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ABSTRACT

With the severe increase in pollution caused by fossil fuels and the fast depletion of
fossil energy sources, there is an increasing demand for the development of new energy storage
systems. More efficient electrical storage devices must be developed to address future
environmental issues and societal demands. The demand for an efficient and adequate energy
storage device has inspired scientific research into designing nanotechnology-based capacitors.
Supercapacitors (SCs), which are made of nanostructured electrode materials, serve as a bridge
between capacitors and batteries, combining the high-power capabilities of electrostatic
capacitors and rechargeable batteries that have a high energy density. To make effective
utilization of energy storage devices, state-of-the-art research on novel and advanced electrode
materials is needed. The main objective of this thesis was to create a low-cost supercapacitor
electrode using a cost-effective technique that is applicable to commercial and industrial usage
which is based on 2D material and metal ferrite nanoparticles with high Specific capacitance.
The growing interest in the use of nanomaterials for supercapacitors has provided researchers
with a new expanded platform for developing suitable electrode materials that are capable of
providing excellent specific capacitance. Spinel ferrite, MXene, and Spinel ferrite-MXene
nanocomposite are the materials stated herein to produce a synergistic impact for the energy

storage supercapacitor application.

In the current research work, three different series of spinel ferrite have been prepared
by the facile and cost-effective method by utilizing the sol-gel auto combustion method. Ti3C»
MXene was synthesized by using the fluoride etching method and the nanocomposite
Pro.02Mno sCoo.sFe1.9804 — Ti3C2 MXene was synthesized using the physical blending method.

The following sample of spinel ferrites has been synthesized and characterized.

(1) ZnooMgosFe>04 at 400 °C, 600 °C, and 800 °C for 6h.

(2) MinxCoo.5xNiosFex04 at 1100 °C for 6h (x = 0.0, 0.2, 0.4).

(3) PrxMno.5sCoo.sFe2xO4at 1100 °C for 6h (x = 0.00, 0.01,0.02, 0.03, 0.04).
(4) Pro.02Mno 5Coo.5Fe1.9804 — TizC2 MXene.

The prepared series were initially investigated using various techniques viz. Phase
identification by using X-ray Diffraction (XRD), morphologically by Field Emission Scanning
Electron Microscopy (FESEM) and High resolution transmission electron microscopy (HR-
TEM), elementally by Energy Dispersive X-ray Analysis (EDX) and X-ray photoelectron
spectroscopy (XPS), and magnetic properties Vibrating Sample Magnetometer (VSM),



dielectric properties, Cyclic Voltammetry (CV), Galvanic Charge discharge (GCD), and
Electrical impedance spectroscopy (EIS) that are required for its use as a supercapacitor

electrode material were employed to investigate the above-said characteristics.

PriMng 5sCoo.sFe2-xO4 (x = 0.00, 0.01,0.02, 0.03, 0.04) have been preferred over the
ZnooMgosFe2O4 and MnxCoo.5xNiosFe2Os ferrite. Because PrxMnosCoosFez2xO4 has a large
surface area, high porosity, and pore size for the transfer of electrons. out of the five prepared
praseodymium doped samples, the sample at x = 0.02 concentration 1i.e.,
Pro.02Mno sCoo.sFe1.9804 1s favored, at 1100 °C excellent exhibit porosity, large surface,
morphological, elemental, and magnetic characteristics have been exhibited and beneficial for

the supercapacitor electrode.

The electrochemical performance of the Proo2MnosCoosFei9s04 — Ti3C2 MXene
nanocomposite was investigated using three-electrode cells to determine use as active materials
in supercapacitor electrodes. Cyclic voltammetry was used to investigate the redox behavior of
electrodes. Galvanic charge-discharge was used to determine the high specific capacitance of
Pr0.02Mno.5Coo.5Fe1.9804 — T13C2 nanocomposite 1310.47 F/g at a current density of 2A/g and
the retention rate is 75.6%. These findings confirm that the nanostructured composite is a strong

candidate material for energy storage devices.
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CHAPTER -1

Introduction

1.1. Preamble

The world's growing population and modernization have created a global energy crisis,
highlighting the need for sustainable and green energy. Fossil fuels are currently the main source
used to satisfy humankind's energy needs; however, these resources are limited. Additionally,
burning fossil fuels releases greenhouse gases, including nitrous oxide, carbon dioxide, and
methane as well as other gases like hydrofluorocarbons and volatile organic compounds, which
contribute to global warming [1] . Due to advancing technological innovations and evolving
lifestyles, humans are rapidly depleting non-renewable energy resources on the planet, raising
concerns about sustainability and life standards [2][3]. The rapid consumption of fossil fuels
driven by high energy demand highlights the challenge of relying solely on limited fossil fuel
resources to meet future energy needs as in Fig. 1.1. The depletion of fossil fuels and carbon
emissions have harmful effects on the climate and ecosystem, which is a danger for future
decades [4][5]. To overcome these impeding situations in the environmental and economic
sectors, a radical change from the perspective of the energy crisis is required, along with
progressive and visionary policy changes. Renewable energy resources have recently received
considerable attention as potential solutions to the worldwide energy crisis [6]. Renewable
energy does not harm the economic and environmental sectors. Renewable energy resources are
typically associated with solar, wind, and hydrothermal energy sources. Over the last few
decades, unprecedented energy migration into renewables has occurred. Every year, the demand
for renewable energy systems reaches a new high. The rise of large-scale solar and wind plants
is a positive step toward more cost-effective and environmentally friendly energy-harvesting
initiatives [7]. Renewable energy sources cannot be utilized for commercial or residential
purposes, because supply interruptions can result in massive losses. As a result, more efficient,
cost-effective, and sustainable energy storage systems can reduce the massive consumption of
these non-renewable energy sources. The development of high-end energy storage systems is
necessary for efficient and sustainable energy usage. Energy storage systems are essential for
maintaining a consistent and dependable energy supply to meet changing demands. Their

significance has increased significantly due to their versatility, efficiency, and adaptability,



positioning them as a leading choice among different renewable energy storage technologies.
Fig. 1.2 illustrates the current usage of energy storage and conversion devices. Fuel cells,
batteries, capacitors, and supercapacitors. Li-ion batteries (LIB) are among the most popular
energy storage systems [8][9]. LIBs have influenced the world by finding applications in
electronic devices, EVs, and other areas, but their inherent flaws prevent them from being used
in large-scale renewable-based power grids and large vehicles. Its hazardous nature and
unavoidable deterioration also prevent its integration into large-scale utility systems [10]. In a
conventional capacitor, maximum energy storage is not possible because of its small surface
area [ 11]. All these storage systems have benefits and drawbacks depending on the territory in
which they are installed. As a result, researchers have focused on identifying devices with high
energy storage capacity and the ability to deliver maximum power. When compared with other
energy storage systems, supercapacitors can deliver energy quickly and have a long lifespan
[12]. Supercapacitors are used in various fields because of their distinctive and inherent benefits,
including power grids, public transportation, and energy transportation systems. As a result, SCs

are among the best candidates for all of the above energy storage devices.
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Fuel cells and batteries are mostly used for high-energy applications because of their
low energy density (E). Some of their drawbacks include low power density (P), high cost,
limited life cycle, difficulty in designing devices, and lack of safety [13][14][15]. Conventional
capacitors have a high power density and long life cycle; however, they have a lower energy
density than batteries and fuel cells [16]. As a result, electrochemical supercapacitors (ESCs)
are considered to be one of the most intriguing energy storage technologies with the potential
to bridge the gap between batteries and conventional capacitors, as seen in the Ragoen plot
(energy density vs. power density) of energy storage devices Fig. 1.3. A supercapacitor has a

high energy density than a capacitor and high power density than a batteries and fuel cell.
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Table 1.1 Basic characteristics of conventional capacitors, batteries, and supercapacitors

Parameters Conventional Batteries Supercapacitors
capacitors

Charge time 10°-103s 0.3-3h 1-30s

Discharge time 10°-107s 1-4h 1-30s

Energy density| <0.12 10 -100 1-10

(Wh/kg)

Power density (W/kg)| >10,000 50-100 1000 — 2000

Cycle life >500,000 500 — 2000 >100,000

Charge/discharge ~1.0 0.7-0.84 0.90-0.96

efficiency

As shown in Table 1.1, shows supercapacitors, are associated with higher cyclic life of
more than 50,000 cycles than batteries (150-1500 cycles) and enhanced ED (1-10 Wh kg™!) than
conventional capacitors (0.01-0.05 Wh kg™). Electrochemical supercapacitors (ESCs) have

superior energy and power density, rapid charge-discharge rate, excellent cyclic life, superb



reversibility, longer life cycle stability, fast dynamic response, minimum equivalent series
resistance (ESR), economic feasibility, pliability, high efficiency, and operational safety.
Because of the aforementioned characteristics of ESCs, they seem to be used in laptops, mobile
phones, smartwatches, memory backups, notebook computers, digital cameras, electric and
hybrid electric vehicles, energy power systems, urban rail transit, toys, headphones, calculators,

and soon [1][17].
1.2. Supercapacitor

Ultracapacitors, also referred to as supercapacitors or SCs, are capacitors designed with
enhanced capacitance and energy density compared to conventional capacitors. They can store
capacitance ranging from tens to thousands of farads and demonstrate impressive durability by
enduring thousands of charge-discharge cycles without experiencing failure, despite their
inability to retain a large charge quantity [18]. SCs operate similarly to an electrochemical
device and share similarities with electrolytic capacitors. However, unlike electrolytic
capacitors, SCs store electric energy without involving any chemical reactions. They can store
significant amounts of charge [19]. The construction of SCs bears resemblance to that of
electrolytic capacitors, incorporating porous electrodes (cathode and anode), an electrolyte, and
a separator, all of which are illustrated in the diagram Fig. 1.4. SCs rely on solid, liquid, or gel
electrolytes that are crucial for their redox processes. A separator, such as a paper membrane, is
employed to maintain separation between the electrodes, enabling charge carriers to pass
without creating short circuits. The method by which SCs store charge differs significantly from
that of conventional capacitors [20]. In conventional capacitors, charge storage is attributed to
the polarization of the dielectric material. Unlike in SCs, the electrolyte doesn't function as a
dielectric; its main role is to provide charge carriers to the electrodes. However, charge
accumulation on the electrodes happens due to the accumulation of opposite charge carriers.
The electrolyte's impact is on the internal or equivalent series resistance (ESR) of SCs. As per
Eq. (1.1), an increase in the power density (P) of SCs corresponds to a decrease in the

electrolyte's resistance (R) [21].

V2

P= (1.1)

4REs

Here, P represents the power density, V signifies the applied voltage, and R denotes the

equivalent series resistance [20].
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1.2.1. Principle and Operation of the Supercapacitor

The energy storage mechanism of supercapacitors (SC) can rely on either the
electrochemical interaction between the electrode and electrolyte or the transfer of charge to the
redox molecule layer located on the electrode's surface. [23]. The setup includes two porous or
permeable electrodes divided by a paper membrane, called a separator, that separates the
positive and negative plates. Both terminals are linked electrically to an ionic liquid known as
the electrolyte. Applying a voltage to the positive electrode attracts negative ions from the
electrolyte, while the negative electrode draws positive ions. These ions accumulate on the
electrodes' surfaces, reducing the distance (1) between them. [24]. As per Eq. (1.2), the high
capacitance (C) of supercapacitors results from the inverse relationship between C and the
distance (1) separating the electrodes, with A representing the cross-sectional area between the

two electrodes[25].

EoA
l

C= (1.2)

An electrostatic field ( E ) forms between the current collectors due to the accumulation
of opposing charges. The supercapacitor (SC) charges until the current collectors achieve
balance and counteract the applied voltage. When the supply voltage decreases or switches
polarity, the current collectors hold onto charge carriers. As the supplied voltage decreases, the

current collectors release a proportional amount of charge carriers back into the electrolyte. This



process involves an equivalent current flowing in the opposite direction through the
supercapacitor [26]. The supercapacitor (SC) went through a comparable cycle of charging and
discharging after the polarity shifted, as illustrated in Fig. 1.5. The specific capacitance (Cs) and
energy density (E) of a supercapacitor (SC) is ten times higher than those of an electrolytic

capacitor, and a hundred times higher than those of an electrostatic capacitor [27][28].
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Fig. 1.5. Working of the supercapacitor [29].
1.2.2. Classification of Supercapacitors

Supercapacitors are classified into three types based on their charge-storage mechanism,
Electrical double-layer capacitors, Pseudocapacitors, and Hybrid capacitors as shown in Fig.

1.6.
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Fig. 1.6. Types of supercapacitors.
1.2.2.1. Electric Double-Layer Capacitor (EDLC)

The electric double layer stores charges at the electrode-electrolyte interface regions. In
EDLCs, a large number of charges can be stored because of the large surface area of the
electrode. An electrochemical double layer (EDL) is formed at the electrode-electrolyte
interface and the atomic range of distance between the electrodes. EDLCs exhibit excellent
electrical conductivity, which helps reduce the internal resistance of the electrodes. In addition,
the electrolyte provides good wettability, which helps enhance the ion mobility, thereby
increasing the capacitive performance [30]. The EDLC stores charges based on the formation
of EDL at the interface, which prevents the recombination of ions. In the 19" century, the
concept of EDLC formation was first introduced by von Helmholtz. He proposed that when an
electrically charged surface is immersed in an electrolyte solution, counterions are attracted to
it, while ions with the same charge are repelled. The electrical double layer was composed of a
layer formed on the surface of the electrode and a layer formed near the electrode surface with
counter ions in the electrolyte [31]. The formation of the EDLC using the Helmholtz model is
shown in Fig. 1.7a. The Helmholtz model is similar to that of the conventional capacitor with
the distance between the parallel plates as ‘d’, which is approximated to be the radius of the ion.
Gouy and Chapman further enhanced the Helmholtz model by considering the continuous
distribution of ions in an electrolyte. The Gouy— Chapman model considers the continuous
movement of ions in the electrolyte and the combined effects of ion diffusion and
electromigration [32]. This is referred to as the ‘diffuse layer, as shown in Fig. 1.7b. However,

this model overestimates the EDL capacitance because it considers the ions in the electrolyte as

8



point charges, resulting in an unrealistic concentration of ions on the electrode. In 1924, Stern
proposed a new model by combining the Helmholtz and Gouy—Chapman models. He
distinguished two areas: i) the inner region, known as the stern layer, and ii) the diffuse layer,
as shown in Fig. 1.7c. Because the electrode has strongly adsorbed ions, the inner region is also
known as a compact layer. The stern layer is composed of specifically adsorbed ions and non-
specifically adsorbed counter ions. The inner Helmholtz plane (IHP) and outer Helmholtz plane
(OHP) were used to distinguish the two types of adsorbed ions. The Gouy— Chapman model is
defined by the second region, known as the diffuse region [33].
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Fig. 1.7. Models of the electrical double layer (a) Helmholtz model, (b) Gouy— Chapman model,
and (c) Stern model [34].

Electric double-layer capacitors (EDLC) use carbon-based materials, such as carbon
fiber cloth, carbon aerogel, carbon nanotubes, graphene, and activated carbon, as active
materials for electrodes, separators, and electrolytes. In EDLCs, charge storage occurs
electrostatically in which charge is stored on the surface of the electrode. When a voltage is
applied to an electrode, charge accumulates on its surface, and ions in the electrolyte solution
begin to diffuse across the separator into the pores of the electrode with the opposite charge
[35]. The design of the electrode prevents ion recombination, resulting in a double charge layer
at each electrode. The development of a double layer, together with an increase in surface area
and a reduction in the distance (d) between the two electrodes, culminates in an EDLC with a

higher energy density (E) than a conventional capacitor [36].



1.2.2.2. Pseudocapacitor

1.3.1.
1.3.2.
1.3.3.
1.3.4.

