against the angle of diffraction. Each peak
in the diffractogram corresponds to a distinct set of crystal planes, allowing researchers to
extract information about the crystal structure, including lattice parameters, symmetry, and
atomic locations. Furthermore, the study of these peaks can reveal insights into the
crystallinity of the sample, phase identification, and even strain in the material. The flexibility
of XRD makes it not only a potent instrument for structural determination but also a critical
approach for exploring diverse material characteristics across several fields, including

materials science, chemistry, geology, and biology.

Fig. 3. 9: Schematic representation of Bragg’s law conditions [150]

In the domain of materials research, XRD crystallography serves as a vital tool for
characterizing novel materials, notably in the creation of improved ceramics, polymers, and

composites. By giving extensive information on phase composition and crystallinity, XRD
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assists in optimizing material qualities for specific applications, such as enhancing the
mechanical strength of ceramics or improving the electrical conductivity of semiconductors.
In the semiconductor sector, XRD is applied to examine the structural integrity of thin films
and multilayers, which are critical for the functioning of electronic devices. The ability to
monitor lattice parameters and identify phase transitions makes XRD a vital technique in the
creation of novel materials tailored according to specific features. Furthermore, the approach
may also be applied to explore the impact of processing conditions on the microstructure of
materials, enabling researchers to link processing factors with subsequent material
characteristics [146]. In the context of nanotechnology, XRD may be used to assess the
crystallinity and size of nanoparticles, which are essential parameters determining their
characteristics and applications in domains like as catalysis, drug delivery, and electronics.
Moreover, the combination of XRD with complementary techniques, such as scanning
electron microscopy (SEM) and transmission electron microscopy (TEM), provides a more
thorough analysis of materials. This multimodal technique enables researchers to connect
structural information derived from XRD with morphological and compositional data from
electron microscopy, offering a complete perspective of material attributes. Such a
multidisciplinary approach is increasingly crucial in current materials research because
understanding the interplay between structure, composition, and characteristics is critical for

generating breakthrough materials and technologies [151].

3.4.2 Fourier Transform Infrared (FTIR) Spectroscopy: A
Comprehensive Analysis

FTIR spectroscopy is an efficient analytical technique that facilitates the characterization of
molecular species via infrared light absorption. FTIR spectroscopy is fundamentally based on
the concepts of vibrational spectroscopy, which involves molecular vibrations resulting from
the stretching and bending of bonds within molecules. When infrared radiation is directed
onto a sample material, certain wavelengths of light are absorbed, resulting in transitions
between vibrational energy states. The absorption is intimately correlated with the molecular
structure; various functional groups display unique absorption patterns which makes FTIR an
essential instrument for the identification and analysis of materials spanning various fields of
science. The operating mechanism of FTIR spectroscopy utilises an interferometer, often of
the Michelson type, which is essential for obtaining data. In this configuration, the infrared
beam is divided into two paths: one beam proceeds to a stationary mirror, while the other

advances to a moving mirror. The two beams reflect and recombine at the beam splitter,
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producing an interference pattern that varies with the motion of the movable mirror Fig. 3.10.
The outcome is an interferogram, a time-domain signal encompassing all
spectral information. The signal is subsequently converted into a frequency-domain spectrum
by a Fourier transform algorithm. The benefit of this method is the simultaneous capture of
all wavelengths of infrared light, which considerably boosts the speed of analysis compared

to typical dispersive spectrometers [152,153].

The result of FTIR spectroscopy is a spectrum that illustrates absorbance or
transmittance against wavenumber (cm™'), with each peak corresponding to a distinct
vibrational transition. The precise position of these peaks offers insight into the functional
groups present in the sample, while their intensity could indicate the concentration of those
groups. For instance, a wide peak at 3200-3600 cm™' commonly implies the presence of
hydroxyl (-OH) groups, while peaks in the range of 1700-1750 cm™ are often linked with
carbonyl (C=0) functional group. Moreover, the presence of peaks in the area (usually 600-
1500 cm™) offers unique fingerprints for complex chemical substances, assisting in their

identification [154,155].

One of the most significant developments in FTIR spectroscopy is the creation of
Attenuated Total Reflectance (ATR) technology. ATR enables the study of solid, liquid, and
even powdered materials with minimum pretreatment procedure, making the technique very
flexible. In this approach, the infrared beam enters a crystal with a high refractive index,
causing an evanescent wave that interacts with the sample brought in contact with the crystal
surface. This interaction enables the collection of spectra from very small sample volumes,
making it particularly helpful for examining valuable or rare materials, as well as for

researching diverse samples [156].

FTIR spectroscopy has found uses in a wide array of fields, including chemistry,
biology, materials science, and environmental research. In the pharmaceutical sector, FTIR is
applied for quality control and to validate the identity of raw materials and final products. It
assists in the identification of polymorphs, the investigation of drug formulation, and the
monitoring of chemical reactions. In the domain of materials research, FTIR is applied to
examine polymer compositions, coatings, and composites, offering insights into the
interactions between diverse materials and their characteristics. Environmental applications
of FTIR spectroscopy are also significant, notably in the monitoring of air and water quality.
FTIR can be used to identify and quantify pollutants such as greenhouse gases (e.g., CO2 and

CH4) and volatile organic compounds (VOCs) in the atmosphere. Additionally, in water
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analysis, FTIR spectroscopy may detect toxins, simplifying environmental evaluations and

the development of remediation solutions [157,158].

Despite its numerous advantages, FTIR spectroscopy does have some drawbacks. One
problem is the overlap of absorption bands, especially in complex mixtures, which may
impede the interpretation of spectra. To solve this issue, chemometric approaches, such as
multivariate analysis and machine learning algorithms, are increasingly being applied to
increase data interpretation and improve quantitative analysis. Furthermore, while FTIR is
very effective for organic and inorganic materials, its sensitivity to certain low-abundance
species might be restricted, necessitating the employment of complementing methods such as

gas chromatography (GC) or mass spectrometry (MS) for thorough investigation [159].
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Fig. 3. 10: Schematic representation of an FTIR spectroscopic device [160]

The combination of quick data gathering, non-destructive analysis, and broad
applicability makes FTIR a crucial tool in current scientific research and industrial
applications. As improvements in technology continue to evolve, the possibilities for FTIR
spectroscopy will expand, further reinforcing its position in investigating the complex realm

of molecular interactions and material characteristics [161].

50



3.4.3 Raman Spectroscopy

Raman spectroscopy is a strong analytical method used to evaluate materials by studying their
vibrational, rotational, and other low-frequency modes. In this spectroscopy, a laser or any
other monochromatic light source is exposed to the sample to interact with it. The interaction
between the incident photons and the sample molecules results in the occurrence of two
distinct types of scattering such as elastic or Rayleigh scattering and inelastic or Raman
scattering. As the incident light interacts with the sample, most photons scatter elastically,
preserving their original energy resulting in Rayleigh scattering, while a small portion of
scattered photons experience a shift (or change) in energy owing to vibrational or rotational
energy levels of the molecules inside the sample resulting in Raman scattering [162] as seen

in Fig. 3.11.
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Fig. 3. 11: Basic principle of Raman scattering

Raman spectroscopy relies on inelastic scattering of monochromatic light, generally
produced by a laser, where the scattered light offers a unique "fingerprint" of a material's
molecular and crystal structure depending on their vibrational modes. A spectrometer is used
to collect and analyze the light that gets scattered. This scattered light is then split (dispersed)
into its component wavelengths or frequencies by diffraction grating or prism for

comprehensive analysis. A Raman spectrum is produced using a detector that measures the
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intensity of scattered light across different wavelengths. Variation in the energy between the
incident and scattered photons is indicated by the Raman shift and is composed of Stokes and
Anti-Stokes Raman scattering, which is normally represented in spectra form using intensity
against shift. The characteristic peaks and bands of the vibrational and rotational modes of
molecules in the samples are seen in the Raman spectrum. Later the spectrum is obtained on
the display to assess the information. In Fig. 3.12, a schematic representation of a micro-
Raman spectrometer illustrates the key components, and the arrangement of the optical

system used in the analysis [163].
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Fig. 3. 12: Schematic representation of Raman Spectrometer [164]

Raman spectroscopy is a non-destructive method which indicates that a sample can
be analyzed without being modified or destroyed, hence appropriate for application in a broad
variety of materials including biological ones. Raman spectroscopy is able to identify small
concentrations of analytes, and as such it is particularly useful in areas such as in
pharmacological analysis and environmental monitoring. The technique can be employed not
only for solids and liquids, but also for gases and it has countless potential applications in

chemistry, biology, materials science, and nanotechnology. In particular, it is an important
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tool to unveil both the physical and chemical attributes of materials which makes it significant

for numerous applications in fundamental and industrial research [165,166].

3.4.4 Field Emission Scanning Electron Microscopy (FESEM) coupled
with EDX

Field Emission Scanning Electron Microscopy (FESEM) is an advanced imaging method that
utilizes a precisely focused electron beam to generate high-resolution pictures of a sample's
surface at the nanoscale. The fundamental principle of FESEM is based on the interaction
between an electron beam and the specimen's atoms, producing distinct signals that can be
detected and analyzed. In contrast to traditional SEM, which relies on thermionic emission
sources (usually tungsten filaments), FESEM utilizes field emission sources, such as cold
field emission guns (CFEGs) or Schottky emitters. These sources function by using a strong
electric field on a sharp metallic tip, facilitating the extraction of electrons from the surface
without requiring high thermal energy. This technique produces a highly collimated electron
beam with a tiny diameter, often between 1 and 10 nanometres, which is crucial for attaining

the high spatial resolution typical of FESEM [167].

The operational mechanism of FESEM consists of several essential stages: electron
production, beam focussing, specimen contact, and signal detection. Electrons are initially
emitted from the field emission source and subsequently accelerated towards the sample by
an anode at high voltage, generally ranging from 1 kV to 30 kV. The released electrons
produce a beam that travels through a series of electromagnetic lenses designed to concentrate
the beam onto the specimen surface. These lenses comprise condenser lenses that regulate the
beam width and objective lenses that deliver the ultimate focus. The focused electron beam
is subsequently raster-scanned over the specimen's surface. As the beam interacts with the
material, it creates numerous signals, including secondary electrons, backscattered electrons,
and X-rays. Secondary electrons, which are released from the outer shells of atoms, offer
topographical information about the surface, whereas backscattered electrons, which are
reflected from deeper inside the material, yield compositional contrast. X-ray emissions can
be studied for elemental composition by energy-dispersive X-ray spectroscopy (EDX),
allowing for simultaneous imaging and analysis [168]. The working principle of FESEM is
illustrated in Figure 3.13, highlighting the essential components and operational mechanisms

involved in the imaging process.
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Fig. 3. 13: Schematic representation of working principle of FESEM [169]

The science underpinning each phase in the FESEM process is anchored in
fundamental principles of physics and materials science. The initial electron emission is
regulated by the Fowler-Nordheim equation, which explains the relationship between the
electric field intensity and the current density of emitted electrons [170]. This enables precise
control of electron beam properties. The focusing of an electron beam depends on the laws of
electromagnetism, where magnetic fields created by the lenses control the course of the
electrons to reach a desired focus on the sample surface. During the interaction between the
electron beam and the specimen, numerous scattering mechanisms occur. Elastic scattering
results in backscattered electrons, while inelastic scattering leads to the creation of secondary
electrons and X-rays. The detection of these signals is aided by specialized detectors, such as
scintillation counters or semiconductor detectors, which transform the emitted signals into
electrical signals that may be processed to generate pictures. The resultant pictures give
extensive insights into the sample's surface morphology, composition, and crystallography,
making FESEM a useful tool in research and industrial applications spanning numerous

domains, including materials science, biology, and nanotechnology.

FESEM has become a vital tool in several scientific areas due to its capacity to give

high-resolution pictures and extensive information on material characteristics. In materials
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research, FESEM is extensively utilized to explore the microstructural characteristics of
metals, ceramics, polymers, and composites. For example, researchers can investigate the
fracture surfaces of materials to determine failure causes, explore grain boundaries and phase
distributions in alloys, or define the surface morphology of coatings and thin films. The
capability to view nanostructured materials, such as nanoparticles and nanowires, enables the
analysis of their shape, size, and distribution, which are crucial for modifying their properties
for applications in catalysis, drug delivery, and electronics. Furthermore, the ability to work
at low accelerating voltages minimizes sample damage, making FESEM particularly ideal for
studying delicate materials and biological specimens. In the biological sciences, FESEM
plays a significant role and is vital for analyzing the ultrastructure of cells, tissues, and
biomaterials. The approach enables a comprehensive investigation of cellular components,
including membranes, organelles, and extracellular matrices, offering insights into biological
processes and interactions at the nanoscale. For instance, researchers can use FESEM to
analyze the morphology of bacteria, monitor the attachment of cells to biomaterials, or
explore the surface features of implants. The great resolution and depth of field achieved
through FESEM enable scientists to view the fine features of biological structures, promoting
a deeper understanding of cellular activities and interactions. Additionally, FESEM may be
applied in drug delivery studies to examine the interaction between nanoparticles and
biological systems, giving significant information on the efficacy and safety of nanocarriers
[171].

Looking ahead, the integration of machine learning and artificial intelligence in image
processing is likely to transform the interpretation of FESEM data. These technologies can
permit faster and more accurate identification of characteristics and patterns within complex
datasets, considerably boosting the efficiency of data processing. The continued advancement
of FESEM technology promises to expand our understanding of the nanoscale environment,

paving the path for novel solutions to challenging problems in science and engineering [172].

3.4.5 Vibrating Sample Magnetometry (VSM)

Vibrating Sample Magnetometry is a complex and extremely sensitive technique adopted for
the characterization of magnetic materials, offering crucial insights into their magnetic
characteristics through precise determination of magnetization in response to an applied
magnetic field. At the core of VSM is the principle of electromagnetic induction, stated by

Faraday's law, which says that a changing magnetic field generates an electromotive force
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(EMF) in a conductive circuit. In a basic VSM arrangement, a tiny sample often in the form
of a powder, thin film, or bulk material is placed in a uniform magnetic field generated by an
electromagnet. The sample is then exposed to sinusoidal vibration at a given frequency,
generally a few hertz. As the sample moves through the magnetic field, it induces variations
in magnetic flux within surrounding pickup coils Fig. 3.14. This action creates an EMF that
is directly proportional to the magnetic moment of the sample. By measuring this induced
voltage across a range of applied magnetic fields, a full magnetization curve for the sample
can be obtained, revealing critical magnetic characteristics such as saturation magnetization

(M), coercivity (Hc), remanence (M), and magnetic anisotropy [173].
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Fig. 3. 14: Schematic diagram of a vibrating sample magnetometer [175]

The adaptability of VSM allows it to be applied across a large range of scientific
fields, including materials science, condensed matter physics, and engineering applications.
One of the primary benefits of VSM is its ability to characterize a wide variety of magnetic
materials, including ferromagnetic, antiferromagnetic, and paramagnetic compounds, as well
as thin films and nanostructures. The approach is useful for the fundamental study of

magnetism, enabling insights into critical phenomena like phase transitions, magnetic
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ordering, and the impact of temperature and pressure on magnetic behavior. It is also crucial
in the development of innovative materials for technical applications, such as magnetic
storage devices, magnetic sensors, and permanent magnets. By enabling the accurate
assessment of magnetic characteristics, VSM contributes to the optimization and tailoring of

materials for specific applications, enhancing their performance and utility [174].

Modern VSM systems are equipped with sophisticated features that increase their
capabilities and allow for a more comprehensive investigation of magnetic materials. For
instance, several VSM devices may be linked with cryostats to provide temperature-
dependent measurements, enabling research of magnetic characteristics over a wide
temperature range, from cryogenic temperatures to ambient temperatures. This capability is
vital for understanding how variations in temperature impact magnetic behavior, particularly
in materials that display complex magnetic interactions. Additionally, certain VSM
installations feature the capability to apply external pressure, allowing researchers to explore
the impact of mechanical stress on magnetic characteristics. This is particularly significant in
the research of materials developed for high-performance applications, where both magnetic
and mechanical characteristics are crucial. The data collected from VSM studies may be
examined using several models of magnetic behavior, which give a theoretical foundation for
explaining the observed magnetization curves. For example, the Stoner-Wohlfarth model may
be employed to understand the hysteresis loops of single-domain ferromagnets, whereas the
Neel model is typically utilized for antiferromagnetic materials. These models aid in
elucidating the mechanisms behind magnetism, such as domain growth, magnetic anisotropy,

and exchange interactions [176,177].