Pseudocapacitors store charges based on the exchange of charges between the
electrolyte and the electrode. The transfer of charges is done through electron absorption,
reduction-oxidation process, and through intercalation of ions [37]. Applied with a potential, a
current is produced in the cell through Faradaic reactions wherein charge transfer takes place at
the double layer. The Faradaic reactions allow the pseudocapacitor to achieve higher
capacitance and energy density than that of EDLCs. Since pseudocapacitors involve Faradaic
reactions in charge storage similar to that of batteries, they lack cyclic stability and possess
lower power density than that of EDLC. Conducting polymers and Metal oxides constitute the

electrode materials used in pseudocapacitors [38].
1.2.2.3. Hybrid Capacitors

Hybrid capacitors combine the advantages of both EDLC and pseudocapacitors, thereby
providing an improved performance. They combine faradaic and non-faradaic processes to
provide better performance than other types of supercapacitors. Thus, hybrid capacitors exhibit
greater energy density than EDLCs while overcoming the cyclic stability and affordability

issues of pseudocapacitors [39].
1.3. Supercapacitor Construction

There are various methods for fabricating and constructing supercapacitors. The cell
components of the supercapacitors were similar to those of the batteries. The fabrication of the

supercapacitor consisted of three major parts, as described below.

Electrode
Electrolyte
Current Collector

Separator
1.3.1. Electrode Materials for Supercapacitors

The electrode materials have a major impact on the supercapacitors' (SCs)
electrochemical performance. Electrochemical performance depends upon various factors such
as Specific surface area, surface functionality, pore size distribution, and pore shape to achieve
these factors different electrode materials are used such as carbon-based materials, metal oxides,

transition metal dichalcogenides, and conducting polymers [40].
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1.3.1.1. Carbon-Based Materials

In the charge storage mechanism, carbon materials are utilized to produce an
electrochemical double layer at the electrode-electrolyte interface. For the fabrication of the
carbon-based electrode material was broadly used viz. carbon nanotubes, carbon aerogel,
activated carbon, carbon fiber cloth, graphene, etc. These materials have a large specific surface
area, pore size, minimal cost ratio, well-established electrode fabrication technology, and easy
availability. As a result, the capacitance of carbon-based materials is primarily determined by
the surface area available to electrolyte ions. The large specific surface area of carbon materials
leads to a high capacity for charge accumulation at the electrode-electrolyte interface. Surface
functionalization must be addressed when enhancing the specific capacitance (Csp) of carbon
materials, in addition to pore size and high specific surface area [41]. Carbon-based SC
electrodes with high conductivity and stability typically offer high cyclic stability and power
density (P). However, for energy storage, carbon electrodes for SCs have drawbacks, such as

low energy density (E) [42].
1.3.1.2. Metal Oxides

Electrodes made of metal oxides also store energy based on redox reactions and thus
exhibit improved capacitance to that of EDLCs. Metal oxides are abundant in nature, easy to
synthesize on a large scale, and are of low cost. The morphology, size, and orientation of these
nanostructures can be easily tuned. Ruthenium oxide (RuO») is the most widely explored
material for supercapacitors due to its high capacitive nature with a specific capacitance of over
700 F/g. The capacitance exhibited by hydrous RuO: is higher when compared to the
carbonaceous electrodes and conducting polymers. Also, its ESR is very less compared to other
electrodes. However, the success of RuO; is affected due to its high cost. Thus, research went
on to focus on other metal oxides such as MnO», V20s, Fe304, C0304, CuO, SnO, TiO2, NiOx,
ZnO, and many more [43]. However, most of the metal oxides other than RuO, usually
experienced a breakdown in acidic electrolytes like HoSO4 and thus were used in other milder
electrolytes like potassium chloride. An immediate alternative to RuO, was MnO; which
garnered attention due to its low cost, non-toxicity, and natural abundance [28]. Though many
metal oxide nanostructures were explored as supercapacitor electrodes, they faced issues of low
energy density and poor conductivity when compared to RuO». Most of the oxides belong to
the class of wide bandgap semiconductors or insulators and hence exhibited poor conductivity.

This poor conductivity exhibited by various transition metal oxides, severely limits their

11



practical applicability, especially at fast scan rates. Thus, research progressed in finding cheaper
and more efficient materials with good conductivity and capacitance. These problems can be
eliminated using aluminate (MAIl>O4), and spinel ferrite (MFe2O4) [44]. These mixed metal
oxides have been considered the best contenders for SCs because they have excellent
electrochemical performance owing to the synergetic impact of different metal cations. Metal
oxides are spinel ferrite (MFe»04), and have astonishing properties, such as electrochemical
stability, exhibiting different oxidation states, and electronic, magnetic, and optical properties.
Furthermore, these spinel ferrites are easily available, have massive productivity, low cost, and

are convenient to synthesize on an industrial scale [45].
1.3.1.3. Conducting Polymers

Conducting polymers (CPs) are widely used as supercapacitor electrodes as they have
low ESR and cost, easy synthesis methods, and higher capacitance and conductivity than
carbonaceous electrode materials. CPs possess large surface area and store charges based on
redox reactions due to which they exhibit higher capacitance than EDLCs. During oxidation
(doping), ions get transferred from the solution to the polymer support and during reduction
(de-doping), the ions are released back to the solution. In conducting polymers, the charging
occurs throughout the volume of the material and not just only onto the surface, unlike carbon
materials. CPs lack an efficient n-doped material which has greatly hindered them from
reaching their potential. Also, the oxidation and reduction reactions that happen in CPs, cause
mechanical stress in them leading to poor cyclic stability. Polyaniline (PANI), polypyrrole, and
poly-(3,4-ethylene dioxythiophene) or PEDOT are the commonly used conducting polymers in
pseudocapacitors [46][47].

1.3.1.4. 2D material

Supercapacitors with conventional pseudocapacitive electrode materials can achieve a
significant energy density compared to EDLC. The commercial realization of these material-
based supercapacitors is hampered by their poor electrochemical stability during long cycles,
volume expansion due to slow ionic transfer, and low inherent electrical conductivity. The
emergence of 2D materials has created a new horizon of energy storage applications. 2D
materials are materials with atomic (or few atoms) thicknesses that exhibit enthralling properties
compared to their bulk form. Emerging 2D materials have gained a lot of attention as
supercapacitor electrodes due to the large surface area in which all atoms are exposed for

electrochemical reactions. The confinement of electron motion in one direction provides ultra-

12



high electronic conductivity to 2D materials [48]. The high mechanical stability, high surface
area, good electron transfer, and flexibility of 2D materials allow them to be used in new-
generation flexible and wearable energy storage systems, as depicted in Fig. 1.8. The open van
der Waals (vdW) structure in 2D materials enables the intercalation/deintercalation of
electrolyte ions. Since the discovery of graphene, numerous two-dimensional (2D) materials
with intuitive properties have been reported. Transition metal dichalcogenides (TMDs) are
emerging post-graphene 2D materials. TMDs are a few atoms thick 2D materials with unique
electronic and mechanical properties and variable oxidation states suitable for supercapacitor
electrodes. 2D transition metals show excellent energy storage capability compared to their bulk
counterparts. MXene is a relatively recent discovery in the 2D material pantheon. MXene has
excellent electronic conductivity, a large surface-to-volume ratio, superior electron mobility,
ultra-high mechanical flexibility, and more electrochemical active sites, making it an interesting
2D material showing both surface-bound redox pseudocapacitance and intercalation
pseudocapacitance [49]. Close packing of MXene sheets tends to hinder the movement and
diffusion of electrolyte ions, particularly organic electrolyte ions, that influence the energy
storage performance of MXenes in supercapacitors and hinder their excellent electrochemical
performance [50]. This could be overcome by making them composite with other materials,
such as metal oxide—carbon, conducting polymer—carbon, metal oxide—conducting polymer,
and metal oxide-2D materials, spinel ferrite - 2D material (Ti3C2) NC was chosen for PC

electrodes [51].

Superior electron
mobility

High surface area

Good electron
transfer platform

More active site

Good chemical
stability

Fig. 1.8. Advantages of 2D materials.
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1.3.2. Electrolyte

Electrolytes are the major key components of supercapacitors, which are responsible for
the ionic conductivity in the cell. The nature of the electrolyte concerning the type and size of
the ion, concentration of ions, interactions between the solvent and ion, interactions between
the electrode and the electrolyte, and potential window play key roles in determining the
capacitance, cycle life as well as energy and power densities of the supercapacitor. Broadly, the
electrolytes can be grouped as liquid and solid/quasi-solid electrolytes. While liquid electrolytes
are widely explored for supercapacitors, it is the solid-state electrolytes that are being used
commercially in flexible devices, portable electronics, wearable and printable electronics [52].
Liquid electrolytes can be further grouped into aqueous and non-aqueous electrolytes. Examples
of aqueous electrolytes include H2SO4, KOH, and NaxSO4. These electrolytes are extremely
safe, as compared to organic electrolytes. However, in terms of the potential window range of
organic electrolytes 2.5 to 2.8 V are the more dominating one in comparison to aqueous
electrolytes having a potential range of 1.23 V. But with high operating potential, they face
issues of high cost, highly flammable, and toxicity, [53].

1.3.3. Current Collector

Supercapacitors need current collectors to enhance the overall performance as the active
materials lack adequate conductivity. The main aim of the current collector is to help in the
transfer of current from the electrodes to the external load. Thus, they have to be highly
conductive and must be able to withstand the chemical effects of the electrolytes. Usually,
aluminum, nickel, stainless steel, and copper foils are used as current collectors. Recently,
nickel foams and graphite foams have been highly useful as current collectors in energy storage
devices. The active electrode materials will be coated onto the current collector to create a firm

contact between the two thereby minimizing the interfacial resistance [54].
1.3.4. Separators

A barrier between the two electrodes is created through a separator which helps in
preventing an electrical contact between them. The separator allows the permeation of ions
through them thereby allowing charge transfer of ions. Careful engineering of separators is
necessary as they can create a negative influence on the performance of the supercapacitor.
Improper separators can create additional resistances and cause a short circuit in the cell.
Initially, glass, paper, glass fiber, and ceramics were used as separators but with the evolution

in polymer materials, polymer-based separators are being used widely. The separator should be
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nonconductive, and chemically inert to electrolytes and electrodes. The separator should be

mechanically stable, and thin for better performance of the supercapacitor [55].
1.4. Ferrite

William Gilbert presented the first magnetic substance for use as a compass as an iron
needle in CE 1600 [56]. Ferrites are a kind of ferrimagnetic oxide in which iron, denoted by the
chemical symbol 'Fe,' is the primary component. Ferrites are polycrystalline, nonconductive,
and occur naturally in shades of grey and dark brown. Several essential criteria, including
crystallite, grain and particle size, dopant distribution, manufacturing procedures, calcination
and sintering temperatures, and many more, contribute to ferrites' exceptional electrical and
magnetic properties in both the bulk and nanoscale ranges. It is important to note that ferrite-
based nanomaterials are both scientifically and technologically significant because they have a
wide range of applications in various fields of research, including MRI (Magnetic Resonance
Imaging), telecommunication industries, cancer treatment, rod antennas, sensors, choke coils,
and other similar applications [57]. As a result of all of these many uses, ferrites have been
dominating the market of material scientists for a long length of time. Ferrites may be
manufactured using a variety of processes, including coprecipitation, sol-gel, auto-combustion,
hydrothermal, and the citrate-precursor approach. In terms of nanomaterials synthesis
techniques, the sol-gel auto-combustion approach is one of the most successful since it allows

for precise control over the particle size of nanoparticles while being cost-efficient [58].
1.4.1. Classification of Ferrites based on Coercivity

In general, ferrites are categorized into two types based on their coercivity:

1.4.1.1. Soft Ferrites

Soft ferrites are generally known as spinel ferrites. These ferrites are easily magnetized
and demagnetized. The general formula for spinel ferrites is MellFex(III)O4 where Mell
represents divalent metal ions like Ni, Mn, Cd & Mg, etc. and Felll is a trivalent iron cation.
The soft ferrite unit cell has a cubic structure and comprises MeOFe>O3; molecules in which
oxygen anions form an FCC packing with 64 tetrahedral (A) and 32 octahedral (B) vacant
spaces that are partially filled by Fe*" and Me?* cations. Magnetic recording media, computer
memory chips, microwave devices, radio frequency, and electronic engineering are only a few
of the applications for such materials. Among all of these applications, antenna shrinking has

recently piqued the interest of numerous academics. Because soft ferrites have low coercivity,
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their magnetization can reverse easily without wasting a lot of energy. Soft ferrites are

prominently used in inductors and transformers [59].
1.4.1.2. Hard Ferrites

Hard ferrites have a high coercive field, i.e. the coercive field (Hc) from 10 Oe to 100
Oe, and are used for permanent magnet applications. They have high density and achieve fine
grain size. These ferrites are also known as hexagonal ferrites. Hexagonal barium ferrite is
mostly used in permanent magnets, microwave devices, and magnetic recording media due to
its high coercivity, high saturation magnetization, good chemical stability, and corrosion
resistance. Hard magnetic materials have magnetic properties like high coercivity, large
magnetization, and broad hysteresis loop which shows that hexaferrite is ferrimagnetic in nature

[60].
1.4.2. Classification of Ferrites

The crystal structure of the ferrites can be used to categorize them, as per most
investigations conducted on ferrites by the researcher’s group. Subsequently, ferrites are

categorized into four main types: spinel, hexagonal, garnet, and ortho, as illustrated in Fig. 1.9.

Spinel Hexagonal

Fig. 1.9. Classification of ferrites.
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1.4.2.1. Spinel Ferrite

The structure of SFs as possessed by MgAlOs was first determined by Bragg and
Nishikawa in 1915 [61]. The spinel structure is derived from the mineral spinel (MgAl>,O4 or
MgO-Al>0O3), Analogous to the mineral spinel, the general formula MFe,04, where M is the
divalent metal cation (Mn, Mg, Co, Ni, Zn) [62][63]. The smallest cell of the spinel lattice with
cubic symmetry contains eight “molecules” of MFe;O4. The crystal structure of spinel ferrite is

face-centered cubic (fcc) with space group Fd-3m.[64].

1.4.2.2. Hexagonal Ferrite

Hexaferrites were first discovered in 1930. Hexaferrites exist in the natural state of lead
ferrite. It is also known as a magnetoplumbite. The molecular representation of hexagonal ferrite
molecular representation is MFe12019 where M = Ba, Sr, and Pb. Fig.1.10 represents the
structure of hexagonal ferrite. Several isomorphous compounds have been suggested, including
BaFe2019, and SrFe2019. BaFe12019 and SrFei2019 were found to have a hexagonal crystal
structure with two lattice parameters: a and ¢, where a is the width of the hexagonal plane and

c is the height of the crystal. These ferrites are permanent magnet materials [65].

> Fe

Fig. 1.10. Structure of Hexagonal Ferrite [66].

1.4.2.3. Garnets Ferrite
Garnet ferrite's chemical composition is M3(FesO12) in which M is rare earth metal ions
such as Y, Sm, Tb, Eu, and so forth as in Fig. 1.11. with a structure that is comparable to the

structure of the silicate mineral CazFe2(S104)3. As a result, only metal ions with an oxidation
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state of +3 are found in this form of ferrites. The crystalline structure of garnet ferrite is very
complicated and consists of eight formula units of M3(FesO12), as well as an edge length that is
about equivalent to 12.5A, which makes it a good candidate for use in the research field of

memory storage [67].

Fe2* (d)
RE3* (¢) Tetrahedral site

Dodecahedral site

a/2
Fe3t (a)
Octahedral site

Fig. 1.11. represents the Garnets Ferrite [68].

1.4.2.4. Ortho Ferrite

Ortho ferrites are ferrites with the chemical composition MFeOs where M is a rare
earth metal ion (Gadolinium and many others) that exhibits multiferroic properties. It has been
concluded that these types of materials exhibit more than ferroic characteristics, such as
ferroelectricity, ferroelasticity, and so on, and are therefore referred to as such. Bertaut and
Forrat, two well-known scientists, were the first to explain the structure of ortho ferrites in their
original work. Bismuth ferrite with a perovskite structure is a typical example of ortho ferrites,
which are composed of a variety of ferroic characteristics that vary from one another [69]. Fig.

1.12 represents the Ortho Ferrite Structure.
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Fig.1.12. represents the Ortho Ferrite [70].

1.4.3. Superiority of the Spinel Ferrites

However, the above ferrites scientist shows immense interest in the spinel ferrite due to
the immense scope of utilization in high-performance energy storage supercapacitors (SCs).
Spinel ferrites are desirable because of their multiple redox sites, electrical and optical
properties, and stability during electrochemical conversion. It is believed that the spinel ferrites
will demonstrate a richer redox chemistry due to the contribution from the M and Fe ions than
the single metallic oxides in electrochemical reactions. Many ferrites show their superior
electrochemical properties due to the multiple vacancies of the divalent transition metal ions.
This contribution of the metallic cations makes them catalytically active on the electrode
surface, which improves the electrochemical properties. So, the addition of more divalent ions
in the spinel ferrites will significantly enhance the electrochemical properties of these spinel

ferrites and can uplift the capacitance of energy storage devices [71][72].
1.4.4. Crystal Structure of Spinel Ferrite

Bragg and Nishikawa first discovered spinel ferrite. Spinel ferrite contains eight small
unit cells of MFe;O4, where M is divalent cation Mn, Zn, Mg, Ni) [73]. The structure of the
spinel ferrite unit cell contains 32 closely packed oxygen anions. The arrangement of oxygen

anions in a face-centered cubic structure, with two types of voids present between them:
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Tetrahedral site or A site, which is surrounded by 4 oxygen anions, and B or octahedral site,
which is surrounded by 6 oxygen anions. The spinel ferrite unit cell contains 64 tetrahedral sites,
8 of which are occupied, and 32 octahedral sites, 16 of which are occupied. The two neighboring
octants are depicted in the ionic circumstance, the left side octant showing A or tetrahedral site
and the octant on the right showing B or octahedral site. Each octant in spinel ferrite has 4
oxygen anions on the body diagonals and at the tetrahedron's corners [74]. Fig. 1.13 shows the

crystal structure of spinel ferrite.

o=

{ Oxygen

@ B-atoms
octahedral sites

A-atoms
o tetrahedral sites

Fig. 1.13. Structure of spinel ferrite [74].

1.4.5. Classification of spinel ferrite

The general formula for spinel ferrite is Mx "Fe1x>" [Mix*"Feix **] O4 *. The cations
that are outside the square bracket are represented by A or tetrahedral sites, and the cations that
are inside the square brackets are represented by B or octahedral sites. According to the
arrangement of the cations A- site, and B- site, the vacant space and filling space of the spinel
ferrite are categorized into three different types [75]. Here, x is the inversion factor that

determines the classification of spinel ferrites, as shown in Fig. 1.14.

1.4.5.1. Normal Spinel Ferrites
1.4.5.2. Inverse Spinel Ferrites

1.4.5.3. Mixed Spinel Ferrites
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Table 1.2 Classification of the Spinel Ferrite

Type of Spinel Cation Distribution Example References

Ferrite

Normal Ferrite M?*a [Fe** 180 = CdFe,04 and | [76][77]
ZHF6204

Inverse Ferrite Fe’'a [M*Fe*'[g O & CoFe,O4and | [78]
NiFezO4

Mixed Ferrite M1-x2t Fex3t A[MX2+ g/{ul;ez%t, [79]

e
Fe2- x3|BO4 2 sret

1.4.5.1.Normal Spinel Ferrite
In normal spinel ferrites, A-sites and B-sites are distributed by divalent and trivalent

ions, respectively, where M is the divalent metal ion such as CdFe>O4 and ZnFe>O4 [76].

1.4.5.2. Inverse Spinel Ferrite
In inverse spinel ferrites, divalent ions go to B-sites, whereas trivalent ions are evenly
distributed across A and B-sites, where M is the divalent metal ion. Examples of such ferrites

are CoFe»04 and NiFexO4 [ 78].

1.4.5.3. Mixed Spinel Ferrite

In mixed spinel ferrites, A-site and B-site cations are randomly distributed depending
on the physicochemical circumstances of preparation and sintering. Mix*" Fex’"a[Mx*" Fen.
« ]8O4 %, is the cation distribution for random spinel ferrite, where M is the divalent metal ion
and x is the degree of inversion. 0 < x < 1 represents random spinel ferrite, 1 represents normal
spinel ferrite, and O represents inverse spinel ferrite. CuFe2O4, MgFe2Os, and other oxides are

examples of mixed spinel ferrites [79].
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1.5. MXenes

Two-dimensional materials are only a few atomic layers thick and have extremely high
aspect ratios, they have piqued the researchers' intense attention. Since the discovery of all 2D
materials graphene has been comprised of atomically connected plane bonds of sp? carbon atom,
in a single layer. MXenes, relatively new members of 2D materials, have posed several
fascinating concerns to scientists because of their unique properties. Because of their ceramic
composition, they are chemically and mechanically stable. Structurally, MXenes exist in
monolayer and multilayer forms with a significantly larger interlayer spacer than graphite, and
the thickness of the MXene layer is controllable. Ions of different sizes can be injected into the
space between the layers because it is capable of ion intercalation. Because the layered structure
is partially delaminated, intercalation and electric double layers (EDL) formation, contribute to
charge storage in supercapacitors [80]. MXene layer interactions are mainly determined by
hydrogen bonding and van der Waals interactions. The presence of functional groups as surface
terminations provides a plethora of options for designing surfaces with desirable

electrochemical, thermoelectric, and dielectric properties [81].

In 2011, MXenes was discovered at Drexel University by Barsoum and Gogotsi. The
Mn+1AXn formula for ternary carbides and nitrides is well known with the presence of early
transition metal (Sc - Ta) represented as M, A stands for an alkali metal (Al), a silicon metal
(Si), a lead metal (Pb), X stands for a carbon or nitrogen atom, where, n can be 1, 2, or 3 to
create layered structures with anisotropic characteristics. Fig. 1.15 shows A-group element
layers are interweaved in the m6X octahedrons as layers of edge. The thickness of Mn+1Xn
changes depending on the value of n; n=1 results in 211 phases with consists of a single block
of octahedral (3 atoms thick), and N+2 results in 413 phases with 3 blocks of octahedral. More
than sixty pure different MAX phases are known so far. Conversely, various combinations of
M atoms viz., (Tio.s, Nbos) AIC, A atoms viz., Ti3(Alos, Sios) C2 and X Sites and viz., Ti2Al
(Cos, No.s) which has a quite large potential number may be adopted for the synthesis of MAX
phases [82].
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5
[Etching “A” layer from M, .;AX,, + Sonication > MXene]

N4

M3X, M X5
Fig. 1.15. Structure of MAX phase [83].

To achieve the thickness of the lamellas from tens to hundreds of nanometers partial
delamination was done reconciled by basal dislocations which are anisotropic [81]. This leads
to the automated deformation of the MAX Phases being exfoliated to a few nanometers thick
of graphene as they possess slightly strong M-A bonds. Yury Gogotsi et al. were the first to
exfoliate the A — A-group layers from the MAX phases at room/ moderate temperature by liquid
or gas phase extraction [84]. MAX phases are exfoliated by the selective etching of A layers to
produce 2D transition metal carbides and nitrides. MXenes represent the absence of the A group
from the MAX phases. Similar to the properties of graphene the suffix “ene” in “MXene”
represents their 2D nature. The A layers are exfoliated from the MAX phases by selective
etching. More than sixty MAX phases exist to date. Among these, more than twenty pure
Mn+1Xn phases were obtained by the effect of removing the A layers from the MAX structures.
Also, several MXenes are synthesized on M and X sites from MAX solid solutions. In this

study, the exfoliated MAX phases are utilized for electrochemical supercapacitors [85][86].

MXenes, a new class of 2D transition metal carbides has engrossed recent research
owing to their specific properties like hydrophilic surfaces which enhance the stability of
aqueous environment and high metallic conductivity. These properties lead the 2D MXenes for

a variety of applications as in Fig. 1.16. The MAX phase has an M - X bond with a predominant
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covalent/metallic character. As the M-A bond is metallic the MAX phase bond cannot be broken
easily. However, MA bonds are weaker as they can be etched with aqueous solutions containing
fluoride by selective etching to yield MXenes. After the removal of Al layers functionalized
MXenes are produced with the terminal O, OH, and F atoms, which are abbreviated as T in the

general formula Mu+1 XnTx [87][88].
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Fig. 1.16. Application of the MXenes.
1.5.1. Structure of MXene

MXenes exhibit distinctive properties like huge electrical conductivity, high surface
area, and adequate surface terminal groups for layered structures. The conducting behavior of
MXene differs in metallic, semi-metallic, and semi-conducting phases of MXene. Similar to the
symmetry of MAX phases, the resultant MXenes possess a symmetrical hexagonal structure.
The X layers are sandwiched between the M layers in which the particles are arranged into a
lamellar arrangement [89]. Fig. 1.17 illustrates the presence of carbon or nitrogen atoms
sandwiched between the M and X layers. Predominantly, the generalized gradient
approximation (GGA) methodology was used to calculate the electronic properties and
nanostructured properties of the MXenes. Still, a detailed assessment of the electronic bandgap
was likely to be achieved by hybrid functional. It is expected that the pristine MXenes exhibit
metallic characteristics. Compared to the MAX phase the conventional MXenes are predicted

to have superior charge carrier density of states (DOS) which are nearer to the fermi level. After
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functionalization, the electrical properties of MXenes are enhanced by suppressing the metallic
behavior to achieve the semiconducting properties that correspond to the configuration of M,

X, and T atoms [90].

Fig. 1.17. Structure of MXene [91].
1.5.2. Properties of MXene

When it comes to the inimitable properties of MXenes, it could be ascribed that each type of
MXene reported exhibits a distinct set of properties and surface chemistries that are tunable
based on the compositions and fraction of the elements present. These unique combinations of
properties common in different MXenes such as high electrical conductivity, hydrophilicity,
mechanical strength, high electrochemically active surface, polar surface, etc. make them a
potential candidate for creating an advanced material composite with MXene for high energy

and power density supercapacitors [92].

The electronic properties such as the electronic conductivity of MXene including Ti3CoTx are
ideal supercapacitor requirement that governs power density and energy density. The
conductivity largely tends to depend on the amalgam of M, X, and surface groups ranging from
metallic conductivity, and semiconductivity to insulating properties. MXenes with any
functionalization exhibit metallic behaviour which possess more transition metals in the
arrangement. Correspondingly, a very high conductivity of ~20000 Scm™ was achieved for
Ti3C,Tx MXene prepared by blade-coating technique owing to large flake size and orderly

arrangement which is higher compared to 2D materials such as --graphene and MoS,.
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Noteworthily, NboCTx MXene even exhibited superconductivity at low temperatures <10K
possessing surface terminations including —Cl, —S, -NH, and —Se. This higher electronic
conductivity helps faster electronic, ionic transport, and rate capability and also excludes the
need for a separate conducting agent or a current collecting substrate for supercapacitor

electrodes that augments the device energy density to a higher value [93].

Considering the future demands of wearable and miniaturized electronic systems coupled with
flexible/micro-supercapacitors, 2D MXene possessing outstanding mechanical properties could
address the requirement comfortably. Here, assembled MXene films are effectively fabricated
and used as electrodes for supercapacitors which withstand mechanical deformations including
twisting, folding, bending, and rolling. Based on theoretical calculations, bare MXenes (M2XTx;
M = Ti, Mo, Sc, Hf, Zr) were found to possess breaking strength in the range of 92- 161 N m™!
displaying its superior mechanical stability. The excellent properties of tensile strength,
flexibility, and bending resistance render MXene a promising electrode material for flexible and

micro-supercapacitors [94].
1.6. Spinel Ferrite — MXene Nanocomposite

Researchers have conducted intensive investigations on MXenes as a supercapacitor
electrode material because of its ease of synthesis, high specific capacitance, and good electrical
conductivity. It alone may be used to prepare SC electrodes for excellent Cs. For energy storage
SCs, MXenes are considered to be a candidate material, which requires additional research and
product development [95]. Despite the excellent properties of MXene as a supercapacitor
material, some constraints must be explored to determine its maximum potential. The
exfoliation of MXene layers is a significant issue because of the possibility of layer restacking,
which causes charge carrier immobility and thus hinders the redox reaction. To solve this
problem, it is necessary to combine MXene with other active materials possessing good
chemical stability and multiple redox states that are abundant in nature and inexpensive.
Therefore, a type of complex metal oxide called spinel ferrite and MXene, as a new class of
electroactive materials has attracted attention. To the best of our knowledge, the mixed metal
oxide viz. spinel ferrite has been envisioned as a possible candidate for SC applications, as
discussed earlier in section 1.3.3 [50]. This is an intriguing process of combining the remarkable
features of spinel ferrite and MXenes into a single electrode. This process enables the spinel
ferrite-MXene (NC) materials to have synergistic effects that are not possible with individual

constituents. The NPs of spinel ferrite can be merged and deeply embedded with the MXene
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matrix in the NC electrode, resulting in improved electrical conductivity, porous structure, and
structural stabilization, thereby giving rise to superfluous charge storage by kinetic operations

and enhanced charge transportation [96].
1.7. Scope of the Study

In this work, we attempt to identify potential solutions to the issue of energy storage
devices by synthesizing materials with considerable magnetic, dielectric, and conductive
properties. For, this spinel ferrite, a magnetic material with a high saturation magnetization, and
Ti3C2MXene with good conductivity. In the present work (i) Zno.2Mgo sFe204 at the temperature
of 400 °C, 600 °C, 800 °C. (ii) MnxCoo.sxNio.sFe204 (0.0<x<0.4), (iii) PrxMno sCoo.sFe2xO4
(0.00< x< 0.04) different concentration ferrite nanoparticles are synthesized by simple, quick,
and inexpensive sol-gel autocombustion strategy for pH 7 and strengthen by annealing at the
temperatures of 1100 °C. Among all the three series of synthesized ferromagnetic material, the
samples annealed at 1100 °C are experimented with for practical applications in applicable
fields such as charge storage (SC) application. By synthesizing a large number of ferrites, by
varying annealing temperature, and dopant, it becomes more focused in choosing the best
samples for the application purposes. This is done to improve the efficiency of these samples
and hence make them useful for futuristic applications. Electrochemical capacitors are
promising energy storage gadgets for meeting the powerful electric market. Corresponding to
batteries, electrochemical capacitors can give predominant power density and cyclability and
can be viewed as intermediate devices between conventional ceramic capacitors and batteries.
Pro.02Mno 5Coo.5sFe1.9804 - TizCo MXene nanocomposite is best-suitable for energy storage

devices.
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CHAPTER 2

Review Of Literature

2. Review of Literature

Anwar et al. (2024) prepared the Co-doped Ni-Zn ferrites {Nio.cZno4—xCoxFe>04 (for x =0.00,
0.05, 0.10, 0.15, 0.20)} utilized the sintering method. XRD and FTIR reveal that
Nio.6Zno.4—xCoxFe>04 exhibits a single cubic crystal structure. The average crystallite grain size
is 644 nm — 677 nm by utilizing the SEM micrographs. As increases the Co concentration the
AC conductivity decreases. The saturation magnetization (87.39 emu/g) and magnetic moment
(3.69 puB) have a significant increment of 15% Co—doped Ni - Zn ferrites. With increasing Co
concentration, the value of initial permeability decreases significantly. The TanM vs. frequency
plot depicts the start of relaxation peaks for all NZCFO composites at higher (> 107 Hz)

frequencies [97].