VSM also contributes significantly to the expanding field of nanotechnology, where
magnetic nanoparticles and nanostructures are of considerable interest owing to their unique
magnetic characteristics and potential uses in biomedicine, data storage, and environmental
remediation. The capacity of VSM to describe tiny sample volumes with great sensitivity
makes it a promising method for exploring the magnetic characteristics of nanoparticles,
which generally display distinct behavior compared to their bulk counterparts. For instance,
phenomena like as Superparamagnetism, which occurs in nanoscale ferromagnetic materials,
may be efficiently investigated via VSM, supporting the development of new applications
such as modified drug delivery systems and hyperthermia treatment in cancer therapy

[178,179].
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Thus, Vibrating Sample Magnetometry (VSM) is a crucial and versatile technique for
the characterisation of magnetic materials, providing researchers with an effective means for
analysing the magnetic characteristics of a wide range of substances. The technique's ability
to collect precise and comprehensive magnetization data, along with its capability for
temperature and pressure control, puts VSM as a cornerstone in both basic research and
practical applications. As developments in VSM technology continue to evolve, the potential
for such a technique will expand, offering deeper insights into the complex world of
magnetism and promoting innovation across multiple fields of science and technology

[180,181].

3.4.6 Impedance Analyzer

An impedance analyzer is a sophisticated electronic device designed for the accurate
determination of the impedance of components and circuits over a wide frequency range,
varying from a few hertz to several megahertz or even gigahertz in some circumstances. The
main purpose of an impedance analyzer is to apply an alternating current (AC) signal to the
device under test (DUT) and then measuring the voltage (V) across it and the current (I)
flowing through the DUT, using high-precision voltage and current sensors. This allows the
analyzer to calculate impedance (Z), which in actuality is a complex number; with the real

part being resistance (R) and the imaginary part being reactance (X), usually represented as:
Z =R+ jX

The analyzer measures the phase angle between voltage and current to separate these
components and could perform frequency sweeps to examine how impedance fluctuates over
a range of frequencies. The measurements obtained can give a valuable information about
electrical properties of materials and components like capacitors, inductors and resistors and
their variation with operating conditions, as well as reveal resonant behaviours, losses, and
other frequency-dependent phenomena that are essential in applications like RF circuit
design, filter design, and signal integrity analysis. Moreover, the impedance analyzer
processes the collected data and presents it in graphical forms such as Nyquist and Bode plots.
Such visualizations let users assess the performance of DUT efficiently. Furthermore, the
dielectric parameters including dielectric constant (¢'), dielectric loss (¢”), tangent loss (tan
d), and ac conductivity (cac), could be determined using the values of impedance (Z),

capacitance (C), and angle (0) obtained from the impedance analyzer [182].
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Like all measuring instruments, impedance analyzers are equipped with features that
improve their operation. Many of these systems can incorporate automated testing capacity
so that many samples or various conditions can be tested in a short duration of time without
the need for assistance. Data logging options allow recording measurements over a time to
support and conduct long-term investigations and quality control processes. Many modern
analyzers also allow for software integration, making it possible to perform more complex

data analysis and presentation of advanced data.

In the field of research and development, impedance analyzers are used in material
characterization to examine the dielectric properties of materials required for other
applications such as in electronics, telecommunications, and biomedical engineering among
others. For instance, in biomedical applications, impedance analysis can be employed in the

examination of biological tissues to realize their state and condition [183,184].

3.4.7 Electrochemical Characterization Techniques (CV, GCD, EIS)

Electrochemical characterization techniques are valuable tools to determine the properties and
performance of materials used in energy storage applications. A trio of distinct
electrochemical characterization methods is predominantly used to
assess electrode’s supercapacitor performance viz Cyclic Voltammetry (CV), Galvanostatic
Charge Discharge (GCD), and Electrochemical Impedance Spectroscopy (EIS). In our
research, we utilize a three-electrode setup integrated with an electrochemical workstation to
conduct all these tests (CV, GCD, and EIS), for comprehensive electrochemical
measurements. This setup is made up of three dissimilar electrodes which include the working
electrode (WE), the counter electrode (CE), and the reference electrode (RE). All electrodes
are dipped in an electrolyte solution. A schematic representation of a three-electrode system

is provided in Fig. 3.15.
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Fig. 3. 15: Schematic diagram of three-electrode system [185]

This configuration provides fine control of voltage (potential) given to WE while
minimizing the influence of current on the RE. The current passing through the counter and
working electrodes is determined by analyzing the potential difference between the WE and
RE. The resultant current, proportionate to the voltage produced between the WE and RE is
recorded by a data-collecting device, ensuring reliable electrochemical measurements.
Furthermore, the electrochemical workstation adjusts and monitors the applied potential or
current while measuring the subsequent response, allowing extensive insights into the
electrochemical behavior of the system under investigation [186]. The detailed description of

characterization techniques like CV, GCD, and EIS are as follows:
(a) Cyclic Voltammetry (CV)

CV is an important technique that offers useful data regarding the electrochemical
performance of materials owing to redox reactions under varying applied voltage (or
potential). In a CV test, a three-electrode configuration is utilized, where a triangular potential
waveform is supplied to the WE and scanned with respect to RE. The resulting current
generated by redox reactions at the surface of the WE is recorded through the CE in an
unstirred analyte solution. CV operates by sweeping the voltage linearly back and forth

between two set points (or limits) in an electrochemical cell while recording the current
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response [185]. A duck-shaped cyclic voltammogram is obtained by plotting the current

versus the applied voltage, as shown in Fig. 3.16.

Oxidation

Forward scan

I(A)

v f

Reduction;

4—
Reverse scan

e - - - - -

2 .15 -1 -05Fc o Frps 1 15 2
E(V)

m .---------------‘
o
-

Fig. 3. 16: Schematic representation of cyclic voltammogram obtained from CV

measurements [187]

The voltammogram shown in Fig.3.16 clearly displays two distinct peaks that are
indicative of oxidation and reduction processes. During the anodic forward sweep (or scan),
the current increases as the potential is swept in a positive direction, causing the analyte to
oxidize. This results in the peak that signifies the maximum oxidation current. When the
potential is reversed, the current decreases due to which a reduction peak appears that signifies
the restoration of the oxidized species to its original state. The peak potential difference (AV)
is the difference in potential between both oxidation and reduction peaks, which could offer

information about the kinetics of redox processes and the reversibility of the reactions [188].

The more specific and focussed description of cyclic voltammogram involves various
phases starting from “a” to “h” as shown in Fig. 3.16. To start with, the oxidation process is
initiated from “a” (the initial potential) to “d” (the switching potential). In this region,
potential is scanned in a positive direction to induce oxidation. The current that is produced

in this process is known as the anodic current (Iya). At point “c”, the anodic peak potential
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(Epa) 1s observed when the entire substrate adjacent to the surface of the working electrode
has undergone oxidation. Once the switching potential is attained “d”, the potential is then
scanned in the negative direction from “d” to “h”. As such it gives rise to cathodic current
(Ipc) and the occurrence of reduction. At point “f”, the cathodic peak potential (Ejc) is

obtained when the whole substrate on the electrode surface has undergone reduction [189].

Moreover, the area under the CV curve can be quantitatively calculated to achieve the

Cs value of electrode material based on a three-electrode system as follows [190]:

Vy

Cs = (m;AV) f IV)av

V;

Where “m” corresponds to the mass of active electrode material, “I(V)” signifies current
corresponding to peak response, “v” denotes the scan rate, “AV” represents the potential

window over which the measurement is taken, and the area under the CV curve is denoted by
the integral “ f;/f 1(VH)av”’.
L

Such information revealed from the cyclic voltammogram plot, and the mathematical
calculations mentioned above elucidates the mechanism of oxidation and reduction potentials,
the specific capacitance of the material, the number of electrons that take part in redox

processes, and the kinetics of the reactions [191].
(b) Galvanostatic Charge Discharge (GCD)

The GCD approach is widely used in the supercapacitor domain because of its scalability
from laboratory experiments to industrial applications. It is a prevalent method for
determining Cs, cyclability, internal resistance (IR) drop, Eq, and P4 of a material at constant
current mode. In contrast to the CV technique which controls the voltage (or potential), the
GCD approach evaluates the system’s response to a constant current by measuring the voltage
over the charging or discharging time. The IR drop sometimes referred to as equivalent series
resistance (ESR) refers to the voltage (or potential) drop caused by internal resistance which
takes place at the initial stage of the discharge as indicated by a vertical line in the discharge

curve [192] shown in Fig. 3.17.
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In the GCD approach, a constant current passes through the working electrode during
the charge-discharge processes, to measure the potential changes over time against a reference
electrode. At first, the potential varies abruptly owing to internal resistance (IR) drop,
followed by a steady fluctuation as overpotential builds up across the electrodes, which
happens when the reactant concentration diminishes at the electrode surface. While charging,
the energy is stored in a material resulting an increase in voltage till it hits the preset cut-off
voltage. However, during discharging the energy stored in material is released at a steady

current until it reaches the lower cut-off voltage.

The Cs value of electrode materials can be derived from the discharge curve of GCD
as follows [190]:
I,,At
e~ (529
ST \av

Where “Im = é" represents the current density; “At” is the discharging time; and “AV”

denotes the applied potential window.

In addition, the Eq and P4 of the supercapacitor electrode materials can be calculated by

utilizing the appropriate formulae [190]:
Eq = (3)C.AV?,
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and

Eg4

Py =-2
47 At

The above parameters of Eq and P4 have their usual meanings as discussed earlier.

Specifically, GCD is advantageous for measuring the cycle stability and rate capacity
of ESDs. When several charge-discharge cycles are performed, for instance, the capacity
retention and degradation of the material can be investigated. This approach is vital for
establishing the practical usability of materials in real-world energy storage systems, since it

replicates realistic operating circumstances [194].
(¢) Electrochemical Impedance Spectroscopy (EIS)

EIS is a sophisticated technology that can deliver detailed investigations of the
electrochemical processes such as mass transfer from bulk solution to electrode surface,
charge transfer at the electrode-electrolyte interface, adsorption of electroactive species, and
electrolyte resistance, taking place within energy storage systems. It effectively examines the
behavior of electrode materials and the correlation between capacitive characteristics and both
electronic and ionic resistance of electrodes. The complexity of EIS can be explained more
effectively by expressing the foundational concept of resistance (R) from Ohm’s law, which
gives a relationship between voltage (V) and current (I)as follows[195]:

R_V
I

This frequency independent Ohmic equation is advantageous only in case of direct
current (dc) systems. However, in case of alternating current (ac) systems, the measure of
resistance in a circuit is given by impedance (Z) and the equation of impedance is analogous
to Ohm’s law as follows [195]:

V@)
I(w)

Where the impedance is proportional to frequency-dependent voltage V(w) and
current I (w) with “w” being the angular frequency of oscillating sinusoidal waves. By
applying a small amplitude ac signal to the system and measuring the resulting current
response over a wide range of frequencies, the EIS spectra can be visualized by Nyquist plot

with equivalent circuits, as depicted in Fig. 3.18.
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Fig. 3. 18: Nyquist plot of EIS spectra with an electrical equivalent circuit [186]

The equivalent circuit shown in Fig. 3.18 consists of four elements: Ohmic resistance

(Rs), constant phase element (CPE), charge transfer resistance (Rct), and Warburg impedance

(W). To describe complex electrochemical reactions adjacent to the electrode-electrolyte

interface, equivalent circuit models based on common electrical circuit components like

capacitors and resistors are used. Table 3.3 displays the components of these equivalent

circuits along with equations that describe their current-voltage relationships [196] .

Table 3. 3: Electrical components with their mathematical relations

Component Voltage (V) and Current (I) relation Impedance
Resistor E =1R Z =R
Induct d(l Z = jwL
nductor E =1 () jw

dt

C it d(E 1
apacitor I—C() 7 =-

dt JjwC

Electrolytic solution resistance is a crucial element in the impedance of an

electrochemical cell. This resistance is controlled by temperature, the concentration and type
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of ions present, and the shape of the region through which the electric current flows. Since
the resistor is independent of frequency and does not have any imaginary components, while
the inductor and capacitor include imaginary elements in their impedance The Nyquist plot
given in Fig. 3. 18 demonstrates both the imaginary and real components of impedance. The
imaginary component is displayed on the Y-axis, while the real component is illustrated on
the X-axis. An inset diagram depicts a fitted equivalent circuit matching to the Nyquist plot,
where the semi-circular loop illustrates the charge transfer resistance (R¢) and the slant line
reveals the diffusion process. The ionic diffusion may lead to a phenomenon known as
Warburg impedance, which is represented by a diagonal line with a 45° angle, indicating the
mass transfer of ions. Warburg impedance lowers at higher frequencies while increases at
lower frequencies due to the diffusion of reactants over shorter and longer distances

respectively [197].

Moreover, in the medium-frequency range, the physical and morphological properties
of the electro-active material considerably impact the capacitance value and behave as a
mixture of resistors and capacitors. Unlike capacitors, the interpretation of non-ideal
electrochemical behavior is given by CPE which is an essential component in EIS to analyze
the deviations caused by factors such as surface roughness, inhomogeneities, or distributed
time. The Nyquist plot analysis underscores the importance of EIS in understanding and
quantifying key parameters such as charge transfer resistance and ion diffusion behavior,
which are essential for optimizing electrochemical systems in practical applications,
including corrosion, semiconducting electrodes, coatings, batteries and fuel cells,
electrochemical kinetics and mechanisms, biomedical and biological systems, and solid-state

systems [183].
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CHAPTER 4

Results and Discussion

4.1 La-Doped Cu-CoFe204 Spinel Ferrites

4.1.1 Characterization

he synthesized pristine and lanthanum-doped Cu-Co spinel ferrites underwent

extensive characterization to determine the structural, morphological, magnetic, and

electrochemical properties. XRD study was done for evaluating the crystalline
structure and phase of synthesized samples for which powdered samples were scanned using
an X-ray diffractometer (Bruker D8 Advance) equipped with a Cu Ka radiation source (A =
1.5406 A) having a range of 20° to 70°, in steps of 0.02°s™ (generator power, sealed tube:
3kW - IuS: 50 W - TXS/TXS-HE: 6 kW). Using a (Perkin-Elmer) infrared spectrophotometer
(resolution 0.5 cm™), the produced sample’s FTIR spectra were obtained within wavenumber
range (400 cm™ to 4000 cm™'), to detect active vibrational modes. Surface morphology, as
well as elemental composition analysis, were conducted on the synthesized samples through
FESEM, JSM-7610F-Plus, [SEI resolution: 1.0nm (15kV), 1.3nm (1kV); during analysis: 3.0
nm, 15 kV; probe current: 5 nA] with an integrated EDX system. A thin fine layer of gold
(Au) was applied to the samples before imaging. Magnetic measurements within the field
range of 20 kOe, were conducted at ambient temperature via VSM (VSM-EZ9). A hydraulic
KBr press was used to prepare pellets by compressing the powdered samples and then perform
dielectric measurements within the frequency range of 100 Hz and 120 MHz, via Impedance
Analyzer (WK 6500B). Cyclic voltammetry (CV) was performed by utilizing (METROHM)
electrochemical workstation (potential resolution: 3 uV) to examine the fabricated electrode’s

electrochemical performance for supercapacitor applications.

4.1.2 XRD Analysis

XRD spectra of Cuo.79Co0.21LaxFe».xO4 with varying concentrations of lanthanum (0.0 < x <
0.8 in steps of 0.2) are presented in Fig. 4.1. The XRD spectra indicate strong and well-defined
diffraction peaks of the synthesized samples having a high degree of crystallinity with some
additional peaks of lanthanum-doped Cu-Co samples. This information provides significant

insights into the composition and crystalline structure of samples. XRD analysis of
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lanthanum-doped Cu-Co samples confirmed the presence of finely indexed diffracted peaks,
specifically (220), (311), (222), (400), (422), (511), and (440), indicating the formation of
cubic spinel structure classified within (Fd3m) space group. These peaks matched with the
standard (ICDD # 34-0425) and (ICDD # 22-1086) of (Cu - ferrite) and (Co - ferrite)
respectively, as reported in references [58,198]. Furthermore, the XRD spectra show several
specific peaks annotated with an asterisk (*) that verify the presence of lanthanum doping
along with the emergence of an orthorhombic (LaFeO3) secondary phase within (Pbnm) space
group, consistent with standard (ICDD # 74-2203) [199]. Fig. 4.1 demonstrates a direct
correlation between the La** ion concentration and the peak intensity of LaFeOs phase,
indicating that the peak’s intensity rises with an increase in La** ion concentration.
Conversely, by increasing the amount of La*" ions, several intensity peaks associated with the
spinel ferrite phase were dampened, distorting the crystal lattice. These findings suggest that
the solubility of La*" ions within the spinel lattice is limited [200]. Furthermore, the
identification of a dual-phase structure in lanthanum-doped Cu-Co ferrites has a significant
impact on their potential applications, particularly in high-performance permanent magnets.
These materials could be employed in various technologies, including electric motors,
magnetic sensors, and magnetic resonance imaging (MRI) devices. Moreover, the dual-phase
ferrite offers opportunities for designing multifunctional sensors capable of detecting both
magnetic and dielectric signals simultaneously, with potential applications in navigation
systems, robotics, and medical devices. Additionally, the unique dual-phase structure may
provide synergistic effects, making it suitable for energy-related catalytic processes such as
energy storage supercapacitors, fuel cells, or gas conversion reactions. Furthermore, this dual-
phase material holds promise for applications in the multilayer chip inductor [201],
microwave frequency devices [202], and biomedical fields such as cell manipulation, tumour
therapy, and targeted drug delivery [203]. The microstructural parameters listed in Table 4.1
were determined using established equations and analysis of XRD data, with a particular
focus on the dominant peak corresponding to the (311) crystallographic plane. The equations

used for finding various microstructural parameters are as follows [128,204,205]:

a = dV(h?+ k2 + 1?) 4.1)
D = K1/BCos6 4.2)
8 = 1/D? 4.3)
£ = B/4tand 4.4)
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px = 8M/(N4a)
py = my/(mr?h)

P(%) = ((Px — Pp)/Px) X 100
S =6000/(Dp,)

The variables used to calculate these parameters are outlined as follows: The symbols

represents the specific surface area.
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Fig. 4. 1: XRD patterns of Cug.79C00.21LaxFe2-Oq
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(4.5)
(4.6)
@.7)
(4.8)

‘a’ and ‘d’ signify the lattice constant and inter-planar spacing respectively; ‘h, k, and 1’ are
Miller indices; ‘D’ signifies the size of crystallite; ‘k = 0.94” is dimensionless shape factor
(Scherrer’s constant); ‘A’ represents wavelength of X-rays; ‘B’ is used to denote the full-width
at half-maximum (FWHM) of diffraction line; Angle ‘0’ is associated with Bragg's law.
Dislocation density and strain are represented by ‘6’ and ‘€’ respectively. Also, ‘M’ implies
the sample’s molecular weight; ‘N’ represents Avogadro's constant; Pellet’s mass, height,
and radius are represented by ‘m,’, ‘h’, and ‘r’ respectively. The symbols ‘px’ and ‘py’ indicate

the X-ray and bulk density respectively. The sample’s porosity is denoted by ‘P (%)’; and S’



Table 4. 1: Reliability factors (Rp, Ryp, Rexp), peak position (20), FWHM (B), Inter-planar
spacing (d), XRD and refined lattice parameters (a and Veen), (D311), (9), (€), (px), (ps), P(%),
(S), chi-square (x*) and good of fit (GoF) of Cuo.79C00.21Fez-+LaxO4

Parameters

x=10.0 x=0.2 x=0.4

x=0.6 x=0.8
R, (%) 17.6 21.9 18.2 19.8 21.1
Ry, (%) 17.0 20.9 17.8 21.0 25.8
Rexp (%) 13.9 17.3 15.9 16.5 8.45
20(°) 35.51 35.46 35.47 35.49 35.50
B (®) 0.301 0.312 0.218 0.213 0.215
d (A) 2.526 2.529 2.529 2.527 2.527
a(A) 8.378 8.389 8.387 8.382 8.380
Veeu (A%) 588.022 590.433 589.950 588.985 588.503
a (A)
8.376279 8.381635 8.379889 8.383554 8.377952
(Rietveld)
Vcell (/f3)
587.697(0.05) 588.825(0.27) 588.457(0.25) 589.230(0.04) 588.049(0.07)
(Rietveld)
D311 (nm) 28.94 27.92 39.96 40.90 40.52
(6+1073)
1.19 1.28 0.63 0.60 0.61
(nm~?)
(ex1073) 4.10 4.26 2.97 2.90 2.93
P (C%) 5.382 5.734 6.111 6.498 6.878
( g
Pb %) 2.464 4.084 4.115 2.834 4.469
P (%) 54.22 28.77 32.67 56.38 35.02
(5 *107)
, 38.513 37.477 24.568 22.577 21.528
(em*/g)
x? 1.487 1.460 1.264 1.614 9.290
GoF 12 1.2 1.1 1.3 3.0
Bragg R-
8.91 21.3 6.38 8.18 16.2
factor (%)
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Table 4.1 displays a variation in the evaluated lattice constant ‘a’, ranging between
8.378 A and 8.389 A for varying La®" ions concentrations. Initially, the lattice constant
increased until the La** ion concentration reached x = 0.2. Subsequently, it gradually
decreased with further substitution of La*" dopant ions. The observed increase in ‘a’ is likely
because of the disparity in ionic radii; the larger radius (1.06 A) of La*" ions than Fe*" ions
(0.67 A), results in expansion of crystal structure. However, incorporating more La** ions
restricts the expansion of crystal structure growth due to LaFeO3 phase formation, causing a
reduction in lattice constant [143,199,206]. The Debye-Scherrer equation, expressed in eqn.
(4.2), was employed to compute the crystallite size ‘D311’ of samples, yielding an estimated
size range of (27.92 - 40.90) nm. Equations (4.3) and (4.4) were employed to calculate
dislocation density ‘3> and strain ‘e’ respectively. The concentration of La** ions significantly
influenced the size of the crystallites ‘Ds3i1°, ‘0°, and ‘€’ as illustrated in Table 4.1. The
undoped (pristine) sample had a ‘D311 of 28.94 nm, a ‘5’ of 1.19 nm™, and a ‘¢’ of 4.10. As
the concentration of La>" ions increased, the crystallite size ‘Ds1;” initially decreased to 27.92
nm, accompanied by an elevation in both dislocation density ‘6’ and strain ‘€’ to 1.28 nm™
and 4.26 respectively, until reaching a concentration of x = 0.2. This trend resulted in a

decrease in the degree of crystallinity, as depicted in Fig. 4.2.
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Fig. 4. 2: Variation in ‘Ds11’, ‘5’, and ‘e’ with La’" ions concentration for

Cu.79Co0.21LaxFe>xOy

Subsequently, for concentrations x = 0.4 and 0.6, the crystallite size ‘D311’ increased
to 39.96 nm and 40.90 nm, while dislocation density ‘6’ decreased to 0.63 nm™ and 0.60 nm"

2, and strain ‘e’ decreased to 2.97 and 2.90 respectively. The decrease in both ‘5> and ‘g’
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indicates a lower concentration of imperfections (defects) in lattice and the formation of high-
quality synthesized samples [207]. Furthermore, the crystallite size ‘D311’ slightly decreased
to 40.52 nm, resulting in a slight increase in both dislocation density ‘6’ and strain ‘e’ to 0.61
nm~ and 2.93 respectively, until the concentration reached x = 0.8. Data analysis revealed a
fluctuating trend in the sample's crystallite size ‘D311° as the La®" ions doping concentration
increased. The reduction in crystallite size ‘D311’ initially resulted from differences in ionic
radii between La®" and Fe®" ions, making the substitution of La*" ions challenging. This
resulted in La** ions occupying interstitial sites, imposing additional stress that hindered the
crystallization of synthesized samples [201,208]. Nonetheless, the growth in crystallite size

‘Ds11” resulted from the larger ionic radius of La*" ions, fostering grain growth [128,199].

The outcomes of ‘px’, ‘pv’, and ‘P (%)’ as obtained from equations (4.5), (4.6), and
(4.7) are reported in Table 4.1. The graph depicted in Fig. (4.3) illustrates the variations in
these parameters as the dopant La** ion concentration changes. The increasing amount of La**
ions doping leads to a corresponding rise in X-ray density ‘px’, possibly due to the higher
molar weight of La*" ion than Fe*" ion. Moreover, the increase in molar weight surpasses the
expansion in the unit cell volume, leading to a linear upsurge in X-ray density ‘px’ [209]. On
the other hand, the bulk density ‘py’ exhibits a non-linear trend, possibly because of the
occurrence of certain unavoidable voids formed throughout the sintering and synthesis
process of the bulk samples [127]. The porosity ‘P (%)’ of synthesized samples, ranging from
28.77 % to 56.38 % as shown in Table 4.1, demonstrates a noteworthy improvement
compared to previous studies on Mgo2sNio25CuosxCoxFer.97La00304 [58] and
Zn9.5C00.25Cuo25FeaxLaxO4 [198]. The existence of these pores could potentially benefit

energy storage applications by enabling convenient electrolyte access to electrodes.

Table 4.1 summarizes the specific surface area ‘S’ values for synthesized samples,
obtained through calculations using equation (4.8). As observed from the data in Table 4.1,
an apparent correspondence between the substitution of La** dopant ions and the increasing
crystallite size ‘Ds311°, which subsequently leads to a significant decline in ‘S’. The reduction
in ‘S’ can be attributed to formation of larger crystal domains and utilization of a high

calcination temperature during the synthesis process [210].

72



7.0 - 60
—s—p (g/em’)

689 —o— Py (g/cms)

—e—P (%)

p——9,

6.6 1

3

Bulk density, p, @/cm’)

J
S

6.4

x

6.2 4

6.0

Porosity, P (%)

5.8

T
[

- 35

X-ray density, p_ g/cm?

5.6

5.4

524 . . . T . ,
0.0 0.2 0.4 0.6 0.8

La Concentration (x)
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La’* ions concentration for Cug.79Cop.21LaxFe:<Oq

To verify the phase structure of synthesized samples, Rietveld refinement analysis
was conducted on the raw data of a pristine cubic ferrite sample and lanthanum (La*") doped
samples, exhibiting a dual phase of cubic and orthorhombic structures. The Full-Prof Suite
program was used to carry out the refining procedure. Fig. 4.4 illustrates the Rietveld fitted
diffractograms, highlighting variations in intensity between the empirical (observed) data and

computed data. Several R-factors (R,, Ryp, Rexp), chi-square (x?) and goodness of fit (GoF

= ::ﬂ), were employed to assess the dependability of the structural analysis [211,212]. Table
exp

4.1 displays the refined parameters obtained through Rietveld fitted refinement process. A
lower value of chi-square (y?) and goodness-of-fit (GoF) signifies a better alignment (fit) to
the desired crystalline phase. The fitted refinement process was iteratively carried out until
the value of chi-square (y?) and goodness of fit (GoF) approached = 1, except for the last
dopant concentration (x = 0.8) which signifies the least fit for the desired crystalline phase

[198].
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4.1.3 FTIR Spectroscopic Analysis

FTIR spectroscopy serves as a valuable tool for examining sample quality, identifying
chemical bonds along with functional groups, confirming the presence of spinel structure, and
elucidating variations in ferrite systems caused by rare-earth dopant ion substitution [137].
The FTIR spectra were obtained at ambient temperature, ranging from 400 to 4000 cm™,
revealing discrete vibrational bands that are essential for determining the molecular structure
for both pristine and lanthanum-doped Cu-Co spinel ferrite samples with varying
concentrations of La*" dopant ions. Fig. 4.5 displays the FTIR results for all synthesized
samples, prominently unveiling two key vibrational bands (v and v2) located within (400 —
600) cm™! range. In this study, the initial (highest) vibrational band (v1) detected in the 524 -
531 cm! range is linked to intrinsic metal stretching vibrations at a tetrahedral site (Mietra-O).
While a subsequent (lower) vibrational band (v;) detected in the (461 — 465) cm™ range,
relates to octahedral stretching of metal (Mocta-O). These findings validate the presence of
spinel structure in all produced samples [211,213]. The bands observed at (1733 and 1089)
cm! ascribed to the stretching vibration of the C=O bond, providing insights into the
occurrence of certain functional groups within the samples. Additionally, the band that
occurred at 955 cm! is related to the deformation of Fe-O-H groups, providing further
understanding of the ferrite's chemical composition. Furthermore, a broad absorption band,
indicating stretching vibrations of O-H bonds was identified at a wavenumber of 3276 cm™'.
This observation highlights the presence of hydroxyl groups within the synthesized samples,
further enriching our understanding of their molecular structure [214]. Furthermore, Fig. 4.5
illustrates that with an increase in the lanthanum content within the nanoparticles, a slight
shift in the frequency band is observed, potentially attributed to variations in grain size and
lattice parameters. The stretching vibrations of Fe**- O? bonds result from alterations in the
lattice constant, consequently leading to a displacement in the band position. Moreover, upon
comparing five data sets (0.0 < x < 0.8), it was evident that higher La*" ion concentration
correlates with an increased intensity of the vz absorption band, while the v absorption band

shows no significant change in intensity. [215-217].
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Fig. 4. 5: FTIR spectra of Cu.79Co0.21LaxFe>xOy

Upon analyzing the IR spectra alongside the data presented in Table 4.2, a compelling
correlation emerges. Variations and shifts in the specific positions of vibrational bands v: and
vz are noted, attributable to varying concentrations of La*" dopant ions within the lattice sites.
These fluctuations in iron-oxygen bond length indicate a significant impact of dopant

concentration on the structural characteristics of synthesized ferrite samples [218].

Table 4. 2: FTIR absorption bands of Cu.79Coo.21LaxFe>Oy

Absorption
x=0.0 x=0.2 x=04 x =0.6 x=0.8
bands
v, (cm‘l) 531 530 524 526 531
v, (cm™1) 462 465 461 465 464

To sum up, the thorough examination of FTIR spectra not only confirms the existence
of the spinel structure but also unveils significant evidence about the structural details and
complex molecular composition of synthesized Cu-Co spinel ferrite samples, enhancing our

comprehension of their properties and potential applications [219].
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4.1.4 Morphological (FESEM) Analysis

Figure 4.6 presents FESEM micrographs showing the surface morphology, along with a
corresponding histogram depicting the particle size distribution of Cuo.79Co00.21LaxFe>«O4
samples with varying concentrations (x = 0.0, 0.2, 0.4, 0.6, and 0.8) of lanthanum (La>") ions.
The micrographs clearly demonstrate the existence of particles with irregular shapes and
varying sizes, along with a noticeable degree of agglomeration in all Cuo.79C00.21LaxFe2-xO4
ferrite samples. The porosity detected in all the samples will find its potential in gas sensing
and energy storage applications. The observed agglomeration is consistent with previous
studies [220], indicating that it occurs due to magnetic interactions and process-related factors
such as precursor concentration, mixing conditions, crystallite size, and calcination process
[128,221]. Furthermore, the histogram displays the particle size distribution, which is
determined by analyzing FESEM micrographs using Imagel] software. The experimental
results reveal the non-uniform size distribution of particles, varying between 1.06 um and
1.87 um, as the concentration of La*" ion increases. The observed variations in particle size
of lanthanum-doped Cu-Co ferrite samples can be attributed to factors such as non-uniform
nucleation, heterogeneous growth rates, as well as existence of oxygen vacancies and voids

along grain boundaries during the synthesis process [222-224].
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4.1.5 Elemental (EDX) Analysis

The elemental composition of Cuo.79Coo.21LaxFe2xO4 (0.0 < x < 0.8) ferrite samples was
investigated using EDX, an analytical method for identifying and quantifying elements in
materials. The EDX spectrum in Fig. 4.7 shows clear and distinct peaks corresponding to
lanthanum (La), copper (Cu), iron (Fe), cobalt (Co), and oxygen (O), indicating their presence
in accurate stoichiometric ratios across all synthesized ferrite samples. The rise in intensity
of the lanthanum peak, coupled with a concurrent decrease in the intensity of the iron peak at
higher doping concentrations, indicates the effective replacement of Fe** ions by La** ions in
the doped ferrite samples. Elemental mapping images visually display the spatial distribution
of these elements within the samples. Also, the detection of peaks corresponding to gold and
carbon in all samples is attributed to the utilization of gold sputter coating and carbon taping
respectively, which are essential preparatory steps for conducting accurate EDX
measurements [199,225]. Furthermore, the observed ratios of elements closely match the
chemical formula for the specific compositions. Consequently, the employed synthesis
technique has proven to be highly effective in producing mixed ferrites that exhibit

exceptional stoichiometry and a commendable degree of purity.
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Fig. 4. 7: EDX spectrum and mapping of Cuo.79Coo.21LaxFe>~0qy