Chai et al. (2024) reported that MnFe>O4/rGO nanocomposite was prepared by hydrothermal
method. At 1 A g™ current density, MnFe>O4/rGO nanocomposite exhibits the Cs, 195 F g™ as
compared to individual MnFe,Os ferrite (77 F g!) and rGO (67 F g'!). MnFe,O4 ferrites are
homogeneously spread on the rGO sheets. However, an asymmetric supercapacitor device

exhibits an energy density of 16 W h kg! and a power density of 1280 W kg™ [98].

Ghaemi et al. (2024) reported the synthesis of a Nig.sZno.sFe204/MXene nanocomposite using
a combustion method. The TizCoTx MXene exhibited a sheetlike morphology. The
Nig.sZno sFe>04/MXene nanocomposite achieved a specific capacity of 1614 C g™! at a current
density of 1 A g’!. When used in a hybrid capacitor with the Nig sZno sFe20s/MXene composite
powder as the positive electrode and activated carbon as the negative electrode, the device
demonstrated an energy density of 53 Wh kg™ at a power density of 1335 W kg™! and a current
density of 1 A g1 [99].

Agale et al. (2023) utilize the sol-gel auto-combustion method to synthesize Nickel Cui-
NixMnj oFe; 004 ferrite. Rietveld refinement confirms the material exhibits the single phase
and cubic spinel structure. FESEM study reveals that the spherical and multi-faced shapes
morphology observed. The crystalline nature of the synthesized samples is revealed by TEM
images, also in good agreement with FESEM images. VSM was used to investigate the
magnetic properties of all ferrites. With increasing concentration, Ni** the CuixNixMn; oFe1 004

ferrite changes from a ferrimagnetic to a superparamagnetic state. The electrochemical analysis
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revealed that CuixNixMnji oFe1.004 (x = 0.75) is superior to the other samples in electrochemical
performance. At a scan rate of 5 mVs™!, CuixNixMni oFe; 004 (x = 0.75) had a Cs, 975 F g,
energy density of 20.8 Wh kg™!, and 94.4% capacity retention over 5000 cycles [100].

Mayakkannan et al. (2023) utilize the microwave combustion method to prepare the
NiZnFe;O4 ferrite. XRD revealed the material exhibits the single phase and Fd-3m space group.
The supercapacitor material exhibits the Csp 73.28 F g'! at 5 mVs! scan rate energy density 3.56
Wh kg! and power density 2051.28 W kg™'. SEM micrographs reveal irregular in shape and
size [101].

Amani et al. (2023) reported the main goal of this research work is to develop and investigate
a cost-effective nanomaterial for utilization in supercapacitors. CoMnFeO4/rGo nanocomposite
was synthesized. At a 1A g!' current density, the specific capacity and the energy density of
rGO/CoMnFeOs are 380 F g and 58.18 Wh kg'!. The findings of the present investigation
show that CoMnFeOs4 nanoparticles behave appropriately as active materials for
supercapacitors, and the addition of reduced graphene oxide (rGO) improved their

electrochemical behavior [54].

Jeevanatham et al. (2023) utilized the sol-gel auto-combustion technique to prepare the Sr-
doped CoFe>O4 ferrite nanoparticles at different 200 °C, 300 °C, and 500 °C temperatures. XRD
identifies the phase and crystallinity of the synthesized sample. The crystallite sizes vary from
33nm - 35 nm at increased temperatures of 200 °C, 300 °C, and 500 °C. FESEM micrograph
reveals the homogeneous size and shape of the sample. Tauc’s plot as the direct bandgap energy
values are 1.24, 1.21, and 1.20 eV using UV-Vis-NIR spectroscopy. At 300 °C, the
Co0.8Sro2Fe204 has a supercapacitance value of 637 F g™ at 0.5 A g! and retains 85.5% after
1000 cycles at 5 A g!, with an efficiency of 98.79% after 5000 cycles at 15 A g™ [102].

Mahajan et al. (2022) study reports the preparation of the composite Mno3Co0.2Zno.sFe1.9704 —
PANI by mechanical blending method, Mno3Co0.2Zno sFe1.9704 by sol-gel auto combustion
method and PANI can be prepared by the chemical oxidative method. X-ray diffraction indicates
the synthesis of the nanocomposite Mno3Coo.2Zno.sFe1.9704 — PANI due to the presence of two
distinct kinds of peaks: sharp Mno.3Co0.2Zno sFe1.9704 and broader PANI peaks. FTIR affirms
the presence of the vibrational bond in the nanocomposite which is also determined in the
individual Mno3Co02ZnosFe1 9704 and PANI. Field emission scanning electron microscopy
(FESEM) micrograph reveals the encapsulation of the spinel ferrite with the PANI matrix and

confirms the formation of the nanocomposite of Mno3Co02ZnosFer 9704 — PANI. The
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electrochemical properties of the nanocomposite Mng3C00.2Zno.sFe1.9704 - PANI show the Csp
286. 91 F g! at the 10 mVs™'. Electrochemical impedance spectroscopy (EIS) shows the ion
transfer resistance is 1.25, 1.12, and 0.57 Q. Nanocomposite Mno3C00.2ZnosFe1.9704 — PANI
shows better performance than the individual Mng3Coo.2Zno sFe1.9704 and PANI [62].

Manohar et al. (2022) study reports preparing the nanoparticle Mg substituted MnFe>O4 (x=
0.1, 0.2, 0.3, 0.4, and 0.5) by solvothermal reflux method. X-ray diffraction (XRD) revealed
that all the samples exhibit a single phase without the presence of impurity. FESEM micrograph
reveals the homogeneous spherical morphology of all the samples. Mgo.1MngoFe2O4 had the
highest specific capacitance 226.4 Fg! as compared to the other Mgo3Mng7Fe;Os,
Mgo.4Mng¢Fe>Os, and MgosMnosFe;Os electrodes. The cyclic stability at the 3000™ cycle
Mgo.1Mno.oFe204 is 94.95 %, and Mgo.sMno sFe204 1s 92.47 % [103].

Kiey et al. (2022) report preparing Co/CuFe>04 by auto combustion method using citric acid as
a fuel agent. XRD reveals the sample exhibits a single-phase cubic structure. The synthesized
nanomaterial exhibited a spherical shape with a particle size range that varies from 30 to 50 nm
using TEM images. The electrochemical performance using a three-electrode configuration,
ferrite nanoparticles Csp 893 Fg! at a scan rate of 5 mV s ~!. At a current density of 1 A g/,

Co—Cu ferrite exhibited 90% capacity retention for 3000 cycles [104].

Dippong et al. (2022) prepared Ni** doped in manganese spinel ferrite by sol-gel technique and
studied the effect of structural, morphological, and magnetic characteristics of Mn.
WNixFex04@Si10; (x =0, 0.25, 0.50, 0.75, 1.00) nanocomposites (NCs). The formation of a Si0>
matrix and ferrite is confirmed by Fourier transform infrared spectra, and the XRD study reveals
the poor crystalline ferrite at low temperatures and high temperatures highly crystalline mixed
cubic spinel ferrite with the presence of secondary phases. With increasing Ni content and by
Vegard's rule, the lattice parameters decrease as the crystallite size, volume, and X-ray density
of Mn1xNixFe204@Si02 NCs increase. The coercivity falls as the Ni concentration rises, while
the M, magnetic moment per formula unit, and anisotropy constant K all increase. For samples
that were annealed at greater temperatures and had the same chemical formula, these parameters
were bigger. The materials exhibit a paramagnetic nature but with the addition of Ni content in

Mn — ferrite the material exhibits the supermagnetic behavior [105].

Akhtar et al. (2021) have investigated the rare-earth (RE) elements Yb, and Gd in Ni—Zn spinel
ferrite to determine the magnetic, optical, and electrical conductivity analysis of the synthesized

samples. By using the sol-gel auto combustion method to synthesize the Nio.sZno.sYbxGdxFex-
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x04 (where x = 0.00, 0.20, 0.40, 0. 60, 0.80 and 1.00). XRD study reveals the material exhibits
a single-phase cubic structure. With increasing the RE element concentration, grain size is
varied. FTIR affirms the vibrational at the 400 — 600 cm™ of the RE-doped spinel ferrite. The
saturation magnetization (Ms) is decreased with the addition of RE - elements. The temperature-
dependent electrical conductivity was also investigated to better understand the conduction
mechanism over a temperature range of 323 K-563 K. Yb and Gd doped NiZn ferrite exhibits
excellent magnetic and electrical properties and also a potential candidate for nanoantennas,

sensing, data storage applications, and energy storage devices [106].

Yaqoob et al. (2021) prepared MXene/Ag>CrO4 nanocomposite by co-precipitation technique.
Ag>CrOs spinel was synthesized by sol-gel method and MXene was etched from MAX powder.
X-ray diffraction (XRD) demonstrated an increase in inter-planar spacing from 4.7 A to 6.2 A.
SEM micrograph reveals Ag>CrO4 nanoparticles dispersed as clusters over MXene layers. EDX
study determines the elemental present in the sample. Raman spectroscopy studies the presence
of bonding in the prepared nanocomposite. Furthermore, the current study will be an evaluation
of the capacitive behavior of electrodes in different electrolytes, such as acidic 0.1 M H2SO4
has a specific capacitance Csp = 525 F/g at 10 mV/s and basic 1 M KOH electrolyte has a much

lower value [107].

Safari et al. (2021) used a two-step approach for Fe2Co-MOF production viz. solvothermal
procedure and then calcination. The occurrence of the cubic structure of CoFe>O4 and MIL-88A
(Fe) structure of FeoCo-MOF has been validated by XRD patterns. As per FE-SEM
micrographs, the calcination method transforms the morphology from spindle (Fe.Co-MOF)
into yolk-shell (CoFe204). As per BET analysis, the specific surface areas of Fe2Co-MOF and
CoFexOs are 36.0 and 29.2 m? g! respectively. VSM study found that CoFe>O4 had a high value
of coercivity of 2500 Oe owing to the surface anisotropy. During morphological change, the
optical band gap is decreased from 1.92 to 1.77 eV. GCD curves at 1 A g! yield Cs of 489.9 F
gl (Fe2Co-MOF/NF) and 192.6 F g' (CoFe;04/NF). The FexCo-MOF/NF exhibits more
magnificent cyclic stability than their counterparts beyond 3000 cycles [108].

Balideh et al. (2021) prepared Niop.3Co0.7DyxFe>xOs (x = 0:0, 0.02, 0.04, 0.06, 0.08, and 0.1)
samples by utilizing the hydrothermal process, an annealing treatment, and NaOH as a solvent.
The prepared samples underwent a 7-hour annealing process at 150. On structural,
morphological, electrical, and magnetic characteristics, the effect of Dy doping was

investigated. The structure, size, morphology, and magnetic characteristics of synthesized
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compounds were examined using X-ray diffraction, Fourier transform infrared spectroscopy,
field emission scanning electron microscopy, an energy dispersive spectrometer, and a vibrating
sample magnetometer (VSM). X-ray diffraction proved the presence of a ferrite phase. An
increase in Dy doping has been seen to result in larger average crystallite and grain sizes. Two

! were visible in the Fourier transform

distinct, significant absorption bands at 500-600 cm”
infrared spectra. Particles with an average size ranging from 45 to 60 nm were seen by field
emission scanning electron microscopy to have a consistent spherical form. The presence of the
component elements Co, Ni, Fe, and Dy, with proportions that are extremely near to the
stoichiometry of the chemical formula, was confirmed by examining the energy dispersive
spectrometer analysis patterns. The characteristic magnetic behavior of spinel ferrite

nanoparticles was validated by magnetic measurements, and the magnetic hysteresis behavior

was enhanced over that described in other studies [109].

Nawaz et al. (2021) developed Nig.sZno sFe;O4 as electrodes with and without binders. Simple
hydrothermal procedures are used to directly produce the binder-free electrode on nickel foam.
X-ray diffraction is used to investigate the crystalline phase of both of these electrodes. Through
the use of high-resolution transmission electron microscopy (TEM) and scanning electron
microscopy (SEM), their morphology has been studied. These techniques have shown a well-
defined nanostructure that resembles tiny hexagonal platelets. Using energy dispersive
spectroscopy (EDX), the chemical composition is confirmed. Due to the nickel foam's 3-D
linked structure, the NZF@NF electrode has surpassed the NZF electrode based on a binder.
The NZF@NF electrode produced a specific capacity (Csp) of 504 F g™! at a current density of
1 A g'!, whereas its counterpart produced a specific capacity of 151 F gl at 1 Ag' [110].

Raza et al. (2021) LaCeFe;O4 ferrite was successfully synthesized using both the co-
precipitation and hydrothermal methods. X-ray diffraction (XRD) analysis confirmed that the
prepared material exhibited a single-phase structure. Scanning electron microscopy (SEM)
revealed a porous morphology, while energy-dispersive X-ray spectroscopy (EDX) confirmed
the absence of impurities and the presence of all required elements in the prepared sample.
When tested at a scan rate of 10 mV/s, the specific capacitance (Csp) was found to be 1197 F g
!, with a retention rate of 92.3% after 2000 cycles, indicating good cycle life. At a current density
of 5 A/g, the electrode demonstrated an energy density of 59 Wh/g and a power density of 9234
Wikg [111].
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Sathiyamurthy et al. (2021) had been synthesizing the ZnFe;O4, CoFe204, and Co-doped
ZnFe;04 via. Co-precipitation method. XRD studies confirm the cubic spinel structure of the
Co-doped ZnFe;04 nanoparticles. In the FTIR characteristic two types of vibrational modes are
present: tetrahedral (A) and octahedral (B). TEM and FE-SEM corroborated the shape,
exhibiting a spherical structure with an aggregation of the nanocomposite. EDX study indicates
the elemental characteristics of the Co-doped ZnFe;O4 nanocomposite. A VSM was used to
investigate the produced NC, which revealed the transition from paramagnetic to ferromagnetic
activity. The Cs of the prepared ferrites were estimated scan rate of 10 mV s, and
Coo.5Zng sFe>04 had significantly enhanced Cs, of 218 F g™!. The NC that has been prepared can

be utilized in energy storage systems [58].

Raza et al. (2021) employed hydrothermal and co-precipitation methods to synthesize the
lanthanum cerium ferrite nanoparticles. The structural along morphological characteristics of
NPs were investigated employing XRD, SEM, TEM, and EDX. For CV, GCD, and EIS of J1
and J2 electrodes, a 3-electrode configuration in 6 M KOH electrolyte has been used. The
excellent Csp of 1195 F g™ was attained for J2 at 10 mV s! and had 92.3 % capacitive retention
beyond 2000 cycles. The E and P densities for the J2 electrode at 5 A g! were noticed to be 59
Whkg ! and 9234 W kg!. As a consequence, the developed J2 electrode is a potential contender

for supercapacitor [111].

Baig et al. (2021) prepared the NiFe>O4 by the sol-gel method and SiO; by the Stober method.
XRD study reveals the crystal size of the nanocomposite 20 nm + 1 nm. The electrochemical
process is measured using CV, GCD, and EIS which represent the electrode materials'
comparable efficiency and reversibility. After 5000 cycles at 20 mA/cm?, the prepared electrode
has a capacitance of 925 F g™ at 1 A g'! and a capacitance retention of 95.5%. Because of the
high surface area, the enhanced electrochemical performance of the NiFe204/Si0; electrode can
be subjected to the prompt diffusion process provided by NiFe>O4/S10; and enhanced redox
reactions. According to electrochemical impedance spectroscopy (EIS), the aforementioned

characteristics reduce the total impedance of the electrodes [112].

Anwar et al. (2020) employed a coprecipitation method to prepare the NiDyxFe».«O4 ferrites
(0.0 <x <0.1). XRD study reveals the prepared samples exhibit the single-phase FCC cubic
spinel structure. FTIR spectra demonstrate the two vibrational frequency bands (v and v2). The
magnetic properties demonstrated a M; is reduced and Bohr magneton (ng) is decreased. With

the Dy substitution anisotropy constant first increased and then decreased, Hc showed a non—
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linear behavior. Increased resistivity of nickel ferrite along with the reduction in M — H loss

makes it beneficial for high-frequency devices [113].