4.1.6 Magnetic (VSM) Measurements

In this study, the magnetic properties of Cuo79Co021LaxFe2xO4 ferrite samples were
systematically analyzed at room temperature via a VSM technique. This investigation aimed
to understand the magnetic behavior of samples as a function of lanthanum (La**) ion doping,
which was varied within the range of 0.0 to 0.8, with step intervals of 0.2 as depicted in Fig.
4.8. The study primarily focused on six key magnetic parameters: saturation magnetization
(M), retentivity (M), coercivity (Hc), magnetic moment (ng), squareness ratio (Ryq), and

anisotropy constant (K1). The saturation magnetization (M;s) values for the Cuo.79Co0.21LaxFe>-
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«O4 ferrite samples were observed to decrease as the concentration of La** ion increased.
Specifically, the Ms values were found to be 37.28 emu g, 24.95 emu g, 21.84 emu g’',
6.24 emu g!, and 10.40 emu g™! for La*" ion concentrations of x = 0.0, 0.2, 0.4, 0.6, and 0.8,
respectively. The decline in M; with increasing La*" ion concentration (Fig. 4.9) can be
attributed to the dilution effect caused by the incorporation of non-magnetic La*" ions into
the ferrite structure. As the La®" ion content rises, the number of magnetic Fe*" ions decreases,
thus leading to a reduction in an overall magnetic moment [226]. Similarly, the retentivity
(M:) of the ferrite samples was also observed to decrease with increasing La** ion
concentration shown in Fig. 4.9. The values of M; were found to be 20.13 emu g!, 13.46 emu
gl 9.6 emu g, 2.52 emu g, and 2.85 emu g! for La*>" ion concentrations of x = 0.0, 0.2,
0.4, 0.6, and 0.8, respectively. This decrease in M; can be attributed to the decreasing Ms, as
M: is dependent on Ms. When the saturation magnetization decreases, the material’s ability to

sustain magnetization without an external magnetic field also decreases.
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Fig. 4. 8: M-H curve of Cuo.79Coo.21LaxFe>x04
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Fig. 4. 9: Variation in saturation magnetization (My), and retentivity (M,) with La’>" ions

concentration for Cug.79Coo.21LaxFe>xO4

The coercivity (Hc) of the samples was calculated using the formula:

_ 0.96+K;

H
c M,

(4.9)

Here K| is the anisotropy constant. It was observed that H. exhibited an irregular trend
with increasing La®" ion concentration. The coercivity values were 1118.98 Oe, 1147.38 Oe,
826.84 Oe, 754.92 Oe, and 978.25 Oe for La** ion concentrations of x = 0.0, 0.2, 0.4, 0.6, and
0.8, respectively. This irregular trend in coercivity can be attributed to the complex interplay
of magnetic interactions in the ferrite structure, which is influenced by the changing
composition of the addition of La*" ion. The competition between exchange interactions and
anisotropy effects can lead to this non-linear behavior. The irregular trend in coercivity, which
reflects the complex interplay of magnetic interactions, suggests potential use in magnetic
recording media, where precise control of coercivity is essential for data storage [227]. The

magnetic moment (ng) for the prepared samples was calculated using the formula:

_ MgaMw

np =" (4.10)

Here M is the saturation magnetization, and MW is the molecular weight. The

magnetic moment values were found to decrease with increasing La*" ion concentration and
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were 1.59 uB, 1.14 uB, 1.06 uB, 0.32 uB, and 0.57 uB for La** ion concentrations of x = 0.0,
0.2,0.4,0.6, and 0.8, respectively. This decrease in magnetic moment is a direct consequence
of the reduction in Ms. As previously mentioned, the incorporation of non-magnetic La*" ions
into the ferrite lattice reduces the number of magnetic ions, resulting in a smaller magnetic

moment [228]. The squareness ratio (Rsq) was evaluated by the formula:

Ryg =" @.11)

For all the prepared samples Ryq value was found to be less than 1, indicating
superparamagnetic behavior. This behavior suggests that the magnetic moments within the
samples are not aligned and exhibit rapid and random switching under the influence of an
external magnetic field. Superparamagnetism is commonly observed in nanoscale materials,
and the small particle size and compositional variations in the ferrite samples likely contribute
to this behavior [229]. The superparamagnetic behavior makes these materials suitable for
applications in magnetic nanoparticles for targeted drug delivery, where the rapid and random
switching of magnetic moments can enable the controlled release of therapeutic agents in
response to an external magnetic field. Additionally, these spinel ferrites may find
applications in magnetic sensors for detecting weak magnetic fields due to their
superparamagnetic behavior, making them valuable in geophysical exploration and non-
destructive testing. The anisotropy constant (K;) values were found to decrease with
increasing La** ion concentration. The K; values were 42566.91 erg/cc, 29211.36 erg/cc,
18426.72 erg/cc, 4806.84 erg/cc, and 10381.43 erg/cc for La*" ion concentrations of x = 0.0,
0.2, 0.4, 0.6, and 0.8, respectively. The decrease in K; can be attributed to the changing
structural and compositional features of the ferrite samples as the La®" ion is incorporated.
Anisotropy in magnetic materials is influenced by factors such as crystallographic orientation
and domain structure. The variation in La** ion concentration may lead to changes in these
factors, resulting in the observed decrease in Ki. The observed magnetic behavior can have
implications in designing efficient microwave absorbers for electromagnetic interference
(EMI) shielding, as the variation in anisotropy constant (K;) can impact the absorption
characteristics, making them suitable for EMI protection in electronics and
telecommunication equipment. Overall, the tuneable magnetic properties of these spinel

ferrite materials offer versatility for applications in diverse technological domains [230].
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Table 4. 3: Magnetic parameters of Cup.70Coo.21LacFe:-xOy

dM/dH
Conc.
M; M:; H. nB qu Ki Hm H—
(x)
0 Hm
(emu/g) (emu/g) (Oe) (uB) (erg/cc) (Oe) (emu/gOe) * 1073
0.0 37.28 20.13 111898 1.59 0.54 4256691 822.21 9.36 20.40
0.2 24.95 1346 114738 1.14 0.54 29211.36 815.10  6.28 13.74
0.4 21.84 9.61 826.84 1.06 0.44 18426.72 403.99 8.37 11.65
0.6 6.24 2.52 75492  0.32 040 4806.84 412.30 2.37 3.35
0.8 10.40 2.85 978.25 0.57 0.27 10381.43 480.60 2.49 3.10

Further, magnetic susceptibility () of a material can be described in terms of dM/dH.
Owing to the magnitude's relationship to the switching or inversion field distribution (SFD),
magnetic susceptibility (dM/dH) is frequently estimated to assess the magnetic interaction in
various systems. The dM/dH curve is a useful tool for assessing the behavior of grains in
prepared samples, particularly in distinguishing between single-domain (SD)/pseudo-single
domain (PSD) and multi-domain (MD) behavior. Certain magnetic values viz. Hn, dM/dH at
H—0 and H—H, are presented in Table 3. In the case of an ideal single-domain particle with
a square-shaped M-H loop, the y is significantly high at the coercive field (Hc) and drops to
zero as H—0. According to Table 4.3, it is notable that there are finite y values at H—O0,
specifically 9.36, 6.28, 8.37,2.37, and 2.49 in 10~ emu g! Oe units for x = 0.0, 0.2, 0.4, 0.6,
and 0.8 samples, respectively. This observation further supports the presence of single
domain/pseudo-single domain and multi-domain grains in the samples under investigation.
The peaks observed in the data are evenly spaced at 2Hm and symmetric around H—O0.
Examining Figure 4.10, we notice that the peak height of ¢ at Hi is 20.40, 13.74, 11.65, 3.35,
and 3.10 in 102 emu g Oe units for x = 0.0, 0.2, 0.4, 0.6, and 0.8 samples, respectively.
These peak heights are higher than the x at H—0, as confirmed by Table 4.3. The increasing
separation between peaks at Hm, along with the higher peak height of y = dM/dH indicates a
magnetically stable state and a well-crystallized cubic matrix in all the samples. In contrast,
the narrow peak separations and small peak heights observed in the nano ferrites can be

attributed to the presence of large, unstable superparamagnetic domains. As evidenced by
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Table 4.3, the values of Hy are consistently lower than H, suggesting the absence of a

switching field distribution, which is often observed in nanoparticles with disordered shell

structures [228,229,231].

Fig. 4. 10: dM/dH plot of Cuo.79C00.21LaxFe>xO4
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4.1.7 Dielectric Studies

The dielectric studies of Cuo.79Co00.21LaxFe2.xO4 ferrite samples at five different concentrations
(x =0.0, 0.2, 0.4, 0.6, 0.8) were analyzed using an impedance analyzer. This investigation
aimed to understand the room temperature dielectric behavior of the samples within the
logarithmic frequency range of 100 Hz - 120 MHz. The dielectric characteristics of a material
are influenced by ionic, dipolar, electronic, and space-charge polarization processes, each
contributing variably over distinct frequency ranges. The dielectric behavior of a material is
often characterized by the relative dielectric constant (€) represented in the form of a complex

quantity as follows [232]:

e =&+ ig" (4.12)
The above equation (4.12) includes real (¢') and imaginary (¢'') components of dielectric
constant, in which the former signifies the material's ability to store energy in a dielectric
material via polarization, while the latter denotes the energy dissipated (loss) as heat when

subjected to an applied field.

In addition, the correlations between the real part (¢'), imaginary part (¢'’), and tangent

loss or dissipation factor (tan &) was calculated using the following relations [233,234] :

p_ Cd
== (4.13)
g = ¢ xtané 4.14)

Where ‘C’ signifies the capacitance measured by the impedance analyzer, ‘d’ represents the
thickness of pellets (1.4 mm <d < 1.8 mm), ‘A’ corresponds to the area of the cross-section
of pellets, (g, = 8.85 * 10712)F m~1 denotes the absolute permittivity of vacuum, and ‘8’

represents the phase difference that exists between the induced current and the applied field.

The variation of frequency-dependent dielectric constant’s real part (¢'), dielectric
constant’s imaginary part (¢''), and loss tangent (tan ) of Cuo79Coo21LaxFer.xOs are

presented in Fig. 4.11, Fig. 4.12, and Fig. 4.13, respectively.

As observed in Fig. 4.11, the frequency-dependent behavior of ¢ displays dispersion.
For all pristine and La-doped Cu-Co ferrites, the &' values decrease with an increase in
frequency (up to IMHz) and stabilize to nearly constant values for frequencies above 1MHz.
At low frequencies, the &’ displays high values across all La** ion compositions (x) of
Cuo.79Coo.21LaxFe2xO4 ferrites, primarily due to interfacial polarization arising from surface

charges at the grain boundaries and the influence of space charge polarization that prevails in
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materials with heterogeneous structures. The induced field at this low frequency allows ample
(or sufficient) time for dipoles to align completely, resulting in a noticeable dielectric
response [235,236]. In addition, as frequency increases, the value of (¢") drops drastically for
compositions (x = 0.4, 0.6, and 0.8) and slightly for compositions (x = 0.0 and 0.2) of
Cuo.79Co0.21LaxFe>-x04. This phenomenon arises as the induced dipoles struggle to follow the
rapidly oscillating field at elevated frequencies, resulting in reduced polarization [67,68].
Furthermore, the value of (&) increases with higher concentration (x) in Cug.79C00.21LaxFes-
«O4, demonstrating that higher lanthanum (La**) ions doping enhances polarization processes.
This tendency may be ascribed to structural changes or an increased charge carrier density. It
is also observed from the plot that the maximum value of (¢") is achieved at a concentration
of (x = 0.8), indicating that the substitution of La*" ions considerably affects the material’s
polarizability [221]. These studies suggest that lanthanum (La**) ion doping enhances
polarization, dielectric properties, and magnetic behavior in various materials, making them

viable for applications in radiation absorption, data recording, and photocatalysis [132].
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Fig. 4. 11: Room-temperature variation of dielectric constant’s real part (€') with frequency

of Cuo.79Coo.21LaxFe; <Oy
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To examine the conduction characteristics, the frequency-dependent imaginary part
of dielectric constant (¢'") for varying La*" ions concentrations (x) in Cuo.79C0021LaxFesxO4
ferrites is portrayed in Fig. 4.12. At low frequencies, the dielectric loss or imaginary part of
dielectric constant (¢'") exhibits high values across all compositions (x) of Cuo.79C0o.21LaxFes-
xOy4 ferrites due to interfacial polarization and then declines sharply as the frequency escalates
due to the misorientation of dipoles in response to the varying electric field. Such dispersion
behavior in Cuo79Coo21LaxFe>xOs ferrites can be described using Maxwell Wagner-type
interfacial polarization in compliance with Koop's phenomenological theory [239-241]. As
observed clearly in Fig. 4.12, the dielectric loss (&) reaches maximum values at lower
frequencies for specific concentrations of lanthanum (La*") ions (x = 0.4 and 0.8), attributed
to enhanced polarization mechanisms and structural modifications caused by La*" ion
substitution. Furthermore, this substitution modifies the ionic conductivity and facilitates
enhanced Fe?*«>Fe*" hopping processes within the material. Consequently, these alterations
lead to a notable increase in the dielectric losses observed in these compositions [128].
Finally, at high frequencies (above 100 KHz), the imaginary part of dielectric constant (&'")
stabilizes and approaches nearly zero, indicating that electronic polarization dominates, while
ionic and orientational polarization mechanisms contribute insignificantly to dielectric loss at

these frequencies [242].
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Fig. 4. 12: Room-temperature variation of dielectric constant’s imaginary part (€'')

with frequency of Cuo.79C00.21LaxFe:-»Oq
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The loss tangent (tan &) is a key contributor to the core loss of Cug.79C00.21LaxFe>-
«O4 ferrites. Its magnitude is influenced by structural uniformity, the presence of Fe?* ions,
and the synthesis conditions such as sintering temperature and time [243]. The frequency-
dependent loss tangent (tan &) for varying La>"ions concentrations (x) in Cuo.79C0021LaxFes-
xO4 ferrites is depicted in Fig. 4.13. At low frequencies (around 100 Hz), the value of “tan §”
attains its maxima across all compositions (x) of Cuo.79Coo.21LaxFe>«O4 ferrites, which may
be ascribed to thermally excited (or activated) charge carriers and the presence of structural
defects within the material. As frequency increases, there is a noticeable drop in “tan 0™ up to
a certain frequency threshold of around 1MHz. The observed decrease in “tan ¢” is mainly
attributed to the inability of charge carriers to follow the quick oscillations of the electric
field, along with charge hopping process between Fe? and Fe*" ions, and dipole orientation
towards the direction of electric field. In the high-frequency range, low resistivity allows
grains to dominate conduction, requiring less energy for electrons to shift between ions,
resulting in minimal tangent loss [244]. Beyond 1 MHz of frequency, the “(tan §)” reaches
a steady (or constant) lower value which indicates the intrinsic dielectric loss of the material
caused by ionic as well as electronic polarization mechanisms. Moreover, it is observed from
the plot that an increasing La** ions doping concentration shifts the “(tan §)” curves upward,
indicating enhanced dielectric losses possibly due to the lattice distortions and defects that
generate localized charge carriers. These observations correspond well with Koop’s
hypothesis, which emphasizes the interaction between high-resistance grain borders and low-

resistance grains in determining dielectric properties [241,242] .
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Fig. 4. 13: Room-temperature variation of the tangent loss (tan &) with frequency of
Cuo.79Coo.21LaxFe2 Oy
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4.1.8 AC Conductivity

The frequency-dependent AC conductivity (o,.) is an important electrical characteristic. The
variation of AC conductivity (o,.) across all concentrations (x) of La*" ion in
Cuo.79Co0.21LaxFe2xO4 ferrites shown in Fig. 4.14, was analyzed within the frequency range
of 100 Hz - 120 MHz using the following relation [243]:

Ouc = WEYE tan & (4.15)

where (w = 2mf) signifies the angular frequency.
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Fig. 4. 14: Room-temperature variation of AC conductivity (o,.) with frequency of
Cuo.79Coo.21LaxFe> Oy

As observed in Fig. 4.14, at lower frequencies, (0g,.) stays largely invariant (or
constant) across all concentrations of La*" ions up to 1 MHz. This results from the
predominance of localized charge carriers at the grain boundaries and the infrequent hopping
activities between Fe?* and Fe*" ions [245]. As the frequency increases, the AC conductivity
(04c) progressively rises owing to grain conductivity and enhanced polaron hopping within
the Cuo.79Co0.01LaxFer.xO4 ferrites [237]. However, at elevated frequencies especially (beyond
10 MHz), the AC conductivity (g,.) exhibits an exponential increase, a characteristic feature
of ferrites, and is caused by the enhanced mobility of charge carriers at higher energy levels.
It is noticed from the plot that the g, of Cuo.79C00.21LaxFe>-xO4 ferrites increases significantly
with higher doping concentrations (x) of La** ions. This enhancement results from structural

modifications that promote the hopping of electrons among Fe?" and Fe*" ions and reduce
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grain boundary resistance, thereby facilitating better charge transport [246,247]. These
findings offer useful insights into the electrical characteristics and conduction processes of
Cuo.79Co0.21LaxFe>.xO4 ferrites, which may be employed to enhance their performance for

specific frequency-dependent applications.

4.1.9 CV Study

This study investigates the electrochemical behavior of Cug79Coo21LaxFe2xO4 spinel ferrite
samples at five different concentrations (x = 0.0, 0.2, 0.4, 0.6, 0.8) as potential materials for
supercapacitors. Cyclic Voltammetry (CV) was conducted to understand the electrochemical

properties of these samples at room temperature using a three-electrode system.
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Fig. 4. 15: CV curve of Cug.79Coo.21LaFe2x0y

CV experiments were performed at a scan rate of 10 mV s™! within a potential window
of 0-0.5 V for all samples. The CV curves shown in Fig. 4.15 displayed characteristic redox
peaks, indicative of faradic (battery-like) behavior. The cyclic behavior in CV is ascribed to
the reversible redox reactions within the electrode material. During forward and reverse scans,
oxidation and reduction processes occur, resulting in the characteristic redox peaks. The

specific capacitance (Cs) was determined using the formula [205]:
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—_1 (Vs
Cs = mvAV fVi I(v)av

(4.16)

Here, ‘m’ represents the loaded mass, ‘v’ denotes the scan rate, ‘AV’ corresponds to

the potential window, and the integral signifies the area under the CV curve. As known,

capacitance is directly proportional to the area of the CV curve. The specific capacitance

values for x =0.0, 0.2, 0.4, 0.6, and 0.8 were calculated as 372.0 F g!, 270.8 F g, 395.6 F g

1,540.0 F g!, and 292.8 F g'! respectively (see Table 4.4). The highest specific capacitance

was observed for x = 0.6, reaching 540.0 F g'!. The augmentation in Cs at x = 0.6 can be

attributed to the increased porosity level at this composition, a finding that is corroborated by

the XRD analysis detailed in Table 4.1.

Table 4. 4: Electrochemical parameters from CV curve of Cug.790Coo.21LaxFe>xOqy

Conc. (x) Area Scan rate  Scan rate Potential window Mass Mass Cs
(AV) (mV s™) (Vsh V) (mg) (2 (Fgh
0.0 0.00186 10 0.01 0.5 1 0.001 372.0
0.2 0.001354 10 0.01 0.5 1 0.001 270.8
0.4 0.001978 10 0.01 0.5 1 0.001 395.6
0.6 0.0027 10 0.01 0.5 1 0.001 540.0
0.8 0.001464 10 0.01 0.5 1 0.001 292.8

The superior specific capacitance observed at x = 0.6 can be attributed to several factors:

a.

Optimal Composition: The composition of Cuo.79Coo.21LaxFe2xOs at x = 0.6 may have

a balanced ratio of active sites, allowing for increased charge storage capacity.

Crystal Structure: The crystal structure at x = 0.6 may facilitate faster ion diffusion

and better charge transport, enhancing capacitance.

Surface Area: The specific surface area at x = 0.6 might be more favorable for

electrolyte-electrode interactions, promoting higher capacitance.

The Cs of 540.0 F g! was achieved for x = 0.6 surpasses the values reported in
previous studies, such as Cu-CoFe,04 (221 F gl at 5 mV s!), Ni-CoFe,04 (60 F g™ at 5 mV
s1), Ni-CuFe;04 (16.9 F g at 5 mV s7! ) [248] MnFe;04 (25.21 F g! at 50 mV s™!) [249],
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NiFe;Os (79.04 F g! at 2 mV s), Nip7sMgoasFe:Os (6527 F g! at 2 mV s,
Nio.soMgo s0Fe204 (82.45 F g! at 2 mV s7), Nig2sMgo.7sFe204 (149.88 F g at 2 mV s™),
MgFe;04 (178.34 F gl at 2 mV s) [250].

To further enhance the Cs of these spinel ferrites, future research can focus on the
innovative preparation of composites with 2D materials like rGO, MXene, and Polyaniline.
These composites are expected to exhibit improved electrochemical performance. The
ultimate goal of this research is to develop efficient supercapacitors, which can find wide
applications in various sectors, contributing to sustainable development goals and benefiting
society at large. The higher specific capacitance values acquired in this study represent a

significant step towards achieving this objective.
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4.2 ZnoaMno4NiosFe:04 (ZMNF) Nanoparticles, Reduced
Graphene Oxide (rGO), and Zno.1Mno.4Nio.sFe204/rGO (ZMNFG)

Nanocomposite

4.2.1 Physical and Electrochemical Characterization

The comprehensive characterization of synthesized ZMNF nanoparticles, rGO, ZMNFG
composite, and their corresponding electrodes utilized in this research were thoroughly
analyzed to evaluate their physical and electrochemical properties. The XRD patterns of
synthesized materials were analyzed using a (BRUKER D8 ADVANCE) X-ray
diffractometer (generator power, sealed tube: 3kW - IuS: 50 W - TXS/TXS-HE: 6 kW), with
Cu Ko radiation (wavelength, A = 1.5406 A) as the X-ray source. The scanning range was set
from 10° to 70° with a step size of 0.02°s! to determine the crystalline structure and phase of
the samples. Raman spectroscopic analysis was performed solely on rGO using the Raman
spectrophotometer (BRUKER RFS 27 FT) to investigate their structural and vibrational
properties, offering essential insights into the quality and structure of graphene. The
(PERKIN-ELMER) FTIR spectroscopy (resolution: 0.5 cm™), revealed the presence of
functional groups and chemical bonding within the wavenumber range of 400 — 4000 cm'.
The visualization of surface morphology and identification of the elemental composition of
samples were analyzed by FESEM (model JSM-7610F-PLUS), [SEI resolution: 1.0nm
(15kV), 1.3nm (1kV); during analysis: 3.0 nm, 15 kV; probe current: 5 nA] equipped with
EDX spectroscopy. The VSM (model VSM-EZ9) was utilized to evaluate the magnetic
properties of samples within the applied field range of £15 kOe. Furthermore, electrochemical
characterization techniques such as CV, GCD, and EIS were employed to assess the energy
storage performance and charge transfer kinetics of fabricated ZMNF nanoparticles, rGO, and
ZMNFG composite electrodes in an electrochemical workstation, METROHM, (potential
resolution: 3 uV). These electrochemical studies are vital for assessing their feasibility for

supercapacitor applications.

4.2.2 XRD analysis of ZMNF nanoparticles, rGO, and ZMNFG
nanocomposite

XRD analysis was performed on GO, rGO, Zno.1Mno4Nio.sFe;O4 (ZMNF) nanoparticles as
well as the nanocomposite Zng.1Mno4NigsFe204/rGO (ZMNFG), to examine the crystal
structure and phase purity of all samples. Figures (4.16 and 4.17) depict the XRD patterns of
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GO, rGO, ZMNF nanoparticles, and the nanocomposite (ZMNFG). The XRD pattern of the
synthesized GO, as depicted in Figure (4.16a) exhibits a sharp and prominent peak (001) at
20 = 10.52° and a weaker peak (100) at 20 = 42.36° with interplanar spacings of 8.4 A and
2.1 A, respectively. These peaks are indicative of the formation of oxygen functional groups
within the GO layers, thereby confirming the successful synthesis of GO [251-253]. Figure
(4.16b) presents the XRD patterns of rGO after thermal treatment. The broader diffraction
peak observed at approximately 20 = 23.51° corresponds to the (002) plane is due to the
presence of the graphitic (graphite-like) structure with an interplanar spacing of 3.7 A.
Furthermore, the XRD pattern of rGO displays an extra diffraction peak (100) at 26 = 43.14°
characterized by an interplanar spacing of 2.0 A. This weak diffraction peak likely arises due
to the restacking of the graphene sheets in their reduced state. Consequently, the observed
reduction in interplanar spacing of rGO in comparison to GO is possibly ascribed to the
absence of certain oxygen-based functional groups on the basal plane [254]. This observation
suggests the successful reduction of GO during the reduction process. These findings
highlight the effectiveness of thermal treatment in reducing GO and restoring its graphitic
structure. The observed restacking of the reduced graphene sheets suggests the potential for
further optimization of the thermal treatment process to achieve improved structural
properties and boosted performance in numerous applications such as energy storage

supercapacitors, batteries, electronics, and biomedical applications.

Likewise, the XRD pattern of pristine ZMNF nanoparticles (Fig. 4.17a) exhibits
intense peaks, ensuring an excellent crystallinity of the obtained Zno.1Mno4NiosFe2O4
nanoparticles. The detected reflections or diffraction peaks of ZMNF nanoparticles with
various hkl values: (111), (220), (311), (222), (400), (422), (511), and (440) were identified
at values of (20 =18.24°, 30.02°, 35.35°, 36.98°, 42.97°, 53.30°, 56.83° and 62.38°)
respectively. These findings demonstrate the formation of ZMNF nanoparticles with a single-
phase cubic structure, specifically belonging to the Fd3m space group, without any detectable
impurities. The quality of the synthesized cubic-structured ZMNF nanoparticles is in good
agreement with the XRD standard file of (ICDD: 08-0234) [121,255]. Furthermore, the XRD
pattern of ZMNFG nanocomposite reveals prominently strong and sharp peaks corresponding
to both ZMNF nanoparticles and rGO without any other (extraneous) undesired peaks. The
ZMNFG nanocomposite (Fig. 4.17b) displays all the crystalline peaks of pristine ZMNF as
well as rGO. The increase in peak intensity of both ZMNF and rGO in the ZMNFG

nanocomposite may be due to a combination of reasons, including the insertion of rGO within
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the ZMNF matrix, enhanced crystallinity, and reduced defects [256]. This observation
indicates the successful synthesis of a highly pure ZMNFG nanocomposite. The peak position
of ZMNF nanoparticles remains unchanged, while the peak position of rGO situated at 20 =
26.42° shown in (Fig. 4.17b) shifts towards a higher angle in ZMNFG nanocomposite

compared to pure rGO shown in (Fig. 4.16b). This shift may be possibly due to the

intercalation or interaction between rGO and ZMNF nanoparticles, potentially affecting the

lattice parameters and introducing lattice strain [134,257].
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Fig. 4. 17: Xrd plot of (a) graphene oxide (GO); Fig. 4. 17: Xrd plot of (a) ZMNF nanoparticles;
and (b) reduced graphene oxide (rGO) and (b) ZMNFG nanocomposite

Moreover, Table 4.5 presents the calculated values of certain structural parameters viz
crystallite size (D), lattice constant (a), inter-planar spacing (d), and the strain (&)
corresponding to the high-intensity peak (311) of both ZMNFG nanocomposite and ZMNF
nanoparticles. The Scherer equation (D = kA/fCosf) was applied to ZMNFG
nanocomposite and ZMNF nanoparticles, yielding an estimated crystallite size of

approximately 31.10 nm and 20.25 nm respectively. The lattice constant was obtained by

applying the formula (a = d+/(h? + k2 + [2)), resulting in an estimated value of around
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8.408 A for ZMNFG nanocomposite and 8.415 A for ZMNF nanoparticles. Using Bragg’s
equation (nA = 2dSin@), distance between the planes (d-spacing) was found to be 2.535 A
for ZMNFG nanocomposite and 2.537 A ZMNF nanoparticles. The equation (¢ = 8 /4tan®)
was employed to determine the lattice strain of ZMNFG nanocomposite and ZMNF
nanoparticles, resulting in values of 0.0038 and 0.0059 respectively. The observed increase
in crystallite size (D) of ZMNFG nanocomposite compared to ZMNF nanoparticles occurs
due to the interaction between ZMNF nanoparticles and rGO, which induces structural
changes in ZMNF nanoparticles [258]. This validates that the expansion of pre-existing
crystallite size leads to a rise in the size of crystallites in comparison to pristine ZMNF
nanoparticles. This outcome indicates that larger crystallites may be linked to improved
performance in specific applications. Nonetheless, comprehending the underlying
mechanisms is crucial for designing and optimizing nanomaterials to meet the specific needs

of each application.

Table 4. 5: Structural parameters of (a) ZMNF nanoparticles, and (b) ZMNF G nanocomposite

Sample Peak hkl FWHM Interplanar  Lattice Crystallite  Lattice

code  Position Values Spacing Constant Size Strain
20 (deg) B (deg) dA) a (A) D (nm)

(a) 35.35 311 0.43 2.537 8.415 20.25 0.0059

(b) 35.38 311 0.28 2.535 8.408 31.10 0.0038

4.2.3 Raman Analysis of rGO

To further confirm the formation of rGO, Raman spectroscopic investigations were conducted
on the sample (material) to analyze the structure and characteristics of rGO as depicted in Fig.
4.18. The Raman spectra of rGO typically display two main peaks within the wavenumber
range of 1000 — 3000 cm™!, known as D and G bands of graphene sheets. The D band observed
at around 1323.20 cm™, reflects the defects and disorders within the graphene structure [259].
On the flip side, the G band observed at approximately 1593.64 cm™, corresponds to the first—
order Ez, mode of sp>-hybridized carbon atoms, indicating the presence of graphitic domains

in the material [260]. The intensity ratio (In/Ig) of D and G bands is typically utilized to
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determine the degree of disorder in rGO. In this study, the (Ip/Ig) ratio in rGO was determined
to be 0.830, higher than the intensity ratio (Ip/Ig) of 0.109 reported for graphene oxide (GO)
in the literature [261,262]. This higher value of (Ip/I) ratio confirms the successful formation

of rGO sheets with reduced defects compared to GO [263].
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Fig. 4. 18: Raman spectra of reduced graphene oxide (rGO)

4.2.4 FTIR Analysis

FTIR spectroscopy is a powerful analytical technique utilized to ascertain the vibration modes
of the functional groups and chemical bonds that exist in ZMNF nanoparticles, tGO, and
ZMNFG nanocomposite. Figure 4.19 illustrates the FTIR spectra of all samples within the
wave number range of 400 — 4000 cm™'. Based on Waldron’s findings, spinel ferrites often
exhibit two absorption bands v and v, within the frequency range of 550 — 650 cm™! and 350
— 450 cm! respectively [264]. In this study, FTIR spectra of ZMNF nanoparticles (Fig.
4.19(a)) exhibited a strong higher frequency absorption band v at around 531.76 cm™!, which
corresponds to the stretching vibrations of metal-oxygen (M—O) and/or (Fe—O) bond, thus
confirms the presence of spinel ferrite phase [265]. Irrespective of this, no significant
absorption band v> is noticed in a lower frequency range (350 — 450) cm™!, which might be
below the detection limit of sensitive FTIR instruments [254,266]. Moreover, the spectrum

of rGO (Fig. 4.19(b)) shows three highly prominent absorption bands at 1193.41 c¢cm’,
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1555.76 cm™!, and 1726.12 cm™! which are ascribed to the stretching vibrations of C—O of
alkoxy groups, C=C of aromatic carbon-carbon double bonds, and C=0O of carboxyl or
carbonyl groups respectively [251,267,268]. The intense absorption band observed at 1555.76
cm’! provides evidence for the successful restoration of sp? unoxidized graphene sheets,
thereby demonstrating the successful reduction of GO [269,270]. These findings are in
complete compliance with the outcomes achieved from Raman analysis. Similarly, the FTIR
spectra of ZMNFG nanocomposite displayed a combination of characteristic peaks (bands)
of both ZMNF nanoparticles (522.35 cm™) and rGO (1015.53 cm’!, 1532.24 cm’!, and
1712.94 cm™). In addition to this, an absorption band detected at 3739.30 cm™ corresponds
to the stretching vibration of the O—H bond in hydroxyl (alcohol) functional groups or water
molecules [253]. Compared to rGO, slight shifting and decrease in peak intensities of
absorption bands were observed in the ZMNFG nanocomposite, as depicted in Fig. 4.19(c).
Moreover, the integration of rGO into ZMNF nanoparticles leads to a decrease in infrared
peak intensities of absorption bands due to the strong rGO adsorption capacity and alterations

in crystal structure, thus corroborates the successful formation of ZMNFG nanocomposite
[258].
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Fig. 4. 19: FTIR spectra of (a) ZMNF nanoparticles, (b) rGO, and (c) ZMNFG

nanocomposite
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4.2.5 FESEM/EDX Analysis

FESEM micrographs reveal unique morphological characteristics of ZMNF nanoparticles,
rGO, and ZMNFG nanocomposite along with EDX elemental composition of ZMNFG
nanocomposite as depicted in Fig. 4.20. The FESEM micrograph of ZMNF nanoparticles
depicted in Fig. 4.20 (a) reveals an asymmetrical distribution of grains with an average size
0f 0.29 um. The micrograph exhibits an agglomerated morphology, possibly due to magnetic
interactions and a porous morphology, which may result from gas emissions during
combustion [261,271]. Additionally, the morphology of pristine rGO material as shown in
Fig. 4.20 (b) exhibits a wrinkled and partially folded sheet-like structure, which is in good
agreement with findings reported in previous studies [272-274]. Furthermore, the FESEM
micrograph of ZMNFG nanocomposite shown in Fig. 4.20 (c) depicts a complex structure
characterized by layered formations of graphene sheets interspersed with granular ZMNF
nanoparticles, thus illustrating a robust connection between ZMNF nanoparticles and rGO
matrix [268]. The unique porous morphology of ZMNFG nanocomposite is expected to
contribute to the enhanced physical and electrochemical attributes, positioning it well-suited

for various uses, such as energy storage, catalysis, and sensing devices [275-277].