Tanbir et al. (2020) studied the effects of Eu**, Sm®*, and Gd** doping on the magnetic, optical,
and structural characteristics of Ni-Co ferrite NPs produced via the facile co-precipitation route.
XRD confirmed the development of single-phase (spinel) for all the samples. Owing to the
larger radius of the dopant, a decrement in the crystallite size was exhibited. The HR-TEM
micrograph-derived mean particle size closely matched the X-ray diffraction data. At ambient
temperature, the paramagnetic character of rare-earth ions decreases the superexchange
interactions between sublattices. In contrast with the dopant, the Curie temperature, Ms, and
coercivity were noticed to be lower than the pristine samples. The nano-size effect of the

produced NPs is responsible for the enhancement in the bandgap (optical) [114].

Mazen et al. (2020) prepared Lio2sMno s.xMxFe22504 by the conventional ceramic method. The
metal cations (M) viz. Co?", Ni**, and Cu?" were doped at different concentrations (x = 0.0, 0.1,
0.3, and 0.5) to enhance the magnetic characteristics. The structural along magnetic
characteristics of the prepared samples were examined by employing the XRD, SEM, and VSM.
For all prepared samples the single-phase (spinel) was affirmed by the XRD. With increasing
doping concentrations, the lattice parameter fell linearly. The crystallite sizes range from 60 to
101 nanometers. VSM tests demonstrated that different metal ion replacements had a significant
impact on the Ms of Lio.2sMno.sxMxFe2.2504, which is attributable to the distribution of metal
cations in the A and B sites. Owing to the enhanced magnetic characteristics of the Lio2sMno s-
xMxFe22504 as compared to their counterparts, it can be eventually implemented in the magnetic
recorders and microwave appliances. It was noticed that the prepared Lio2sMno.sxMxFe2250a,
structural and magnetic characteristics can be tuned by the substitution of various divalent

transition metal ions [115].

Garg et al. (2020) studied MXene as a member of the 2D carbide and nitride family. The layered
structure of MXene is successfully obtained by modifying the process parameters, as evidenced
by the presence of an XRD peak (110). FESEM images reveal the MXene has an accordion-
like structure. After the etching process, the peak (002) is slightly shifted towards the lower
angle, confirming the increase in spacing of MXene layers to 12.92 A°. Furthermore, the etching
time is reduced, as a result, the d-spacing of MXene layers is decreased because the aluminum
content is not removed successfully. The presence of AlF; in the MXene is confirmed by

characteristic peaks (106), (108), and (109). The occurrence of (106), (108), and (109) peaks
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which correspond to the growth of AlF3 is highly dependent on any variation in process
parameters. To obtain the best MXene layers regarding structural and electrical properties, the
process factors must be tuned so that aluminum etching can be done completely without
increasing the fluorine content in the MXene. In this paper, we reveal for the very first time the
fabrication of the best-optimized MXene film on the flexible polypropylene (PP) substrate
employing the best-optimized factors for supercapacitor applications and compare the results to
those obtained on the polyethylene terephthalate (PET) and glass substrates. The PP-supported
MXene device exhibits an areal capacitance of 82.6mF/cm?at 5 mV/s, and a capacitive retention
of 73.3%. The research opens the door to new high-performance device designs based on

different flake sizes, morphologies of MXene, and their combinations [85].

Nabi et al. (2020) employed the CexCoFe»xO4 (x =0, 0.3, 0.5) electrode have been prepared
successfully by the coprecipitation method. Scanning electron microscopy (SEM) micrograph
analysis revealed the non-uniform shape and size and presence of agglomeration. The
electrochemical investigation of CexCoFexxOs4 (x = 0, 0.3, 0.5) electrodes in 1 M KOH
electrolyte solution was carried out using CV, GCD, and EIS. With a long cycling life of 82.3%
retention after 4000 cycles, the highest specific capacitance (937.50 Fg'') was achieved. As a

result, the CexCoFe>xO4 electrode is a promising candidate for supercapacitor applications [28].

Singh et al. (2020) study reveals the PANI prepared by in situ chemical oxidative method and
Mn ferrite (MnFe204) by hydrothermal method. Mn infused in polyaniline (PANI) shows the
synergetic effect for the transfer of the 1ons. The fluffy nature of PANI provided charge transport
channels, and manganese ferrites assisted in electron storage via changes in the valence state of
the active sites. At a current density of 1 A g!, we obtained a high specific capacitance of 623
F g’ After 10,000 cycles, a prototype of the developed supercapacitor demonstrated excellent
device performance with a high energy density of 179 Wh kg! and a maximum power density

of 982 W/kg with 95% retention of specific capacitance [116].

Cheng et al. (2020) investigated the high activity and electrical conductivity of NiCo204 which
has been regarded as an effective electrode material. NiC0204 (core-shell) structural composites
have been produced, and the composites seem to have superior Cs than pure NiCo020s. This
research is aimed at the present state of composites (core-shell) that use NiCo204 as a
scaffolding. In core-shell structures conductive polymers, sulfides, hydroxides, and metal
oxides are explored in detail as shell materials. The structure (core-shell) produced on

conductive substrates can prevent material agglomeration and allow electrolytes to penetrate
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more easily. The cores of NiCo204 act as conducting conduits to the shell materials, ensuring
synergic impact, while the shell materials protect and stabilize the NiCo0204 cores. The
electrodes of the NiCo204 core were examined in terms of potential development paths and

prospects [117].

Barakzehi et al. (2020) prepared at room temperature, a commonly utilized PET that is
modified utilizing MIL-53(Al), via a layer-by-layer fabrication process. The rGO is then dipped
into a GO solution and deposited on the surface of PET-MOF following chemical reduction.
Finally, an in situ chemical polymerization method polymerizes pyrrole on the PET-MOF-rGO
surface. The produced composite has been used as electrode material in an H>SO4 solution,
yielding a Csp of 510 mF cm™ at 1 mV s\, The improved electrode is used in symmetrical SCs
that have a 3.5 F cm™ (volumetric Cs), 64 mWh cm™ (E), and 0.6 mW cm™ (P). The fabricated
SC maintains 85 % of its initial Csp beyond 1000 cycles after twelve months of storage under

ambient temperature [ 118].

Uke et al. (2020) synthesized Zn-doped MgFe>O4 by sol-gel technique, as an electrode material
for SC at varied Zn concentrations. The concentration of Zn in MgFe>O4 improves the SC's
performance and raises the value of electric conductivity. The 2 wt. % Zn concentration in
MgFe>O4 has been reported to be a high mesopores content with a modest surface area for ions
to be accommodated. In 1 mol L' of Na,SOy4 electrolyte, Zn doping in MgFe>O4 exhibited
excellent Cs. The enhanced Csp of 484.6 F g for 2 wt. % Zn in MgFe,O4 at 1 mA cm™ was
observed in the GCD investigation. P and E are determined to be 2 kW kg! and, 9 Wh kg
respectively. Furthermore, EIS demonstrates that 2 wt. % Zn-doped MgFe;O4 has a lower
resistance for intercalation and de-intercalation. The larger value of resistance is 1.2, and Rt is

3.2, which is quite low, thus it's a great choice for SCs [119].

Slimani et al. (2020) utilized an ultrasonic irradiation procedure for the preparation of
Nio.4Cuo.2Zno4Fe2.xEuxO4 (x = 0.00-0.10) ferrite NPs and thoroughly researched as a green and
simple approach. Various properties viz. dielectric, electrical, magnetic, optical, morphology,
and structure were examined on doping Eu** in NiCuZn ferrite NPs. The band gap in the range
of 1.86-1.90 eV was evaluated utilizing the tauc plots. At ambient temperature, magnetization
tests revealed superparamagnetic activity. A transition from superparamagnetic to ferromagnetic
might be observed below the blocking temperature (TB). The decrement in the Ms was noticed

with the doping of Eu**. The greatest fluctuation in DC conductivity was exhibited at the
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concentration of x = 0.02. The activation energy is shown to be significantly dependent on both

the substitution ratios of Eu ions and the temperature regions [ 120].

Almessiere et al. (2020) used the sol-gel technique to prepare Eu-doped Ni-Cu-Zn ferrite NPs.
The single-phase (spinel) for all the prepared samples was affirmed by the XRD. The hyperfine
magnetic field (HMF), quadrupole splitting, isomeric shift, and line-width disparity were all
estimated using Mossbauer spectra. With the increment in the Eu doping, 32 the decrement in
the HMF was noticed. The prepared NP paramagnetic contribution grew as the Eu’* level rose.
The suggested NSF’s S-parameters were measured using the co-axial approach. Natural
ferromagnetic resonance (NFMR) occurrences allowed for significant EM energy absorption in
the range of 2.5-9.5 GHz. Furthermore, the frequency features of the NSFs were greatly altered
by the rise in Eu substitution. The resonant amplitude changed abnormally (more than four
times). The findings indicate that the prepared materials are applicable to radio-electronic

gadgets [121].

Ayman et al. (2020) employed the CoF/MXene composite by ultrasonication method.
CoF/MXene has a Csp 594 F g'!, 1046.25 F g1, and 1268.75 F g'! at a current density of 1 A g
!, CoF/ MXene exhibit the Sp. Capacity 440 C g at 1 A g'!. The charge transfer resistance of
the material is 0.25 ohm. CoF/MXene composite cyclic stability and capacitance retention of

~97% till 5000 cycles [50].

Bhagwan et al. (2019) applied a facile, rapid, and cost-effective combustion process was used
to synthesize zinc cobaltate (ZCO) nanoparticles. To achieve acceptable crystallinity and a
suitable morphology in ZCO, several calcination temperatures were utilized. The impact on the
electrochemical activity of the SC with the temperature was examined. The excellent Cspat 1 A
g'! for optimized sample yields to be 843 F g'!. The aqueous asymmetric supercapacitor was
made using the optimum sample. The P and E at 1 A g'! for asymmetric SC were evaluated to
be 716 W kg™ and 26.28 Wh kg™!. The parallel-connected 14 LEDs and fan were operated with
the two asymmetric SCs connected in series. Based on the foregoing findings, optimized ZCO

appears to be favorable for the SC electrode [122].

Javed et al. (2019) used a co-precipitation approach to make Nio.c5Zno.35NdxFe2-xOs
nanoparticles. The electromagnetic and structural characteristics of the prepared samples can be
tuned with doping (RE). The electric, magnetic, spectral, and structural behavior of the prepared
samples was examined utilizing I-V measurements, VSM, FTIR, and XRD. Excluding x =

0.075, for all the prepared samples the development of the single-phase (spinel) was avowed by
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the XRD. The nonlinear trend in the magnetic, electric, and structural study was perceived with

the doping of Nd** The vibrations in the prepared samples were explained by the FTIR [123].

Cai et al. (2019) altered the composition ratio, to produce rGO-NiFe,O4 nanohybrids with
NiFe,04 dispersed over a 2-D rGO substrate. NiFe>O4 levels might interfere with the ideal
condition of transportation of ions and conduction of the electron, thereby lowering Csp. The
weight capacitance of the G-N3 (30 wt. % NiFe>O4) SC electrode is four times that of pristine
NiFe,O4 at 0.5 A g'!. Furthermore, this G-N3 SC electrode has excellent rate performance as
well as long-term cycle stability. Quantitative electrochemical kinetics experiments are also
used to investigate a surface capacitive storage mechanism. The findings suggest that nanoscale

tailoring may be a more reliable route to developing novel SC electrodes [124].

Chilwar et al. (2019) employed a chemical spray approach to preparing a thin film of AI**
doped LiFe;Os. The single-phase (spinel) development of the prepared sample was assured by
XRD pattern analysis. The decrement in the lattice constant was noticed with the doping of AI>*
FTIR study exhibits the effective integration of the dopant in the LiFe2O4. The agglomerated
spherical-shaped grain was perceived in the FESEM. The bandgap lies in the range of 2.36 and

13"

2.04 eV, which is estimated utilizing the Tauc plot. With increasing Al°" content, the saturation

magnetization (M) drops, but the coercivity (Hc) increases. With increasing Al**

concentrations, the dielectric characteristics deteriorated [125].

Bandyopadhyay et al. (2019) employed a facile hydrothermal approach to preparing porous 3-
D Zn-Ni-Co oxide/NiMoO4 over Ni foam for SC. The hierarchical porous Zn-Ni-Co
oxide/NiMoOs exhibits excellent reversible Faradaic reaction, by having quick ions mobility,
porous structure, stability, and magnificent conductivity. It was perceived that the asymmetric
SC exhibits an excellent life span, Csp, and quick charge-discharge rate if Fe2O3/rGO and Zn

Ni-Co oxide/NiMoO4 were utilized as an anode and cathode material respectively [126].

Shokri et al. (2018) utilized a simple co-precipitation approach to preparing CoxSni.xFe>O4
NPs. The optical, morphological, magnetic, and structural characteristics of the prepared
samples were examined utilizing DRS, EDX, FESEM, VSM, FTIR, and XRD. The
development of the cubic spinel structure was verified by XRD and FTIR findings. With the
doping of the Co, the lattice constant first increments (up to x = 0.25) and then decreases (above
x = 0.25). For x <0.25 and x > 0.25, the shifting of the v1 peak towards the lower and higher
wavenumber respectively was perceived in the FTIR. For x = 0.50 the value of the anisotropy

constant, Mr, and M5 were extremely higher, and then decrements above x = 0.50 [127].
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Chandel et al. (2018) utilized the facile in-situ approach for the production of CuFe;O04-rGO
NC. Density functional theory was employed to examine the interaction of rGo with CuFe>O4
inside the prepared NC. The excellent Csp of the NC were exhibited, due to their synergic action.
The prepared NC in the weight % ratio of 96:04 showed remarkable catalytic efficiency. This
efficiency was much greater than that of pristine CuFe2O4 in each of these processes. The
prepared NC also outperformed pristine CuFe;O4 in terms of supercapacitance. The Cs, of the
NC at 2 A g'! was estimated to be 797 F g'! and hold excellent capacitive retention (92 %)
beyond 2000 cycles [128].

Ismail et al. (2018) successfully worked in preparing Mno sZno sFe2O4 spinel ferrite for the first
time for high-performance supercapacitor electrodes. The Mno.5sZnosFe;O4 spinel ferrite so
formed has a mesoporous nanostructure, narrow pore size dissemination, and high surface-to-
volume ratio. The electrode prepared by utilizing Mno.sZno.sFe>O4 exhibits a very high value of
Csp (783 Fg'!) in 0.5 M H2SOs4 and has a very high coulombic efficiency. The P and E at 1.0 A
g! for the MnosZnosFe;O4 are 899.7 W kg™! and 15.8 Wh kg™! which is comparatively larger
than the P and E of MnFe;O4 and ZnFe>O4. This makes MnosZno.sFe2O4 a favorable material

for high-performance SC applications [129].

Bashir et al. (2018) have employed the nanoparticle Cu doped in the nickel ferrite (CuxNi;-
«Fe204) via. The coprecipitation method and reduced graphene oxide (rGO) are prepared by the
Hummer method. XRD study reveals that doped and undoped samples exhibit the single phase
without any presence of the impurity, CuxNiixFe2O4/ rGo composite doesn't influence the
crystal structure. SEM reveals the sample exhibits a cubic structure. Nanocomposite shows the
distribution of ferrite (CuxNiixFe204) and rGO sheet lateral dimension in the range of 20 nm to
80 nm. The individual ferrite shows a capacitance of 65 % after 1000 cycles. The
electrochemical properties enhanced the capacitance retention of 65 % to 75 % of doped
(CuxNiixFe>04). 2D material (rGO) 1s conductive which also enhanced the capacitance of the

electrode from 65 % to 85 % [130].