Moreover, the elemental composition and elemental mapping of ZMNFG
nanocomposite were examined via EDX analysis, as displayed in Fig. 4.20 (d) and Fig. 4.21,
respectively. The EDX spectra of ZMNFG nanocomposite show the presence of peaks that
correspond to zinc (Zn), manganese (Mn), nickel (Ni), iron (Fe), oxygen (O), and carbon (C)
with certain weight percent (wt %) ratios as mentioned in Fig. 4.16 (d). Nonetheless, a strong
carbon (C) peak with 82.02 wt % is observed in the spectrum, confirming the existence of a
good amount of rGO in ZMNFG nanocomposite matrix. Notably, a small intensity peak is
detected in the spectrum, possibly due to carbon tape coating applied on samples before EDX
testing [199]. Furthermore, the absence of extra peaks associated with impurities indicates the
high purity of ZMNFG nanocomposite. As seen in Fig. 4.21, the elemental mapping results
reveal that the elements: carbon (C) and oxygen (O) are primarily concentrated within the
graphene sheets, whereas the elements zinc (Zn), manganese (Mn), nickel (Ni), and iron (Fe)
are dispersed throughout the nanocomposite, thereby demonstrating the successful integration

of ZMNF nanoparticles into the rGO matrix. This thorough research offers critical insights
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regarding the elemental composition and distribution of ZMNFG nanocomposite, further

confirming its potential for numerous applications.
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Fig. 4. 20: FESEM micrographs of (a) ZMNF nanoparticles, (b) rGO, (c) ZMNFG
nanocomposite, and (d) EDX of ZMNFG nanocomposite
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Fig. 4. 21: Elemental mapping of ZMNFG nanocomposite
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4.2.6 Magnetic Study

The room temperature magnetic responses of ZMNF nanoparticles, GO, and ZMNFG
nanocomposite were meticulously recorded by utilizing a VSM in the presence of magnetic
field oscillating within + 15 kOe as illustrated in Fig. 4.22. The magnetic (M-H) hysteresis
loops of ZMNF nanoparticles and ZMNFG nanocomposite exhibited an S-shaped curve
unlike rGO as shown in Fig. 4.22 (a-c). The essential magnetic parameters like Ms, M, He,
Rsq, and K were evaluated and compared between ZMNF nanoparticles, rGO, and ZMNFG
nanocomposite and are presented in Table 4.6. Meanwhile, rGO behaves linearly along the
applied field (Fig. 4.22 (b)), due to its non-magnetic behavior as reported in previous studies
[278-280]. The Ms, M, and H. values of ZMNFG nanocomposite are 22.61 emu g™, 0.83
emu g, and 20.70 Oe respectively. In contrast, the M, M;, and H. values of ZMNF
nanoparticles are 103.45 emu g, 4.05 emu g!, and 20.47 Oe respectively, as observed in
Table 4.6. Compared to ZMNF nanoparticles, the M5 of ZMNFG nanocomposite reduced by
78.14 % and the M; reduced by 71.56 % which is due to the non-magnetic behavior of rGO
[265,281,282] and smaller crystallite size of ZMNF nanoparticles [283]. The variations
observed in Ms and M; values between ZMNF nanoparticles and ZMNFG nanocomposite
exhibit a similar decreasing trend as shown in Table 4.6. Additionally, the dependence of M:
is mainly influenced by two factors: the change in Ms and the overall alignment of
magnetization inside the grains, which is controlled by super-exchange interactions among
the magnetic nanoparticles as reported in the literature [284]. This significant reduction in
magnetic properties of ZMNFG nanocomposite occurs possibly due to the addition of rGO
(75 wt.%), which is three times more than ZMNF nanoparticles, thereby leading to the

dominant non-magnetic behavior of rGO into ZMNFG nanocomposite matrix.
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Fig. 4. 22: VSM plot (M-H) curve of (a) ZMNF nanoparticles, (b) rGO, and (c)
ZMNFG nanocomposite

Moreover, the Hc values of ZMNFG nanocomposite and ZMNF nanoparticles show
minimal change with the insertion of rGO on the intrinsic magnetic properties of ZMNF
nanoparticles. The coercivity (H¢) and crystallite size (D) demonstrate an inverse correlation
in multi-domain regions and a direct correlation in single-domain region [285]. The
relationship between these two parameters (Hc and D) can be mathematically described using
an established equation [286]: (Hec= e + f/D) where e and f are constants. In this study, the
coercivity (H¢) value decreases from 20.70 Oe (for ZMNF nanoparticles) to 20.47 Oe (for
ZMNFG nanocomposite), whereas the crystallite size (D) value increases from 20.25 nm
(ZMNF nanoparticles) to 31.10 nm (ZMNFG nanocomposite). This inverse relationship
between H¢ and D confirms the presence of multi-domain behavior [257]. Furthermore, as
discussed earlier, the differences in crystallite size, morphology, and microstructure between
the ZMNFG nanocomposite and ZMNF nanoparticles, with the incorporation of rGO, may

also contribute to the observed changes in the magnetic properties.
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Table 4. 6: Magnetic parameters of (a) ZMNF nanoparticles, (b) rGO, and (c) ZMNFG

nanocomposite
Sample code Ms M: He Rsq Ki
(emug?’) (emug') (Oe) (erg cm™)
(a) 103.45 4.05 20.70 0.039 2185.12
(b) 0 0 0 0 0
) 22.61 0.83 20.47 0.036 472.27

The squareness ratio (Rsq = M/Ms), also known as the remanence ratio is a
fundamental parameter that describes the material’s magnetic domain regime and is
influenced by its anisotropy. It illustrates the rapid and effortless reorientation of
magnetization towards the nearest easy axis after the removal of the magnetic field. The
Stoner-Wohlfarth (S-W) theory predicts Rsq values around 0.50 for the non-interacting
random distribution of nanoparticles with uniaxial anisotropy, and around 0.831 for those
with cubic anisotropy [284,287]. Moreover, the value of the squareness ratio (Rsq > 0.5)
suggested that the nanoparticles are in a single magnetic domain, whereas the value of the
squareness ratio (Rsq < 0.5) confirms the formation of multi-domain structure [288]. The
squareness ratio (Rsq) values for ZMNF nanoparticles and ZMNFG nanocomposite were
computed and are presented in Table 4.6. As evident from data in Table 4.6, Rsq of ZMNF
nanoparticles and ZMNFG nanocomposite were found to be 0.039 and 0.036 respectively.
These Rsq values are significantly lower than 0.5, which may be ascribed to the influence of
surface spin disorder effects. Additionally, the observed Rsq values of ZMNF nanoparticles
(0.039) and ZMNFG nanocomposite (0.036), which are less than 0.5 further summarize the
multi-domain magnetic structure with uniaxial anisotropy. The Rsq values of ZMNF
nanoparticles and ZMNFG nanocomposite align well with the inverse relationship between
H. and D revealing a multi-domain regime. Thus, smaller Rsq values of ZMNF nanoparticles
and ZMNFG nanocomposite are often used in applications where easy magnetization reversal
is desirable, such as in soft magnetic cores for transformers, inductors, electromagnetic

shielding, inkjet printing, and ferrofluid applications [289,290].

The anisotropy constant (Ki) defines how strongly a material prefers to have its

magnetic moments aligned in a specific direction. The values of the anisotropy constant (K1)
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were evaluated using Brown’s relation (H, = 0.96 * %). On comparing Table 4.5 and Table

4.6, it is observed in Fig. 4.23, that the value of Ki directly correlates with H¢, while Hc
has an inverse relationship with D, leading to an inverse dependence of K1 on D which

is in good agreement with the obtained results [121,280].
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Fig. 4. 23: Crystallite size (D) dependence of coercive field (H.) and anisotropy constant (K;)
of ZMNF nanoparticles and ZMNFG nanocomposite

This observation suggests a strong decrement in ZMNFG nanocomposite (472.27 erg
cm™) compared to ZMNF nanoparticles (2185.12 erg cm™). The decrease in K; of ZMNFG
nanocomposite may also be likely due to the strong incorporation of rGO [285,291]. As
reported in the literature, materials with crystallite size (D) less than around 30 nm exhibit
superparamagnetic behavior, characterized by randomly oriented magnetic dipoles that can
easily flip direction due to thermal fluctuations [292]. Another study revealed that MnFe>O4
and MnFe;04/G demonstrated superparamagnetic behavior at ambient temperature, with a
notable Ms value of 57.56 emu g for MnFe>Os. However, the presence of GO layers in
MnFe,04/G resulted in a considerable reduction of M; value to 41.39 emu g’!, as reported by
Chella et al [293]. It is also reported in the literature that small coercivity values in the material
occur due to thermal agitations, identifying them as soft magnetic materials that exhibit
superparamagnetic behavior [252,294]. Consequently, our findings align well with the
literature, demonstrating that ZMNF nanoparticles and ZMNFG nanocomposite exhibit

superparamagnetic behavior.
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4.2.7 Dielectric Analysis

Three distinct samples of ZMNF nanoparticles, rGO, and ZMNFG nanocomposite designated
as (a), (b), and (c) respectively are displayed in different colors in the given Fig. 4.24, which
shows the fluctuation of capacitance (F) with the logarithmic frequency (log f,in Hz). In
material studies, it is usual practice to analyze such frequency-dependent capacitance data to
comprehend dielectric characteristics, charge storage behavior, and relaxation processes of
different materials [295]. Different capacitance values are displayed in each sample in the
low-frequency spectrum. The capacitance of ZMNF nanoparticles is the lowest and drops off
rapidly, whereas rGO and ZMNFG nanocomposite have larger initial capacitance values that
fluctuate. The capacitance of all samples noticeably decreases as the frequency rises,
indicating that the material’s polarization response decreases with frequency. The presence
of interfacial or dipolar polarization is indicated by the peaks and fluctuations seen in rGO
and ZMNFG nanocomposite, which may result from charge accumulation at interfaces or
within grain boundaries [296]. All samples achieve a stable capacitance at high frequencies;
ZMNF nanoparticles have a low value that is almost constant, but tGO and ZMNFG
nanocomposite attain saturation at various capacitance levels. Effective polarization
decreases because of this trend, which suggests that the dipoles or charge carriers are less able

to align with the quickly shifting field.

0.00

-2.40x107 (¢)

AN S
-7.20x107 A

0.00

-8.50x10™

-1.70x107

Capacitance (F)

-2.55x107

4.80x10™

3.20x10™"

1.60x10™ (a)

0.00 L 1 L 1 1 1 1

i

10° 10°

10* 10’ 10° 10 10°
log f (Hz)

Fig. 4. 24: Variation of capacitance versus frequency of (a) ZMNF nanoparticles, (b) rGO,
and (c) ZMNFG nanocomposite
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Fig. 4.25 shows three plots of the real part of permittivity (¢") as a function of
logarithmic frequency (log f) of ZMNF nanoparticles, rGO, and ZMNFG nanocomposite
samples, labeled (a), (b), and (c), and color-coded in black, red, and blue, respectively. In Fig.
4.25 (a) ZMNF nanoparticles, the permittivity begins at a reasonably high value of roughly
110 Hz at low frequencies and gradually declines as frequency increases. This behavior is
consistent with conventional dielectric relaxation, which occurs when low-frequency
permittivity is high due to interfacial polarization or ionic motions [183]. The absence of large
fluctuations or a plateau suggests that the material has a simple dielectric response, with no
strong resonance or dipolar relaxation in this frequency range. Fig. 4.25 (b) rGO, depicts a
negative permittivity at low frequencies, which varies before asymptotically increasing
toward zero as the frequency increases [297]. Negative permittivity at low frequencies is
unusual and can arise in materials with peculiar dispersion or in metamaterials that display
effective medium behavior, which is frequently caused by resonance events. This curve
indicates that the material may have localized resonance mechanisms or interactions that
result in unique polarization effects, particularly at lower frequencies. Fig. 4.25 (¢) ZMNFG
nanocomposite, like Fig. 4.25 (b) rGO, has negative permittivity values at low frequencies,
which fluctuate and then increase to zero as frequency increases. Compared to rGO, this curve
appears to have a less negative permittivity impact because ZMNFG nanocomposite is a
composite of ferrite and 2D materials, influencing its dispersion properties [298]. The shift in
behavior to higher frequencies, followed by flattening, could indicate a secondary relaxation

mechanism or structural effect influencing permittivity at these frequencies.
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Fig. 4. 25: Variation of the real part of permittivity (€') versus frequency of (a) ZMNF
nanoparticles, (b) rGO, and (c) ZMNFG nanocomposite
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Fig. 4.26 shows three plots of the imaginary component of permittivity (&') vs the
logarithmic frequency (log f) for three samples of ZMNF nanoparticles, rGO, and ZMNFG
nanocomposite labeled as (a), (b), and (c) respectively. When exposed to an alternating
electric field, a material’s energy dissipation is indicated by its imaginary permittivity, also
known as dielectric loss (&) [299]. The black curve (a) ZMNF nanoparticles, indicates a
high &' value at low frequencies, which declines dramatically as frequency increases. This
behavior is typical of materials dominated by ionic or charge carrier conduction at low
frequencies. The decrease shows that charge carriers at higher frequencies are unable to
follow field fluctuations, resulting in less energy dissipation. Such behavior is frequently
observed in dielectric or insulating materials with some ionic mobility, which leads to energy
loss at lower frequencies. The red curve (b) rGO, begins with a high negative &" values at
low frequencies and gradually rises to zero as the frequency increases, eventually plateauing.
Negative values of &' indicate a complicated dielectric response, possibly due to resonance
or specific interactions within the material structure, which could result in inductive effects
at low frequencies [300]. The progressive increase and levelling off suggest that energy
dissipation systems are more active at lower frequencies and less effective at higher
frequencies. The blue curve (c) ZMNFG nanocomposite, like the red curve (b) rGO, also
begins with high negative €' values and gradually increases to zero at higher frequencies.
This response indicates that the ZMNFG nanocomposite has a similar or even stronger low-
frequency dielectric loss mechanism, most likely due to a specific phase that generates
inductive effects. At high frequencies, the &' plateau indicates stability where energy
dissipation is minimal. This could be due to polarization saturation or the material’s charge

carrier’s inability to keep up with field variations.
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Fig. 4. 26: Variation of the imaginary part of permittivity (€' ) versus frequency of (a)
ZMNF nanoparticles, (b) rGO, and (c) ZMNFG nanocomposite

For ZMNF nanoparticles, rGO, and ZMNFG nanocomposite samples or materials, the
provided Fig. 4.27 displays three plots of the loss tangent (tan &) against the logarithmic
frequency (log f). These plots are labeled as (a), (b), and (c), and are colored black, red, and
blue, respectively. In Fig. 4.27 (a) ZMNF nanoparticles as frequency increases, the tan §
values gradually drop from their initial relatively high level. This behavior is common in
materials where 1on mobility or interfacial polarization may cause large conduction losses at
lower frequencies [301]. The lack of a clear peak indicates that there is little dielectric
relaxation in the frequency range that is being measured, which suggests that the sample may
mostly show conductive losses instead of dipolar relaxation. Fig. 4.27 (b) rGO, has a
prominent peak at 160 Hz in the lower frequency range. This peak is typical of a dielectric
relaxation process, such as dipolar relaxation or Maxwell-Wagner interfacial polarization.
After the peak, tan § rapidly declines, indicating that beyond the relaxation frequency, the
material's dipoles or charge carriers cannot keep up with the alternating field, resulting in
decreased energy dissipation. Fig. 4.27 (¢) ZMNFG nanocomposite sample also has a peak,
though at a lower intensity than the rGO. This could indicate a weaker relaxation process,
possibly due to a relaxation mechanism of lower strength [302]. Like the other curves, tan &
reduces as frequency increases, demonstrating a general tendency of lower losses at higher

frequencies.
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Fig. 4. 27: Variation of the tangent loss (tan &§) versus frequency of (a) ZMNF
nanoparticles, (b) rGO, and (c) ZMNFG nanocomposite

4.2.8 AC Conductivity

The graphic in Fig. 4.28 illustrates three plots of AC conductivity (o,.) as a function of
logarithmic frequency (log f) for ZMNF nanoparticles, GO, and ZMNF nanocomposite
samples. They are labeled as (a), (b), and (c), and color-coded as black, red, and blue,
respectively. The conductivity is initially low in Fig. 4.28 (a) ZMNF nanoparticles, virtually
constant at low frequencies, and then increases considerably at high frequencies. This is
typical of a dielectric material with low DC conductivity and increasing AC conductivity at
higher frequencies due to charge carrier hopping or ion mobility. The little increase at low
frequencies indicates minimal DC conduction, whereas the dramatic spike at high frequencies
may imply greater polarization or hopping conduction [303]. Fig. 4.28 (b) rGO, shows
negative conductivity values at low frequencies, which steadily increase and eventually
approach zero before shifting to positive conductivity at higher frequencies. Negative
conductivity at low frequencies is unusual and can suggest an inductive-like response in
complex systems. It has been reported in materials with localized resonance phenomena as
well as metamaterials. The dramatic rise in positive conductivity at higher frequencies is
characteristic of materials in which higher frequency fields activate more conductive channels

or facilitate charge carrier hopping [304]. Fig. 4.28 (c) ZMNFG nanocomposite sample, like
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Fig. 4.28 (b) rGO sample, also shows negative conductivity values at low frequencies before
progressively transitioning to positive values as the frequency increases. The curve’s shape
shows that the sample may have complicated microstructural or compositional features that
produce inductive or resonance effects at low frequencies, possibly because of interactions
between phases or components. At high frequencies, the curve continually rises, showing

normal behavior as charge carriers accumulate enough energy to contribute to AC conduction.
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Fig. 4. 28: Variation of AC conductivity (o,.) versus frequency of (a) ZMNF nanoparticles,
(b) rGO, and (c) ZMNFG nanocomposite

4.2.9 Electrochemical Investigation

To assess the potential of ZMNFG nanocomposite electrodes as a promising material for SCs,
we analyzed the electrochemical characteristics of pristine ZMNF nanoparticles, pristine
rGO, and ZMNFG nanocomposite electrodes using CV, GCD, and EIS tests with three-
electrode configuration setup. In this analysis, a 3 M KOH aqueous solution was chosen as
the electrolyte because of its high ionic concentration and low resistance. The selection of

electrolytes greatly influences the performance of SCs [305].
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4.2.9 () Cyclic Voltammetry (CV) Analysis

The CV measurements were performed at varying scan rates of (5 — 80) mV s’!, with the
potential window set between 0 and 0.5 V, as depicted in Fig. 4.29. The CV curves present in
Fig. 4.29 (I) compare the electrochemical performance of ZMNF nanoparticles, rGO, and
ZMNFG nanocomposite electrodes, obtained at a scan rate of 5 mV s! exemplified distinctive
redox peaks. The presence of these redox peaks (cathodic as well as anodic) suggests that the
ZMNF nanoparticles, rGO, and ZMNFG nanocomposite exhibit pseudo-capacitive behavior
[123,268]. In cyclic voltammetry (CV) curves, the area under the CV curve of ZMNFG
nanocomposite electrode is outstandingly high compared to that of ZMNF nanoparticles and
rGO electrodes, thereby confirming a comparatively high specific capacitance (Cs) of
ZMNFG nanocomposite electrode, as summarized in Table 4.7, which demonstrates that the
incorporation of rGO in ZMNF nanoparticles improves the electrochemical performance of

ZMNFG nanocomposite electrodes [306,307].

Furthermore, CV curves of the ZMNFG nanocomposite electrode shown in Fig. 4.29
(IT) were recorded at scan rates of 5, 10, 20, 40, and 80 mV s’!, using 3 M KOH aqueous
electrolyte. It is obvious from Fig. 4.29 (II), that the peak current response in CV curves
increases with corresponding scan rate. The CV curves of ZMNFG nanocomposite at different
scan rates do not show symmetrical potential for the reduction (cathodic) and oxidation
(anodic) peaks. With the variation in scan rate from 5 — 80 mV s’!, cathodic peaks in CV
curves exhibit a slight shift towards lower potentials, whereas anodic peaks shifted towards
higher potentials. The observed change in the peak potentials can be ascribed to the strong
electric polarization. This polarization effect becomes increasingly prominent at higher scan
rates, suggesting the occurrence of irreversible faradaic reactions under such conditions [268].
At various scan rates, the Cs values of ZMNF nanoparticles, GO, and ZMNFG

nanocomposite  electrodes  were  calculated by  applying the  equation:

Cs = (mleV)

the mass of active materials loaded on Ni-foam, ‘v’ signifies the applied scan rate,

f‘;/ P I1(V)dV. The parameters represented in the equation are as follows: ‘m’ is

‘AV. = Vf — Vi’ corresponds to the difference in the potential window of CV curve, and
the integral f; T I(V)dV denotes the area under the CV curve [271]. These Cs values are listed

in Table 4.7.
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Table 4. 7: CV parameters of (a) ZMNF nanoparticles, (b) rGO, and (c) ZMNFG

nanocomposite

Sample Scan rate Potential Specific
Area Mass (m)
code (v) window (AV) Capacitance (Cs)

(AV) (mV s) M) (mg) (Fgh

(a) 0.00060434 05 0.5 1 241.74
0.00080518 10 0.5 1 161.04
0.00152551 20 0.5 1 152.55
0.00293832 40 0.5 1 146.92
0.00455568 80 0.5 1 113.89

(b) 0.00112693 05 0.5 1 450.77
0.00172131 10 0.5 1 344.26
0.00326224 20 0.5 1 326.24
0.00520721 40 0.5 1 260.36
0.00797213 80 0.5 1 199.30

(c) 0.00128444 05 0.5 1 513.78
0.00194605 10 0.5 1 389.21
0.00364361 20 0.5 1 364.36
0.00577948 40 0.5 1 288.97
0.00848658 80 0.5 1 212.16

The data provided in Table 4.7 demonstrates that the respective Cs values of ZMNF

nanoparticles, rGO, and ZMNFG nanocomposite electrodes, when tested at 5 mV s are

241.74 F g, 450.77 F g, and 513.78 F g'. These results validate the enhanced

electrochemical performance of ZMNFG nanocomposite compared to ZMNF nanoparticles

and rGO electrodes. The observed Cs (513.78 F g'') at 5 mV s™! of ZMNFG nanocomposite

surpasses previously reported values such as NiFe;O4 (30 F ¢! at ImV s!), graphene (223 F
gl at ImV s), graphene/NiFe;O4 (81 F g at ImV s™!) [140]; rGO (218 F g at 10 mV s7)
[308]; GO (125 F g!' at 10 mV s!), rGO (170 F g!' at 10 mV s!), nitrogen doped graphene
(247 F gl at 10 mV s) [309]; rGO/ZnO (312 F g at 5 mV s7!) [306]; tGO/MnFe,O4 (147 F
gl at 5 mV s) [310]. The higher Cs values of ZMNFG nanocomposite may be ascribed to
the insertion of rGO into ZMNF nanoparticles. As seen in Fig. 4.29 (I), the ZMNFG
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nanocomposite displays a higher current response compared to individual ZMNFG
nanoparticles and rGO alone, demonstrating the addition of rGO improves the conductivity
of electrode material. The improved electrical conductivity facilitates rapid ion diffusion and
effective transport of electrons between electrode and electrolyte solution. As reported in
previous studies, the Cs of an electrode relies primarily on the efficiency of charge transfer
within the electrode material, diffusion of ions within the electrolyte, and ion adsorption on

the surface of the electrode material [311-313].
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Fig. 4. 29: (I) Comparison curves of (a) ZMNF nanoparticles, (b) rGO, and (c) ZMNFG
nanocomposite at 5 mV s ; (II) CV curves of ZMNFG nanocomposite at distinct scan rates;
and (II1) Specific capacitance of (a) ZMNF nanoparticles, (b) rGO, and (c) ZMNFG

nanocomposite as a function of scan rate

The relationship between the Cs and the scan rate is depicted in Fig. 4.29 (III) for
ZMNF nanoparticles, rGO, and ZMNFG nanocomposite. At a comparatively low scan rate,
the ions in the electrolyte have adequate time to diffuse within the porous structure of the

electrode material. Consequently, the electrodes exhibit higher specific capacitance (Cs)
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values due to the effective utilization of electrode materials. Conversely, at higher scan rates,
the charge-transfer reactions occur too rapidly for complete ion diffusion to take place. This
resulted in the minimal utilization of the electrode surface area, leading to lower Cs values
[123]. Moreover, as evident in Fig. 4.29 (I1I), the ZMNFG nanocomposite electrode exhibits
superior Cg values compared to both ZMNF nanoparticles and rGO electrodes across all scan
rates (5 - 80 mV s™). The enhanced Cs values of the ZMNFG nanocomposite may be
attributed to its porous morphology. Additionally, the intercalation of ZMNF nanoparticles
on rGO nanosheets further improves the electrochemical process, facilitating the movement
of electrolyte ions at the interface between the electrode and electrolyte [306,309]. These
findings are further supported by the corresponding FESEM analysis.

4.2.9 (Il) Galvanostatic Charge Discharge (GCD) Analysis

GCD testing is a precise technique for evaluating the electrochemical performance of pseudo-
supercapacitors [314]. GCD measurements were performed across a spectrum of current
densities, ranging from (1 — 5) A g’!, within a potential window of (0 to 0.4) V, as shown in
Fig. 4.30. At a current density of 1 A g, the comparison of GCD curves of ZMNF
nanoparticles, rGO, and ZMNFG nanocomposite electrodes are shown in Fig. 4.30 (I). It is
obvious, that ZMNFG nanocomposite outperformed both rGO and ZMNF nanoparticles in
discharge time rate, as indicated by the data in Table 4.8. Additionally, the GCD curves of
ZMNFG nanocomposite electrode were investigated at varying current densities, ranging
from (1 — 5) A gl as depicted in Fig. 4.30 (II). Moreover, the asymmetrical GCD curves
shown in Fig. 4.30 (I and II) exhibit non-linear shapes due to their pseudocapacitive nature,
which is in good agreement with CV analysis. At lower current density (1 A g™!), the observed
GCD patterns of ZMNF nanoparticles, rGO, and ZMNFG nanocomposite electrodes exhibit
longer discharging time duration, ultimately leading to a larger value of specific capacitance.
This phenomenon may be ascribed to the slower charging and discharging rates associated
with lower currents, leading to longer durations for both charging as well as discharging
processes [315]. The Cs at varying current densities for ZMNF nanoparticles, rGO, and

ZMNFG nanocomposite electrodes was determined from their GCD profiles using the

equation: Cg = (%); where ‘Im = %’ represents the current density; ‘At” is the discharging

time; and ‘AV’ denotes the applied potential window [316]. Moreover, the equations: E; =

C,(AV)?/2 and P; = E;/At were utilized to calculate respective energy density (Eq) and
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power density (P4) values for ZMNF nanoparticles, rGO, and ZMNFG nanocomposite

electrodes at a specific current density (1 A g™).
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Fig. 4. 30: (I) Comparison plots of (a) ZMNF nanoparticles, (b) rGO, and (c) ZMNFG

nanocomposite at 1 A g current density; (II) GCD plots of ZMNFG nanocomposite at

various current densities; and (IIl) Specific capacitance of (a) ZMNF nanoparticles, (b)
rGO, and (c) ZMNFG nanocomposite as a function of current density

Table 4.8 exhibits the calculated specific capacitance (Cs) values of ZMNF
nanoparticles, rGO, and ZMNFG nanocomposite electrodes at varying current densities. The
Cs values reported in Fig. 4.31 clearly show that the ZMNFG nanocomposite electrode
possesses a maximum Cs value of 311.25 F g' at 1 A g, compared to their counterparts i.e.,
ZMNF nanoparticles (158.5 F g'!) and rGO (245 F g'!). Capacitance retention data recorded
between current densities of 1 and 5 A g indicate that ZMNFG nanocomposite retained
approximately 84.33% of its initial capacitance, outperforming rGO and ZMNF
nanoparticles, which showed retention values of 72.96% and 64.67%, respectively. These

results underscore the superior rate capability of ZMNFG nanocomposite and reinforce its
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suitability for high-performance supercapacitor applications. In addition, the superior energy
density (Eq = 24.9 Wh kg!) and power density (P4 = 830 W kg™!") values were achieved for
ZMNFG nanocomposite than rGO (Eq = 19.6 Wh kg, P4 = 653.33 W kg!) and ZMNF
nanoparticles (Eq = 12.6 Wh kg!, P4 = 630 W kg'!). Furthermore, the obtained Cs value of
ZMNFG nanocomposite outperforms the previously reported Cs values such as ZnFe>O4
microspheres (131 F g at 0.1 A g!) [317]; NiFe204 (50 F g! at 0.5 A g!), rGO-NiFexOq4
(2157 F g' at 0.5 A g) [318]; NiosZno2FeO4 (12 F gl at 1 A g™), NigsZno2Fe204/rGO
(127.94F g'at 1 A g!)[319]; MnFe,04 (245 F gl at 1 A g'!) [320]; GO/MnFe;04 (60 F g'!
at 10 A g) [321]; MnFe204/rGO (195 F gl at 1 A g'!), MnFe;O4 (77 F gl at 1 A g ), rGO
(67Fglat10 A gh)[119].

Table 4. 8: GCD parameters of (a) ZMNF nanoparticles, (b) rGO, and (c) ZMNFG

nanocomposite
Sample Current Discharging Potential (AV) Specific
code Density (Im) time (At) Capacitance (Cs)
(Agh (s) V) (Fgh
(a) 1 63.4 0.4 158.5
2 29.9 0.4 149.5
3 18.6 0.4 139.5
4 13.2 0.4 132
5 8.2 0.4 102.5
(b) 1 98 0.4 245
2 47.2 0.4 236
3 30.1 0.4 225.75
4 21.5 0.4 215
5 14.3 0.4 178.75
(o) 1 124.5 0.4 311.25
2 60.5 0.4 302.5
3 39 0.4 292.5
4 28 0.4 280
5 21 0.4 262.5
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Fig. 4. 31: Specific capacitance variation of ZMNF nanoparticles, rGO, and
ZMNFG nanocomposite with current density

The Cs values of ZMNF nanoparticles, rGO, and ZMNFG nanocomposite electrodes
derived from GCD tests as a function of current densities are shown in Fig. 4.30 (III). As
illustrated in Fig. 4.30 (III), specific capacitance (Cs) exhibits an inverse relation with current
density, which is likely attributed to the increasing potential drop at higher current density
[306]. The decline in Cs with rising current density can be explained by the rapid arrival of
electrolyte ions at the electrode surface. These ions do not penetrate the inner pores of active
material due to swift changes in potential. Additionally, the rate at which the electrochemical
reaction occurs among active material and electrolyte ions cannot accommodate the increased
flow of ions at higher current densities [123]. Conclusively, the inclusion of rGO in ZMNFG
nanocomposite leads to improved electron conductivity, due to its porous nature and
significant surface area. This improvement results in a notable increase in specific capacitance

(Cs), energy density (Eq), and power density (Pq4) values of ZMNFG nanocomposite, making

it a prominent choice for high-performance supercapacitors [315].
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4.2.9 (II1) Electrochemical Impedance Spectroscopy (EIS) Analysis

EIS was performed at an applied potential of 5 mV to analyze the electrical response of
embedded sample electrodes within a frequency range of 100 kHz-10 MHz. Fig. 4.32
illustrates the Nyquist plots for ZMNF nanoparticles, rGO, and ZMNFG nanocomposite
electrodes, which consist of two distinct regions. The x-axis represents the real part of
impedance (Z'), which is associated with series resistance (Rs) and charge transfer resistance
(Ret), while the y-axis denotes the imaginary part of impedance (Z"), related to the capacitive
and diffusive behavior of ZMNF nanoparticles, rGO, and ZMNFG nanocomposite electrode
material. The high-frequency region displays a semicircle, which is ascribed to charge transfer
resistance (R¢) at the interface between the electrode and electrolyte. Conversely, the linear
response observed in the low-frequency region signifies ion diffusion in the electrolyte,
known as Warburg impedance. These characteristics are associated with the pseudocapacitive
behavior of materials such as ZMNF nanoparticles, rGO, and ZMNFG nanocomposite
electrodes. It is evident from Fig. 4.32 that the equivalent series resistance (Rs) for ZMNF
nanoparticles, rGO, and ZMNFG nanocomposite electrodes were analyzed using the semi-
circle intercept along the real axis in high-frequency region, yielding values of 0.31, 0.17, and
0.084 Q, respectively. The ZMNFG nanocomposite electrode has a smaller value of
equivalent series resistance (Rs = 0.084 ) than their counterparts ZMNF nanoparticles (Rs =
0.31 Q) and rGO (Rs = 0.17 Q) electrodes, facilitating more rapid ion transfer [195,322].
Moreover, the R attributed to the ions at the electrode-electrolyte interface was ascertained
by measuring the semicircle’s diameter along the real axis. For ZMNF nanoparticles, rGO,
and ZMNFG nanocomposite electrodes, the R¢ values were 7.63, 4.07, and 1.88 €,
respectively, as depicted in the inset of Fig. 4.32. Due to the smaller diameter of the
semicircle, the lowest value of (Rec = 1.88 Q) was evidenced for the ZMNG nanocomposite
electrode compared to ZMNF nanoparticles (Rt = 7.63 Q) and rGO (R¢ =4.07 Q) electrodes.
This minimal R value for the ZMNFG nanocomposite electrode signifies enhanced ion
diffusion at the interface of an electrode and electrolyte [323]. At low-frequency region, the
slope observed in the Nyquist plot for ZMNF nanoparticles, rGO, and ZMNFG
nanocomposite electrodes is due to the Warburg impedance, which reflects the diffusion of
OH' ions inside these materials [322]. The inset of Fig. 4.32 shows that the slope varies among
all the samples. The ZMNF nanoparticle electrode has the least slope, indicating limited ion
diffusion, while the slope of rGO electrode is steeper than the ZMNF nanoparticle electrode.