Bhongale et al. (2018) utilized the oxalate co-precipitation approach to prepare MgxCdi-
xNdo.03Fe1.9704 using a unique microwave sintering procedure. Sintering of the prepared sample
was done in a microwave oven for 10 minutes. The structural characteristics of the prepared
sample were investigated utilizing FTIR, SEM, and XRD. The development of the spinel
structure in the prepared sample was assured by the XRD. Despite the absorption peaks, two

sharp peaks were noticed near 400 and 600 cm™! in the FTIR study. The magnetic characteristics
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of the produced samples are reliant on the grain size and per the VSM analysis. The processed
sample's superior magnetic characteristics make them ideal for use as a recording medium. The

microwave sintering process allows for the rapid production of spinel ferrites [131].

Vignesh et al. (2018) utilized a facile and minimal-cost co-precipitation technique for the
production of MnFe>O4. The 3.5 M KOH was utilized for the electrochemical investigation and
it was revealed that at 0.2 A g’!, the excellent Cs, (245 F g™') with capacitive retention of 105 %
beyond 10,000 cycles. The P and E were perceived to be 1207 W kg! and 12.6 Wh kg
respectively and thus make MnFe>O4 a favorable material for SC [132].

Aparna et al. (2018) this work report the utilization of a solvothermal method using a solvent
as ethylene glycol to synthesize metal ferrites (MFe;0s4, M=Fe, Co, Ni, Mn Cu, Zn). The
crystallite size of the metal ferrites varies from 20 to 35 nm and the average particle size is 50
— 140 nm investigated from the XRD plots and FESEM micrographs. At a scan rate of 2 mV s’
!'specific capacitance of metal ferrites (MFe2O4, M=Fe, Co, Ni, Mn, Cu, Zn) were determined
to be 101 F g, 44478 F ¢!, 10926 F g, 190 F g, 250 F g}, 138.95 F g'!. CoFe>O4 ferrite

has a higher specific capacitance than the other metal ferrites [133].

Bashir et al. (2017) studied the nanocomposite Mn doped in the copper ferrite MnxCui-xFe2O4
/ 1GO synthesis by ultrasonication method, MnxCu;.xFe>O4 ferrite via. Coprecipitation method,
and rGO by modified Hummer method. Raman spectroscopy reveals the three prominent peaks
in the range 1000 — 3000 cm™. XRD study reveals the cubic structure. The electrochemical
properties CV study reveals that increases in the scan rate capacitance don't decrease the trend.

Mn,Cui«Fe>O4/ rGO nanocomposite is a best contender for the supercapacitor electrode [134].

Shah et al. (2017) have studied the BaPrxFe».xO4 (x = 0.0, 0.025, 0.05, 0.075, 0.10) spinel
ferrites have been prepared by the sol-gel technique. X-ray diffraction (XRD) study reveals that
all the sample exhibits the fcc spinel phase. Scanning electron microscopy (SEM) reveals that
all the samples showed inhomogeneous grain size distribution. BaFe>O4 exhibit exhibits a
multi-domain structure. When Pr is substituted in BaFe>O4 ferrite material exhibits the single
domain. M-H hysteresis loop showed all the samples exhibit the soft nature of ferrites.
Increasing the Pr’* concentration in the barium spinel ferrite, reduced the saturation

magnetization (Ms) and remanence (R). Coercivity (H¢) and anisotropy constant (K;) both
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enhanced with the Pr** concentration. Pr-doped barium ferrites are a potential candidate for

high-density magnetic recording applications [135].

Thakur et al. (2017) employed the co-precipitation approach to preparing Mno.sZno.sFe>Os.
The prepared sample crystallite size (average) at 1373, 1173, and 973 K was evaluated to be
67.42, 39.02, and 11.38 nm respectively. The secondary phase Fe;O; was removed during
sintering at 1373 K, revealing a single-phase cubical spinel structure. The spinel structure of the
prepared samples was assured by the existence of the two sharp bands near 400 and 600 cm™.
The production of homogeneous nanoparticles may be seen in FESEM pictures. The peak of
the absorption spectra shifts to a higher wavelength from 214 nm to 285 nm as the sintering
temperature rises. The redshift in the PL and decrement in the bandgap energy were noticed

with the sintering temperature [136].

Mousa et al. (2017) successfully prepared the ternary NC which consists of Nanoferrite (Fe3Oa,
NiFe;04, CoFe204), graphene, and PANI. This ternary NC so formed was then characterized
for its structural and electrochemical properties. The development of the single-phase (spinel)
in the prepared samples was avowed by the XRD. The fiber structure of PANI was confirmed
by TEM micrographs which is very useful for the transfer of electrolyte ions. It has been
analyzed that the ternary NCs so formed show an excellent performance than individual and
binary NCs. These ternary NCs at 1 A g have a very high value of Cy, 1123 F g'!. The
magnificent P and E of the prepared NC at 1 A g! were perceived to be 2680 W kg™ and 240
Wh kg! along with the capacitive retention of 98.2 % beyond 2000 cycles [137].

Praveena et al. (2016) employed a minimal-cost sol-gel approach to preparing the
Nio.4Zno2Mno4Fe2O4 NPs. All of the samples had grain sizes ranging from 18 to 30 nanometers.
The hysteresis loops indicate a high saturation magnetization and low coercivity, indicating that
the material is magnetically soft. Permittivity's imaginary and real constituents are almost
constant up to 1 GHz, then rise as the frequency is increased. The permeability is governed by
Snoek's law, which states that the value of p’ increases as the temperature rises, and the
resonance frequency rises as well. The reflection coefficient, on the other hand, rises with
sintering temperature, with the largest loss occurring in the 100 MHz-1 GHz region. The largest
reflection loss in the sample sintered at 700 °C is due to absorption, destructive interference,
and many internal reflections in the sample. For all the samples sintered at different

temperatures, the quality factor is constant up to 380 MHz and rises with frequency [138].
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Liu et al. (2015) focused on preparing the Mn-doped spinel ferrite and its usage as a catalyst.
The prepared sample, cationic distribution, and structural characteristics were examined by
employing TG-DSC, XPS, Raman, and XRD. The temperature-programmed reduction was
employed for estimating the decline in the catalytic activity of the prepared sample. The Mn
doping enhances the O> content of the lattice, accelerates ferrite reduction, and improves the
oxidative activity of the Mn and Fe catalyst's surface. In the presence of water vapor, the
investigated catalyst exhibits great stability and superior activity, which is of practical
importance. In light of the fluctuation in the physicochemical and microstructural characteristics

of the prepared ferrite, the impact of Mn doping on formaldehyde oxidation was explored [ 139].

Zha et al. (2015) employed a simple two-step approach to preparing MnFe,O4 Carbon black-
PANI NC. The prepared NC at the 5 A g'! manifests superb capacitive retention of 80 % after
10,000 cycles and at 40 A g excellent capability rate of 98%. Furthermore, this synthesized
NC has outstanding Csp, which accounts for its usage as a minimal-cost SC material for working

electrodes [29].

Tholkappiyan et al. (2015) successfully prepared manganese cobaltite nanoparticles under two
distinct circumstances. To affirm the phase (spinel) and purity of the prepared sample FTIR and
XRD were employed. The elemental analysis and composition of the prepared samples were
examined with the XPS. FESEM manifests the sponge-like and flake-like morphology of the
Mn (C-C) and Mn (C-H) respectively. The nonporous characteristics of the prepared sample
were investigated employing the BET. The two factors viz. state and shape of the prepared
material are highly responsible for its electrochemical activity. Because of its flake-like shape,
EIS spectra suggest that hydrothermally synthesized MnCo204 has a reduced diffusion
resistance. MnCo,04 synthesized by a controlled synthesis process has superior capacitance
performance and is regarded as a favorable material for the SC as per the electrochemical results

[140].

Bahiraei et al. (2014) utilized a sol-gel approach to produce MgCuZn ferrite under varying
temperature conditions. They examined the magnetic and structural characteristics of the
resulting samples across different temperature ranges. X-ray diffraction (XRD) analysis verified
the formation of a single-phase (spinel) structure. Microscopic examinations showed an even
distribution of grains and suggested that alterations in sintering temperature had a notable
impact on grain elongation and specimen density. The samples demonstrated higher Ms,

permeability, grain size, and density as the sintering temperatures increased [141].
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Cai et al. (2014) exploited a facile co-deposition approach for the preparation of 1-D nano-
sheets of NiC0204-CNT. The hydroxide nano-sheet precursor was then thermally transformed
into NiCo204 nano-sheets, with the overall shape and structure being preserved throughout the
process. For NiC0204, the CNT acts as a conducting substrate, thereby resulting in excellent
electrochemical activity. The prepared sample at 0.5 A g”' manifests superb Cs of 1038 F g'! and
has a capacitive retention of 100 % after 1000 cycles. Moreover, a substantial amount of

NiC0204 was deposited onto CNT which makes it favorable for SC [142].

Patil et al. (2013) exploited the sol-gel approach to prepare ZnFe,Os, ZnMnO4, ZnCrO4, and
ZnTiOs. The development of the tetragonal (by doping Mn) and spinel (by doping Ti and Cr)
phases was avowed by the XRD. The two sharp absorption peaks in the wavenumber ranging
from 400-600 cm™! in the FTIR ratify the development of the spinel structure. The agglomerated
spherical-shaped particles were perceived in the FESEM for all the prepared specimens. EDX
validates the initial composition utilized in the synthesis. VSM revealed the ferromagnetic

characteristics of the prepared samples [143].

Rahimi et al. (2013) employed a sol-gel method to synthesize Nio3Zno7Fe2Os ferrite
nanoparticles (NPs). The structural and magnetic properties of the prepared sample were
significantly affected by the sintering temperature. X-ray diffraction (XRD) analysis confirmed
the formation of a single-phase structure in the prepared samples. The average crystallite size
ranged from 13 to 58 nm. As the crystallite size increased, so did the saturation magnetization
(M), while the coercivity initially increased and then decreased, as observed in magnetic studies
of sintered samples at different temperatures. AC susceptibility studies on Nig.3Zno7Fe20O4 NPs
suggested a possible interaction among the NPs leading to behavior similar to superspin glasses

[144].

Kumbhar et al. (2012) employed a simple chemical technique to produce a thin layer of
CoFe2O4 on an SS substrate. XRD and FTIR analyses confirmed the formation of CoFe204
spinel ferrite. The nanostructured morphology provides a significant surface area, advantageous
for supercapacitors. The specific capacitance (Cs) recorded at 366 F g suggests its potential for

energy storage in supercapacitors [ 145].

Hilli et al. (2011) had adopted a typical chemical solid reaction approach, to prepare
(Lio.sFeo.5)0.sNio.sGdyFe2yOs. The microstructure was studied about sintering temperature. The
prepared samples exhibit the development of the single-phase (spinel) as per the XRD spectra.

A higher doping concentration of Gd in the grain may limit grain development. However,
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temperature (sintering), has a substantial influence on the size of the grain as per the SEM. It
shows that n-type charge carriers are the majority, implying that electron hopping is the primary
method of 44 conduction. The resistivity rose as the Gd substitution increased, but it reduced

dramatically when the sintering temperature climbed [146].

Mane et al. (2011) utilized a sol-gel auto-combustion method to synthesize Cuo7-
xCoxZng 3Fe204 spinel ferrites, with x varying between 0.0 and 0.5. They observed that the
lattice constant increases as the concentration of Co increases. In the synthesized ferrites, Co
and Cu ions occupy the octahedral sites, Zn ions occupy the tetrahedral sites, and Fe ions are
distributed across both tetrahedral and octahedral sites. The saturation magnetization initially

fluctuates, increasing and then decreasing, as the Co content varies [74].

Su et al. (2009) employed the traditional mixed oxide process to prepare
Mgo.4Cuo2Zno4Fe19604 and Nio4Cuo2ZnosFe19604. Both types of ferrite samples attained
sufficient density when sintered at 900 °C. Owing to the low weight (atomic) of Mg in contrast
to the Ni, the density of Mgo.4Cuo.2Zno.4Fe1.9604 ferrite was lower. The microstructures of these
two types of ferrite samples did not differ significantly. At all sintering temperatures, the
prepared Mgo 35Cuo.0sZno.coFe204 would have a higher permeability than its counterparts which
is on account of the reduction of magnetostrictive and magnetocrystalline constant of
Mgo35Cu0.0sZno.60Fe204. The contents of Fe*" and Fe?* in the prepared samples do not tend to
be influenced by Mg?" or Ni**, there were no significant variations in permittivity between the

two types of ferrite samples [ 147].

Bhame et al. (2008) The study delved into the magnetostrictive properties of polycrystalline
cobalt ferrite manufactured using the traditional ceramic process, focusing on sintering
temperature and dwell duration. It was discovered that the degree of magnetostriction is
significantly influenced by the microstructure of the final sintered product. Specifically,
magnetostrictive strain amplifies when the sintered material features small, evenly distributed
grains with decreased porosity. Notably, higher magnetostriction was noted in samples sintered
at a lower temperature of 1100°C. These findings were further validated by examining the

microstructural and magnetostrictive traits of various additives during the sintering phase [ 148].
2.2. Research Gap

After surveying numerous literatures in the field of the spinel ferrite - MXenes for energy

storage supercapacitors (SCs), a few research gaps were noted and stated below:
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Ferrites have low electronic conductivity and it is required to synthesize ferrite-based
composites that can be used as an electrode material for supercapacitors.

MXenes exhibit outstanding conductivity, adjustable active surface, and excellent mechanical
strength, which is ideal for energy storage devices.

The literature regarding the spinel ferrite — TizC2 MXene NC used for energy storage SC or
many other applications had the blending procedure was very less exploited.

In most of the literature, Specific capacitance (Csp) for spinel ferrite and TisC> MXene were
found to be very low, which has to be improved for high-performance energy storage SCs. To
enhance the electrochemical activity with the nanocomposite (NCs) of Ternary Spinel ferrite
and Ti3C; MXene.

No research work in the existing literature that compositionally investigates the electrochemical
properties of Spinel ferrite, and Ti3C2Tx MXenes as synthesized in this research.

To address these research gaps, my current objectives focus on identifying the best spinel ferrite
material and synthesizing its nanocomposite (NC) with TizCoTx MXenes using simple
techniques for energy storage applications. The emphasis is on producing the nanocomposite
material in large quantities, ensuring it is eco-friendly, easily accessible, and cost-effective for

the benefit of society.
2.3. Objective of the Present Work
The main aim and objectives of the study of the present research are:

1. Investigation of physical properties of rare-earth/transition metal-doped spinel ferrites.

2. Investigation of dielectric and magnetic properties of nanocomposites of synthesized

spinel ferrites and MXenes.

3. Electrochemical study of nanocomposites of spinel ferrites and MXenes for energy storage

devices.

2.4. Expected Outcome

The project's goal is to create new composite materials that could address and enhance
the specific capacitance of the supercapacitor. These advanced composites have the potential to
cover electronic equipment such as computers, mobile phones, vehicles, and many more.
This project aims to develop solutions that improve environmental quality, enable safe

electronic operation, and contribute to commercial applications.
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CHAPTER -3

Method of Synthesis

3. Introduction

The synthesis method plays a significant role in the production of the Spinel ferrite, MXene,
and Spinel ferrite-MXene composite. The best synthesis techniques out of the several known
techniques as discussed in the chapter, the sol-gel auto combustion, etching method, and
physical blending have been utilized for the synthesis of the spinel ferrite, MXene, and spinel
ferrite - MXene NC respectively. The synthesis methodology heavily influenced several well-
known properties of spinel ferrite, MXene, and spinel ferrite — MXene NC including structural,
morphological, magnetic, and electrochemical properties. These properties have a more
significant impact on the prepared material's composition, dopant type, and sintering
temperature. Furthermore, the electrochemical performance of the prepared materials for
supercapacitor electrode preparation is heavily dependent on the type of substrate, binder,
conducting material, and electrolyte used. The detailed processes for preparing the materials
using the above-mentioned techniques, as well as the properties to be studied, are discussed in

detail below in the form of a Table 3.1, 3.2, 3.3, and 3.4.
3.1. Synthesis Method for Spinel Ferrite

The structural, morphological, magnetic, electrical, optical, and electrochemical
properties of spinel ferrites mainly depend on their synthesis method. Various methods have
been utilized to synthesize spinel ferrites, such as ceramic, co-precipitation, solid-state,
hydrothermal, microwave, spray pyrolysis, and sol-gel auto-combustion methods, as depicted
in Fig. 3.1. Many researchers have applied this method for the synthesis of spinel ferrites.
Bhandare et al. synthesized CoosMgxNiosxFexO4 (0 < x < 0.4) spinel ferrite using the sol-gel
autocombustion method and observed a single-phase spinel structure. The saturation
magnetization Ms randomly increases and decreases with increasing dopant concentration
[149][150]. At (x = 0.0), coercivity (Hc) attained the maximum value with the substitution of
dopant, and the value of Hc randomly increased or decreased. Peng et al. adopted a hydrothermal
method to synthesize CoFezxGdxO4 nanoparticle (x = 0 — 0.25) at 200 °C and confirmed the
crystalline nature of the sample using XRD analysis. Msdecreases with increasing concentration

of the dopant and exhibits a small particle size [151].
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Fig. 3.1. Synthesis methods for spinel ferrite.

The sol-gel method is preferred over the other techniques mentioned above due to its
low cost, nanosized structure formation, mass production, homogeneity, formulation of the
porous product, minimum time for product synthesis, and formation of the flawless product.
Moreover, the utilization of distilled water as a solvent in the sol-gel procedure makes this

procedure environmentally friendly [152][153].
3.2. Sol-Gel Method

For the preparation of nanosized oxides of the ferrites, the sol-gel auto combustion
method is used. In the preparation process, an exothermic reaction takes place between fuels
and oxidized, it is a wet chemical method. In the present work, nitrates are used as oxidants and
citric acid as fuel. This method is the most appropriate method to synthesize ferrites over other
synthesis methods like solid state method, hydrothermal method, ceramic method, and co-
precipitation method. Sol-gel auto combustion method provides controlled morphology, and
homogeneity in the samples, time-saving, requires low temperature, and is the cheapest method
because the precursors are nitrates and do not require costly equipment. The sol-gel process is
mostly used in the production of magnetic nanoparticles. Under steady stirring, metal nitrates
metal chlorides, and water solutions are combined, and if we are dealing with the citrate sol-gel
technique, we add an adequate quantity of citric acid to the solution while continuing to stir.
Following that, a basic solution is added to the solution drop by drop while the solution is
constantly stirred. As a result, the pH of the solution is maintained between 7 and 9, and the

solution is evaporated at 80 degrees Celsius. A muffle furnace at a temperature of 1000 °C for
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5 hours was used to calcine the gel, black fluffy material that had developed after drying and
sintering. Following calcination, the resultant ferrite-based nanomaterial was suitable for further
investigation into its various characteristics. Researchers are focusing on increasing the quality
of the items by making several alterations to the procedure, which they are testing out via a vast

number of trials. Fig. 3.2 depicts a schematic representation of the sol-gel method's working

mechanism [154].
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Fig. 3.2. Schematic of the synthesis of the Sol-gel method [155].

3.3. Sol-Gel Autocombustion Method

Sol auto combustion is also known as self-propagation, self-combustion, auto-ignition,
and gel thermal decomposition. It also has the advantages of auto combustion, cheap precursors,
simple equipment, inexpensiveness, simplicity, and the resulting active nanosized powder and
low synthesis temperatures. Analytical reagent (AR) grade chemicals were used for the

production of spinel ferrites. The procedure of the sol-gel auto-combustion method is described

in Fig. 3.3.
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Fig. 3.3. Schematic of the synthesis of the Sol-gel auto combustion method.

3.4. Synthesis of Zno.2Mgo.sFe204 Spinel Ferrite

AR grade chemicals were used to synthesize the Zno>Mgo sFe2O4 spinel ferrite as in Fig.
3.4. the detailed procedures for the production of spinel ferrite, as well as the characteristics

evaluated using different characterization techniques, are included in Table 3.1.

Table 3.1 depicts the synthesis procedure of Zng2Mgo sFe20a.

Material name: Zinc manganese spinel ferrite (Zno2Mgo sFe204)

Synthesis method: Sol-gel method
Sintering temperature at 400 °C, 600 °C, 800 °C
Chemical used (AR): Zn(NOs3)2.6H,0, Co(NO3)2.6H20, Fe(NO3)3.9H>0,

Citric acid

Metal cation and Citric acid ratio: 1:1

Amount of 100 ml distilled water used for mixing of nitrates and citric acid

Stirrer the metal nitrate solution for 30 minutes and obtain a clear solution

Balance the pH7 by utilizing the ammonia solution

Magnetic stirring and heating are given to make a gel for 4h at 120 °C
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Only heating is given to gel for auto combustion process for 1h at 100 °C

Further heating of the as a burnt powder to form a fluffy powder for 8-10 h at 80— 100 °C
Sintering in a muffle furnace is done for 4h at 400 °C, 600 °C, 800 °C

Grinding of the powder is done by using a mortar and pestel
Properties studied: Structural (XRD and FTIR), Morphology (FESEM), Elemetal (EDX), and
Magnetic (VSM)

(0.2) [Zn (NOs),.6H,0)] + (0.8) [Mg (NO3)2.6H20)] + (2) [Fe(NO3)3.9H,0)] —
Zno2Mgo.sFe2O4 + H20 + volatiles

Zinc Nitrate Heating

Magnesium Nitrate

Maintain
pH7

Ferric Nitrate

N/

Citric acid

.~ \

Stirring  Auto - combustion Hl ezfléid C'?" °C Calcinated at
- 400 °C, 600 °C,

Distilled water 800 °C for 5 h
XRD, FTIR, FESEM ,
EDX, and VSM

Zn 4 Mgy sFe, 0,

Fig. 3.4. depicts the Schematic of the synthesis of Zno>Mgo sFe2O4 spinel ferrite.

3.5. Synthesis of MnxCoo.5xNio.sFe204 Spinel Ferrite (x = 0.0, 0.2, 0.4)

For the production of MnxCoo.5xNio.sFe2O4 (x = 0.0, 0.2, and 0.4), AR-grade chemicals
were utilized as manifested in Fig. 3.5. Table 3.2 lists the detailed processes for producing spinel

ferrite, as well as the properties studied employing several characterization techniques.

Table 3.2 manifests the synthesis procedure of the MnxCoo.5-xNio.sFe>O4 ferrite
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Material name: Manganese doped Cobalt spinel ferrite MnxCoo.5-xNio.sFe2O4 ferrite (x = 0.0,

0.2, 0.4)

Synthesis method: Sol-gel method

Sintering temperature at 1100 °C

Chemical used (AR): Mn(NO3)2.6H20, Co(NO3)2.6H20, Ni(NOs3),.6H.0O
Fe(NO3)3.9H20, Citric acid

Metal cation and Citric acid ratio: 1:1

Amount of 100 ml distilled water used for mixing of nitrates and citric acid

Stirrer the metal nitrate solution for 30 minutes and obtain a clear solution

Balance the pH7 by utilizing the ammonia solution

Magnetic stirring and heating are given to make gel for 4h at 120 °C

Only heating is given to gel for auto combustion process for 1h at 100 °C

Further heating of the as a burnt powder to form a fluffy powder for 8-10 h at 80— 100 °C

Sintering in a muffle furnace is done for 4h at 1100 °C

Grinding of the powder is done by using a mortar and pestel

Properties studied: Structural (XRD and FTIR), Morphology (FESEM), Elemetal (EDX),
Magnetic (VSM), and Dielectric

(x) [Mn (NO3)2.6H20)] + (0.5-x) [Co (NO3)2.6H,0)] + 0.5 [Ni
(2) [Fe(NO3)3.9H20)] — MnxCoo.5xNio.sFe204 + H2O + volatiles

Cobalt Nitrate

Nickel Nitrate

Magnesium Nitrate

N

Ferric Nitrate

7

Maintain
pH7

Citric acid

N\ 4

Distilled water

Heating

Stirring

Auto - combustion Heated 80°C
—120°C

XRD, FTIR, FESEM ,
EDX, Dielectric, and VSM

R
\
\
. A Q—

(NO3)2.6H,0] +

Calcinated at
1100 °C, for 5 h

|

Mn Coy 5 Nig sFe,0,

Fig. 3.5. represents the synthesis of MnxCoo.5.xNio.sFe2O4 ferrite.
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3.6. Synthesis of PrxMno.sCoo.5Fe2xO4 Spinel Ferrite (x = 0.00, 0.01, 0.02, 0.03, 0.04)

Synthesis of nanoparticle Pr.Mng sCoo.5Fe2-O4 (x =0.00, 0.01, 0.02, 0.03, and 0.04) was
performed by sol-gel route as in Fig. 3.6. Table 3.3 Detailed procedure for the synthesis of

PriMng 5Coo.5sFe»-xO4 ferrite and also characterization technique.

(0.5) [Mn (NO3)2.6H20)] + (0.5) [Co (NO3)2.6H20)] + x [Pr (NO3);.6H20] + (2 — x) [Fe
(NO3)3.9H20)] — Pr:Mno 5sCoosFe».xO4 + H2O + volatiles

Table 3.3. Detailed procedure for the synthesis of PrxMng sCoo.sFe>xO4 ferrite.

Material name: PriMnosCoo.sFexxOs ferrite (x = 0.00, 0.01, 0.02, 0.03, 0.04)

Synthesis method: Sol-gel method

Sintering temperature at 1100 °C
Chemical used (AR): Pr(NO3)3.9H20, Mn(NO3)2.6H20, Co(NO3).6H20,
Fe(NO3)3.9H-0, Citric acid

Metal cation and Citric acid ratio: 1:1

Amount of 100 ml distilled water used for mixing of nitrates and citric acid

Stirrer the metal nitrate solution for 30 minutes and obtain a clear solution

Balance the pH7 by utilizing the ammonia solution

Magnetic stirring and heating are given to make gel for 4h at 120 °C

Only heating is given to gel for auto combustion process for 1h at 100 °C

Further heating of the as a burnt powder to form a fluffy powder for 8-10 h at 80— 100 °C

Sintering in a muffle furnace is done for 4h at 1100 °C

Grinding of the powder is done by using a mortar and pestel
Properties studied: Structural (XRD and FTIR), Morphology (FESEM), Elemetal (EDX),
Magnetic (VSM)
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Fig. 3.6. Synthesis steps of PryMno.sCoo sFe>-«O4 spinel ferrite.
3.7. Synthesis of Pro.02Mno.5Coo.5Fe1.9804 Spinel Ferrite (x = 0.02)
Pro.02Mno 5Coo.5Fe1.9804 utilized sol-gel auto combustion technique as in Fig. 3.7.

Table 3.4. Detailed procedure for the synthesis of Pro.02Mng sCoo.sFe1.9804 ferrite.

Material name: Pro.02Mno sCoo.sFe1.9804 ferrite (x = 0.02)

Synthesis method: Sol-gel method

Sintering temperature at 1100 °C

Chemical used (AR): Pr(NO3);.9H20, Mn(NO3)2.6H20, Co(NO3)..6H-20,
Fe(NO3)3.9H-0, Citric acid

Metal cation and Citric acid ratio: 1:1

Amount of 100 ml distilled water used for mixing of nitrates and citric acid

Stirrer the metal nitrate solution for 30 minutes and obtain a clear solution

Balance the pH7 by utilizing the ammonia solution

Magnetic stirring and heating are given to make gel for 4h at 120 °C

Only heating is given to gel for auto combustion process for 1h at 100 °C

Further heating of the as a burnt powder to form a fluffy powder for 8-10 h at 80— 100 °C

Sintering in a muffle furnace is done for 4h at 1100 °C

Grinding of the powder is done by using a mortar and pestel
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Properties studied: Structural (XRD and FTIR), Morphology (FESEM and HRTEM),
Elemetal (EDX and XPS), Magnetic (VSM)

Praseodymium Nitrate Heating

Magnesium Nitrate

Cobalt Nitrate §A Maintain ke
Ferric Nitrate L] § i .
Citric acid = : 3
. . Auto - combustion Hegted 80 °C
Stirring _120°C Calcinated at
1100°C for5 h

Distilled water

Pryg,Mn sCoy sFe; 0,0,

Fig. 3.7. Schematic synthesis of the Pro.02Mno.sCoo.sFe1.9804 spinel ferrite.
3.8. Synthesis of TizC2 MXene

The chemical etching method is utilized to synthesize Ti3C; MXene as in Fig. 3.8.
Ti3AlC> is a MAX phase used to etch the ‘Al’ using the etching method. In this method, 50 ml
of HCI1 was poured into a Teflon bottle and swirled for 20 min. 3g LiF was added to the HCI
and mixed properly for 30 min. Then, 2g of MAX-phase TizAlC> is added to the HCI + LiF
solution. The whole solution was kept at room temperature and continuous stirring for 48 h. The
whole solution was then centrifuged at 4500 rpm and washed with distilled water until a pH of
7 was obtained. After vacuum filtration, the powder was oven to 90 ° C for 6 h. Properties to

study for material XRD, FESEM, HR-TEM, XPS, VSM, Dielectric, CV, GCD, and EIS.

4Ti3AlC; + 14LiF+14HCI = 3Ti3C; + TizCoF2 + 2Al1F; + LizAlFs + AICI; +11LiClL + 7THa

Fig. 3.8. Fine powder of Ti;Cz by using Fluoride etching method.
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3.9. Synthesis Method of Spinel Ferrite - MXene Nanocomposite

Scientists working on the MXene-based nanocomposite material primarily use two
methods for its synthesis, namely in situ polymerization and blending or direct compounding

[156], as presented in Fig. 3.9.

I Synthesis Method of Spinel Ferrite — MXenes
Nanocomposite

In- Situ
Polymerization
Method

Blending
Method

Fig. 3.9 Method for the synthesis of spinel ferrite — MXene nanocomposite.

The blending method is used for the synthesis of spinel ferrite—MXene-based
nanocomposites. This method is advantageous owing to ease of synthesis, reduced time, and
low cost. Furthermore, in the blending method, it is more difficult to achieve a proper

distribution of the nanoparticles in MXene than in the in situ polymerization method [156].
3.10. Blending Method

Blending, also known as direct compounding, has been proposed as a quick and easy
way to create 2D nanocomposites (NCs). As shown in Fig. 3.10, the most common blending
procedures are solution, emulsion, melt, mechanical, and physical. These blending processes
entail the direct incorporation of nanoparticles (NPs) into MXene in the required proportions.
MXene and NP preforms were prepared separately before being combined to form the NCs.
Apart from the benefits, there are some drawbacks to this procedure, such as non-uniform NP

distribution within MXenes due to NP agglomeration [50][156].
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Method
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Fig. 3.10. Blending method for the synthesis of the MXene nanocomposite.

3.11. Synthesis of Pro.02Mno.sCo0.5Fe1.9804 - Ti3C2 MXene nanocomposite

A Physical blending technique was used for the synthesis of the nanocomposites. The
weight ratio of Mxene (Ti3Cz) and spinel ferrite (Pro.02MnosCoo5Fe1.9804) is taken to be 1:5,
which was physically blended with the mortar pestle and homogenized, as shown in Fig. 3.11.

Various properties study XRD, FESEM, HR-TEM, XPS, VSM, Dielectric, CV, GCD, and EIS.

Pro.02C00.sMno sFe1.9804 + TizCa — Pro.02Co0.5sMno sFe1.0804 - Ti3Ca
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Fig. 3.11. depicts the physical blending method of the Pro.02Coo.sMng sFe1.9804 - Ti3Co.