However, the ZMNFG nanocomposite electrode also shows a steeper 45° slope, suggesting
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enhanced ion diffusion. This improvement may be ascribed to porous structure of rGO, which
facilitates electrolyte access to active sites more effectively [309]. These observed
experimental results are consistent with CV and GCD findings and suggest that the ZMNFG
nanocomposite electrode is a potential choice for energy storage applications like

supercapacitors [268].
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Fig. 4. 32: EIS comparison plots of (a) ZMNF nanoparticles, (b) rGO, and (c) ZMNFG
nanocomposite
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CHAPTER 5
Summary and Conclusion

his thesis primarily aims to investigate the structural, magnetic, dielectric, and
electrochemical properties while also designing an enhanced supercapacitor
electrode material using a straightforward and simple method for practical
applications in the energy sector. The first chapter (i.e; introduction) of this this began with
an overview of the importance of renewable and environmentally sustainable energy
solutions, emphasizing the growing worldwide energy demand and the constraints associated
with non-renewable fossil fuels. The introduction further addressed the essential areas such
as energy storage devices, spinel ferrites, and two-dimensional (2D) materials especially

reduced graphene oxide, with a particular emphasis on spinel ferrite/rGO nanocomposites.

The second chapter of this thesis provides a thorough review of existing literature in
the context of history and evolution of supercapacitors outlining important breakthroughs and
significant milestones in the field of supercapacitors. This chapter not only discusses the
historical aspects of supercapacitors but also provides a detailed elucidation of different
electrode materials, demonstrating important research findings and advancements. The
motivation behind this research work comes from a vigorous literature survey wherein
numerous researchers emphasize the need for effective energy storage solutions and the
exploration of novel electrode materials. Furthermore, a thorough review of existing studies
on spinel ferrites, rGO, and their composites is also presented, setting the foundation for

experimental work conducted in this study.

The third chapter of this thesis discusses the research methodology and
characterization techniques. This chapter of the thesis explains how we prepare different
spinel ferrites, rGO, and nanocomposites via sol-gel auto-combustion method, modified
hummers method, and physical blending method respectively. This thesis explores the
behavior of these nanomaterials with various characterization techniques such as XRD, FTIR,
Raman, FESEM, EDX, VSM, Impedance Analyzer, and Electrochemical Workstation. The
electrochemical performance of the electrodes was assessed using CV, GCD, and EIS
techniques within a three-electrode system. Furthermore, this thesis explores the fabrication
of wvarious supercapacitor electrodes such as Cuo79Coo.21Fer.xLaxOs spinel ferrites,

Zno.1Mno.4NiosFe2O4 (ZMNF) spinel ferrite nanoparticles, reduced graphene oxide (rGO),
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and Zno.1Mno4NiosFe204/rGO (ZMNFG) nanocomposite which have shown encouraging

results in boosting energy storage and power delivery capabilities.

The fourth chapter of this thesis presents a comprehensive analysis of results and
discussions, divided into two main sections. The first section (4.1) focuses on La-Doped Cu-

CoFe>O4 Spinel Ferrites:

This section deals with Cuo.79Co0.21Fe2xLaxO4 (spinel ferrite) nanoparticles with
varying stoichiometric ratios were effectively synthesized by the sol-gel auto-combustion
technique. The increase in lattice constant with increasing La®" ion content, ranging between
8.378 A and 8.389 A for varying concentrations of La*" ions, can be attributed to the larger
ionic radius of La** ions (1.06 A) compared to Fe** ions (0.67 A). Rietveld analysis showed
that all our prepared samples align well with the desired crystalline phase, as indicated by the
lower chi-square (°) and goodness-of-fit (GoF) values. Analysis of the FTIR spectra revealed
shifts and variations in vibrational bands (v1 and v2) in response to different concentrations of
La** dopant ions, suggesting a significant influence on the structural characteristics of our
prepared samples. Notably, the vibrational bands v and v, were observed at (524 - 531) cm™!
and (461 - 465) cm’! respectively, confirming the presence of the spinel structure and
providing insights into the molecular composition of the synthesized ferrite samples. The
porous morphology observed in FESEM micrographs makes these materials promising for
applications in gas sensing and energy storage supercapacitors. EDX spectra confirmed that
the atomic and weight percent values align with the chemical formula for each composition,
affirming the quality of our synthesized samples. The superparamagnetic behavior of our
materials, indicated by Rsq < 1, makes them suitable for use in magnetic nanoparticles for
targeted drug delivery. Furthermore, our magnetic susceptibility (y) data showed that the
values of Hm were consistently lower than Hc, suggesting the absence of a switching field
distribution typically seen in nanoparticles with disordered shell structures. Additionally, the
retentivity (M;) values displayed a decreasing trend, ranging from 20.13 emu g! to 2.85 emu
g’! for x = 0.0 to 0.8 samples, while as, the coercivity (H.) values exhibited variations with
increasing La®" ion concentration, ranging from 754.92 Oe to 1147.38 Oe for the same
concentration range. The irregular trend in coercivity observed in VSM reflects the complex
magnetic interactions, making these materials potentially valuable for magnetic recording
media where precise coercivity control is essential for data storage. The dielectric constant’s
real part (¢') exhibited a strong dispersion, decreasing with increasing frequency and

stabilizing at higher frequencies, influenced by interfacial polarization and space charge
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effects. Higher La** doping concentrations enhanced polarization, demonstrating the
significant effect of La*" ions on dielectric properties. Likewise, the dielectric constant’s
imaginary part (¢"') showed high values at low frequencies due to interfacial polarization and
dropped sharply with increasing frequency, stabilizing at higher frequencies where electronic
polarization dominates. The loss tangent (tan §) was highest at low frequencies, decreasing
with increasing frequency due to reduced charge carrier mobility, and stabilized at higher
frequencies. The AC conductivity (o,.) analysis highlighted an exponential increase at
higher frequencies due to enhanced polaron hopping and reduced grain boundary resistance
with increasing La®>" content. The characteristic redox peaks in the CV curves for all samples
indicate a faradic (battery-like) behavior. Specific capacitance values ranged from 270.8 F g
't0 540.0 F g'! for x = 0.0 to 0.8 samples, with the highest observed at x = 0.6. These findings
suggest that La*" doping not only improves the dielectric and conduction properties but also
tailors the magnetic and electrochemical behavior, making Cuo.79C00.21LaxFerxO4 ferrites
promising candidates for applications in energy storage, radiation absorption, data recording,

and photocatalysis.

Considering the promising specific capacitance of La-doped Cu-CoFe2O4 spinel
ferrites, we synthesized various mixed spinel ferrites, such as Zno.1Mng.4Nip.sFe2O4 and a 2D
material like rGO. We then created Zno.1Mno.4NiosFe204/rGO nanocomposite to look for

further enhancement of the specific capacitance of these nanomaterials.

The second section (4.2) of this chapter reports on Zno.1Mno.4NiosFe2O4 (ZMNF)
nanoparticles, reduced graphene oxide (rGO), and Zno.1Mno4NiosFe204/rGO (ZMNFGQG)
nanocomposite. This section confirmed the successful synthesis and phase purity of GO, rGO,
ZMNF nanoparticles, and the ZMNFG nanocomposite by XRD analysis. The GO showed
distinct peaks indicative of oxygen functional groups, while rGO exhibited reduced
interplanar spacing due to the removal of oxygen groups, restoring its graphitic structure. The
ZMNF nanoparticles displayed sharp peaks corresponding to a cubic spinel structure with
excellent crystallinity (ICDD: 08-0234). In the ZMNFG nanocomposite, enhanced peak
intensities and slight shifts in the diffraction peak of rGO suggest strong interactions between
ZMNF nanoparticles and rGO, influencing lattice strain and crystallite size. Structural
parameter calculations revealed larger crystallite size and reduced lattice strain in the
nanocomposite, indicating structural optimization for potential application in energy storage
devices. The results of Raman spectroscopy also affirmed the formation of rGO, with an

(In/Ig) ratio of 0.830 depicting reduced defects and an improved graphitic structure. FTIR
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spectroscopic analysis verified the spinel ferrite phase in ZMNF nanoparticles revealing a
strong and noticeable absorption band at 531.76 cm™'. The spectra of tGO showed significant
bands, confirming the successful reduction, which is consistent with Raman analysis. The
ZMNFG nanocomposite had distinct peaks corresponding to ZMNF and rGO, proving its
effective formation and structural integration. The FESEM analysis revealed that ZMNF
nanoparticles exhibit an agglomerated morphology with an average grain size of 0.29 um,
while pristine rGO displays a wrinkled, sheet-like structure. In the ZMNFG nanocomposite,
FESEM images showed a layered configuration of graphene sheets interspersed with granular
ZMNF nanoparticles, indicating the successful integration of ZMNF nanoparticles into the
rGO matrix. EDX analysis showed Zn, Mn, Ni, Fe, O, and a high amount of C, confirming
the composition and purity of the ZMNFG nanocomposite. VSM analysis demonstrated that
ZMNF nanoparticles and ZMNFG nanocomposite exhibit superparamagnetic behavior, while
rGO remains non-magnetic. The ZMNFG nanocomposite showed reduced saturation
magnetization (M;) and retentivity (M;) compared to ZMNF nanoparticles due to the non-
magnetic nature of rGO. The coercivity (Hc) displayed minimal change with rGO addition,
confirming multi-domain behavior. The lower squareness ratio (Rsq) values indicate the multi-
domain structure, suitable for applications requiring easy magnetization reversal, such as soft
magnetic cores and electromagnetic shielding. The dielectric analysis revealed that the
capacitance of ZMNFG nanocomposite and rGO show higher initial values and interfacial
polarization effects compared to ZMNF nanoparticles, which display a rapid drop. The real
(¢") and imaginary (&') parts of permittivity indicated unique polarization and energy
dissipation characteristics, with ZMNFG nanocomposite and rGO exhibiting negative
permittivity at low frequencies. The loss tangent (tan §) analysis highlighted significant
dielectric relaxation in rGO and ZMNFG nanocomposite, suggesting their potential for
applications requiring frequency-dependent dielectric properties. The AC conductivity
(04c) indicated that the ZMNFG nanocomposite and rGO display negative conductivity
values at low frequencies, shifting to positive values at elevated frequencies, implying
complex inductive or resonance phenomena. Meanwhile, ZMNF nanoparticles exhibited
typical dielectric behavior with poor DC conductivity and enhanced AC conductivity (g,.),
attributed to charge carrier hopping and ion mobility at higher frequencies. These results
underscore the distinctive electrical properties of these materials, which are influenced by
their microstructural attributes and compositional characteristics. CV study revealed the

enhanced electrochemical performance of ZMNFG nanocomposite electrode and exhibits a
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higher Cs value of 513.78 F g! at 5 mV s”! compared to pristine ZMNF nanoparticles and
rGO electrodes. The enhancement is due to increased electrical conductivity, efficient ion
diffusion, and the porous structure of the ZMNFG nanocomposite, facilitating effective
charge transfer and ion adsorption. GCD analysis showed that ZMNFG nanocomposite
electrodes exhibit higher specific capacitance (Cs) and longer discharge times than ZMNF
nanoparticles and rGO electrodes. The ZMNFG nanocomposite demonstrated a maximum Cs
value of 311.25 F gl at 1 A g, outperforming its counterparts due to improved electron
conductivity and porous morphology. EIS analysis reveals that the ZMNFG nanocomposite
electrode exhibits the lowest equivalent series resistance (Rs = 0.084 Q) and charge transfer
resistance (R¢t = 1.88 Q) compared to ZMNF nanoparticles and rGO electrodes, ensuring
enhanced ion transfer and diffusion at the electrode-electrolyte interface. The comprehensive
results from CV, GCD, and EIS studies collectively reveal that the ZMNFG nanocomposite

electrode is an auspicious material for advanced supercapacitor applications.

Future Scope

The following points explain possible future avenues and areas for development that can be

investigated based on the results of this research:

0,

* Optimization of Synthesis Conditions: By optimizing synthesis conditions, unique
hybrid nanostructures of spinel ferrites with improved surface area and porosity can be
developed, enhancing their electrochemical performance. These materials may be scaled
through partnerships with energy companies for mass production of high-performance
supercapacitors.

s Tailored Ferrite Compositions: Novel spinel ferrites can be synthesized by
incorporating one or two transition metal ions within the ferrite lattice, enabling deeper
investigation of their electrochemical behavior. Collaborations with battery
manufacturers and academic labs could accelerate the translation from lab-scale discovery
to commercial prototypes.

¢ 2D Materials Integration for Ternary Composites: By integrating 2D materials such

as rGO, MXene, and polyaniline with ternary or quaternary metal oxides, we can develop

distinctive ternary composites. This unique approach offers the potential to boost the

specific capacitance of these composites. These composites have potential in next-
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generation electronics and could benefit from joint development with semiconductor

firms and supercapacitor startups.

X/
°e

Nanobot Applications in Biomedicine: Ternary composites of spinel ferrites and 2D
materials present promising opportunities for the development of nanobots, which can
significantly boost advanced biomedical technologies by providing exceptional control
and efficiency. Potential collaborations with healthcare innovators and biotech companies

could lead to breakthroughs in targeted drug delivery and biosensing platforms.

X/
°e

Advanced Electrode Materials: The investigation of various electrode materials, such
as activated carbon, carbon black, carbon aerogels, and carbon nanotubes (CNT), presents
an opportunity to enhance -electrical conductivity and improve supercapacitor
performance. This could be pursued in collaboration with companies developing flexible
electronics, grid storage devices, and fast-charging systems.

% Metal Oxides and Conducting Polymers: Although activated carbons remain the
predominant electrode materials, the consistent development of metal oxides and
conducting polymers offers a promising direction. Industrial co-development of
pseudocapacitive materials could pave the way for compact and powerful energy storage

modules for EVs and aerospace systems.

This research offers a novel pathway to design and fabricate advanced energy storage
devices, especially for hybrid electric vehicles (HEVs) and power grid applications. These
future developments are essential for fabricating effective supercapacitors with extensive
applications, thereby facilitating sustainable development goals and industrial demands. The
ternary composites developed from various spinel ferrites and two-dimensional (2D)
materials may also find promising applications across multiple domains, such as
electromagnetic interference shielding, energy harvesting technologies, and advanced sensor
systems. Additionally, these materials show promise for biological applications, including
drug delivery systems, tissue engineering scaffolds, electrochemical biosensors, magnetic
hyperthermia for cancer therapy, and antimicrobial surfaces for medical equipment. The
adaptability of these ternary composite systems highlights their importance in energy storage

and a wider range of technological applications.
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