3.12. Fabrication of Electrochemical Electrode

A three-electrode apparatus was used to conduct the electrochemical examination at
room temperature. The working electrode (ink-loaded nickel foam), reference electrode
(Ag/AgCl), and counter electrode (platinum wire) were the three electrodes used. The
experiment was carried out with 3 M KOH as the electrolyte. To remove the nickel oxide layer,
nickel foam (1 cm x 1 cm) was sonicated in 3 M HCI at 50 °C for 1 h before being used as a
working electrode and manifested in Fig. 3.6. The nickel foam was then repeatedly rinsed with
ethanol and distilled water before being dried at 60 °C for 3 h. The ink drop casting method was
adopted to prepare electrodes of Pro.02Mno.sCoo.5Fe1.9s04, Ti3C2, and Pro.02MnosCoo.sFe1.9804—
TisC, as in Fig. 3.12. The active material mass (Pro.02MnosCoosFe1.9804, TizCa, and

Pro.02Mno 5sCoo.5Fe1.9804— TizC2) (70 wt%), acetylene black as a conductive agent (10 wt%), and
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polyvinylidene fluoride (PVA) as a binder (10 wt%) were homogenously mixed with four drops
of n-methyl-2-pyrrolidone (NMP) as a solvent. The ink loaded onto the nickel foam with an

area (1 cmx1 cm) was dried at 65 °C for 10 h. However, similar techniques were used to prepare

the working electrodes of TizC2 MXene and Pro.02Mno sCoo.sFe1.9804— TizC2 nanocomposites.
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CHAPTER 4

Characterization Technique

4. Characterization Techniques

The structural, morphological, magnetic, and electrochemical characteristics of the

prepared samples were investigated using the following characterization techniques.
4.1. X-ray diffraction (XRD)

This technique is widely used to study the crystallographic details of materials [157].
XRD is the most frequently employed analytical tool for determining the crystallinity of a
prepared specimen and for accumulating information on the phase and dimensions of the unit
cell of the material. It is a non-destructive and non-contact technique that provides structural
information, lattice parameters, grain size, structural defects, structural epixity, and phase
information. XRD is a constructive interference of monochromatic radiation that scatters at
specific angles within a specimen's lattice planes, and atomic variation determines peak
intensities. An X-ray wavelength range of 10 — 10! nm is produced from an X-ray tube with
a high-velocity electron by bombarding a metal target [158]. The fundamental principle of
the identification technique is based on constructive interference, which occurs in cathode ray
tubes and produces a monochromatic beam of X-rays from a crystalline sample. The X-ray
beam interacts with the object and scatters with the same energy as that of the input photons in
random directions. This analysis is applicable only to crystalline or semicrystalline matter. As a
result, if the sample under examination has a regular atomic arrangement, the dispersed light is
oriented in specific directions determined by the X-ray wavelength, crystal lattice dimensions,

and orientation [159].

X-rays are a form of electromagnetic energy that originates from the electron clouds of
atoms. Fig. 4.1 shows that the monochromatic X-ray beam is collimated and bombarded onto
the specimen. As the sample and detecting sensor are turned on, the intensity of the diffracted
or reflected X-rays is gathered and measured in a range of angles (20) with respect to the
incident X-ray beam [160]. Interference due to the X-ray diffracted beam from a
crystallographic plane is observed as a peak related to Bragg’s angle (0) and the detector records
the X-ray signal. Then, it converts the signal to a count rate that is connected to an output device
such as a printer or computer monitor. As in Eq. (4.1) when the incident angles fulfill Bragg’s

condition a constructive interference pattern is produced [89].
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2dsinf=nA (4.1)

where d is the plane spacing, 0 is the Bragg angle, n is the order of diffraction, and A is
the X-rays of wavelength. XRD tests were performed on a Powder X-ray diffractometer (Bruker
D8 Advance).To identify the phases of the materials, the X-ray powder diffraction data were
compared with the Joint Committee Powder Diffraction Standards (JCPDS) or American
Standards for Testing of Materials (ASTM) [161].
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Fig. 4.1. (a) Schematic of the principle of X-ray diffraction. (b) Findings of XRD.

4.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy was used to investigate the interactions between the infrared and the
sample. Its work is to investigate the vibrational properties of molecules in matter. This method
can be used to identify the various functional groups and residues in a sample. The IR region,
which extends from (0.7-1) to (200-350) um can be categorized into three ranges as follows:
Near IR 13000 - 4000 cm!, Mid IR between 4000-400cm™" Far infrared between 400-10 cm’!
[162]. Far-infrared has low energy; therefore, it is used to study fundamental and rotational
vibrations. Mid-infrared with moderate energy is used to study coupled rotational—vibrational
structures. Near IR has high energy, so it is used for exciting overtone vibrations. For
characterization purposes, the mid-infrared spectrum is used. Infrared radiation is passed
through the material to be absorbed by the molecules it contains in FTIR spectroscopy. The
vibration frequencies of the molecules must be equal to those of radiation so that matter can
absorb energy. When light strikes a sample, one part of it is reflected, another is absorbed, and

the third is transmitted. The exact frequencies of energy absorbed by the specimen match the
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vibrational energy of the functional group in the sample. A detector collects the transmitted light
that carries the molecular information of the sample [163]. The mid-infrared frequencies in
FTIR are measured by the interferometer in a few seconds. The interferometer is used to analyze
the energy transmitted through the material. The interferometer contains a beam splitter, stable
mirror, and moving mirror. that split the falling IR radiation into two parts. One beam is set so
that it can retain a fixed path length and create a path difference for the other beam that varies
according to the moving mirror. These two beams interfere constructively, and a beam is emitted
from the interferometer, which is known as an interferogram. The emitted beam consists of all
information about the sample. With the help of a mathematical technique software named
Fourier transformation, all the information is decoded from the individual frequencies. Nicolet
FTIR interferometer IR prestige-21 with model-8400S was used as the FTIR spectrometer
[164][165] [166]. The FTIR spectrum interpretation is simple because the wavenumber is
proportional to energy and frequency. Fig. 4.2 depicts the principle of FTIR.
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Fig. 4.2. Principle of FTIR spectroscopy.
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4.3. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is an analytical method used to investigate
specimen surfaces and chemical compositions. X-ray photoelectrons (XPS) is a well-known
non-damaging, surface-sensitive, and quantitative surface analysis tool. XPS offers elementary
composition, empirical pure material formula, surface contamination, and chemical/electronic
element state details. [on beam grafting (depth profiling) can characterize the homogeneity of
the elemental composition over the top surface (profiling or mapping) as well as the elementary
composition. Historically, Robinson and Young’s work in 1930 was an important step forward
in photoelectron spectrometry. In the 1950s, Siegbahn’s group investigated the first precision
electron spectrometer, but by the end of the 1960s, it was the first commercial XPS instrument.
The application of XPS to material science increased dramatically by around 1985, when digital
systems, multi-channel detection, and higher analyzers were developed. XPS is one of the most
advanced and complete modern surface-research instruments. The XPS technique enables the
identification of various material types such as metals, alloys, polymers, semiconductors,
geologic and biological samples, and any surface supporting a high-vacuum device. When X-
rays strike a material under vacuum, the innermost orbital electrons are ejected at the sample
surface. The number of electrons ejected and their kinetic energy (K.E) are used to obtain the
XPS spectra. The electron number indicates the element proportion in the sample. The binding
energy of the emitted electron demonstrates the oxidation state of each element. The binding

energy (B.E) of the emitted electron is determined from the, as given in Eq. (4.2).

Ebinding = Ephoton — Ekinetic -P (42)

Where, Ebinding and Exinetic refer to the B.E and K.E of the emitted electron, respectively,
Ephoton 18 the energy of the X-ray photon used and @ is the work function [167][168]. The energy
of the produced photoelectrons is then measured using an electron energy analyzer. X-ray
photoelectron spectroscopy (XPS) measurement was using a spectrometer (Thermo Scientific
K-Alpha). The resulting binding energy-dependent intensity allows the determination of the
surface chemical state, elemental breakdown, and elemental quantities [169][170]. Various
components of the XPS instrument are depicted in Fig. 4.3(a) and the XPS findings are shown
in Fig. 4.3(b).
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Fig. 4.3. (a) Working of XPS (b) Findings of XPS.

4.4. Field Emission Scanning Electron Microscopy (FESEM)

FESEM is an essential electron microscopic technique for analyzing micrographs and
investigating the structural properties of microstructured materials in high-resolution specimens
at depths ranging from 10,000 to 300,000 times [ 171]. The fundamental concept behind FESEM
is to scan the samples with electrons rather than light. Electrons can be produced by an electron
gun or field emission source and then accelerated using a field emission source gradient. To
focus the beam, it is passed through an electromagnetic lens, which allows it to fall on the
samples. Various types of electrons are emitted from the sample. Secondary electrons are useful
for generating sample surface images [172]. The electrons either disappear without any
interaction or are dispersed within the cloud with a potential. The ejection of electrons from the
specimen occurs because of the number of interactions between the specimen and the electron
beam. This interaction involves the emission of Auger electrons, back-scattered electrons, and
secondary electrons. The secondary electrons and backscattered electrons are separated,
depending on the energy [173]. FESEM was used to confirm the surface morphology (FE-
SEM: JEOL JSM-7610 F Plus). The detector collects secondary electrons and produces
electrical signals, which are amplified and converted into scan images that appear on the screen

as a digital image of a sample surface. Fig. 4.4 depicts the FESEM results.
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Fig. 4.4. depicts the working principle of the FESEM.

4.5. Energy Dispersive X-Ray Spectroscopy (EDX)

Heinrich (1968) determined the quantification technique for determining the intensity
of X-rays. EDX is used to determine the elemental composition and ratio of specimens [ 174].
EDX is mainly based on the concept that a specific atomic structure of an element can exhibit
a distinct set of peaks in its emission spectrum [175]. The K, L, and M shells of the electron
around an atom's nucleus are schematically depicted in Fig. 4.5. In EDX electrons are
bombarded on the sample to induce the emission of X-rays, which may exit and emit from the
innermost layer, and the outermost layer electron fills the hole and emits energy in the form of
X-rays [176]. The difference in energy is equal to the energy between the two shells in which
electronic transitions occur, allowing the identification of the elements present in the test
specimen. The low detection limit varies from ~ 0.1 to several atomic percentages, reliant on

the element and matrix of the sample. The chemical composition was determined by EDX
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spectroscopy (EDX: OXFORD EDX LN2 free). An X-ray spectrometer can examine radiation

and identify test sample elements based on their wavelength (characteristic) [177].

atomic nucleus
kicked-out ..
electron - Al )

radiation
energy

Fig. 4.5. depicts the principle of EDX spectroscopy.

4.6. High-Resolution Transmission Electron Microscopy (HR-TEM)

Transmission electron microscopy (TEM) is used to determine the morphology,
crystallography, size, and elemental composition by transmitting a focused electron beam
through the sample. TEM is capable of providing both atomic-resolution images and chemical
information. They usually have a spatial resolution of 1 nm. [178]. HRTEM can be used to
determine the sample composition, electronic structure, and chemical bonding. The HRTEM
instruments are depicted in Fig. 4.6(a). The various findings of HRTEM are depicted in Fig.
4.6(b). TEM can be used to focus on a single nanoparticle and derive its chemical and structural
information. TEM works on the principle of electron diffraction. The electron beam emitted
from the filament passes through various electromagnetic lenses to strike the specimen. The
smaller the wavelength of the electron beam, the higher the desired resolution. The majority of
the beam striking the specimen is transmitted, which is focused to obtain an image. However,
aberrations in the lenses limit the resolution of TEM. HRTEM is an imaging mode in TEM that
is used to investigate crystal structures. The electrons interact with the thin sample to produce
electron waves that undergo a phase change in the image plane [178]. With HRTEM, crystal

structures and defects in the crystal can be imaged effectively. It is also equipped with a Bruker
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Xflash 6TI30 with an LN2-free detector for elemental composition studies. The instrument
includes both dark-field and bright-field imaging with selected area electron diffraction (SAED)
patterns [179][180].
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Fig. 4.6(a) working of HRTEM and (b) HRTEM findings.

4.7. Vibrating Sample Magnetometer (VSM)

A VSM is a piece of scientific equipment that analyzes magnetic properties using
Faraday’s Law of Induction, also known as a Foner magnetometer. In 1959, Simon Foner
designed the VSM at the MIT Lincoln Laboratory [181]. VSM is a useful technique for
determining the characteristics of magnetic materials. The experimental sample is placed in a
sample holder, which is then sandwiched between two sets of pickup coils connected to an
electromagnet. Because of the uniformity of the electromagnet’s magnetic field, magnetization
is induced in the sample. The sample holder, which holds the sample inside, is designed to
vibrate mechanically in a sinusoidal pattern [182]. When a vibrating component produces a
variation in the magnetic field of the sample, Faraday’s law of electromagnetic induction
produces an electric field corresponding to the magnetization. The magnetic properties of spinel

ferrite were investigated using a VSM (VSM-EZ9).Variations in magnetic flux cause a voltage
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in the pickup coils that is proportional to the magnetization of the sample [183][184]. These
changes are converted into a graph of magnetization (M) against the applied magnetic field by

software in a computer connected to the VSM equipment (H), as shown in Fig. 4.7
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Fig. 4.7. (a) manifests the principle of the VSM. (b) Findings of VSM.

4.8. Impedance Analyzer

An impedance analyzer is a component of electrical devices that examines impedance and
admittance. When voltage is provided to a circuit or device, the overall opposition offered to
the flow of periodic current (AC test signal) is called impedance. The real and imaginary
components are part of the periodic current [185]. The impedance can be written as Eq. (4.3)

when the connection is made in series.
Z=R+jX (4.3)

where X is the reactance (which is the imaginary component of impedance), R is the
resistance (which is the real component of impedance), and j is an imaginary number. By
plotting the x-axis as resistance and the y-axis as the reactance, the impedance can be calculated
[186]. Wynne Kerr impedance analyzer (Model 6500). In general, the device under test (DUT)

is provided with AC voltage, and impedance (Z) and capacitance (C) are used to assess the

67




DUT's response. The angle (8) formed by the impedance (Z) along the x-axis is also measured
[187]. Various dielectric parameters, such as the real part of permittivity (¢), the imaginary part
of permittivity (&), dielectric tangent loss (tand), and AC conductivity, can be calculated using
acquired data, such as impedance (Z), capacitance (C), and angle (8). Fig. 4.8 manifests the

universal impedance analyzer [187].
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Fig. 4.8. Universal impedance analyzer.

4.9. Electrochemical Design

For supercapacitor testing, two-cell configurations such as a 3-electrode system and a
2-electrode system are used in this study. In a three-electrode setup, the active material is coated
in a minimal amount onto the current collector and is tested for its super-capacitive nature.
While a two-electrode setup resembles a full-working supercapacitor. Briefly, for a 3-electrode
system, the working electrode was prepared by mixing particular ratios of the active electrode
material, conductive additive (carbon black), and a binder (PVDF) with an organic solvent
(NMP) and made into a slurry which was coated onto the current collector (graphite foil/ carbon
fiber). The Platinum foil was used as the counter electrode with Ag/AgCl as the reference
electrode [116]. An aqueous electrolyte such as KOH was used throughout this project.
Electrochemical measurements were performed using a three-electrode system with a gamry
potentiostat/galvanostat interface (5000E). The schematic depicting the three-electrode setup is
shown in Fig. 4.9,
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Fig. 4.9. Schematic of a 3-electrode setup [ 188].

4.10. Electrochemical Techniques

The performance of the supercapacitor electrode can be evaluated using various
electrochemical techniques, which will be discussed in this section. Specific capacitance is an
important parameter in deciding the performance of the electrode materials, and this can be
calculated using electrochemical techniques. A two-electrode system is used for a
supercapacitor (SC) device to investigate its performance [12]. In electrochemical
investigations, a three-electrode (half-cell) system is employed to identify the specific
electrochemical properties of a material. Two working electrodes are sandwiched between a
solid electrolyte that acts as a separator in two-electrode systems. An illustration of a two-
electrode setup that is comparable to a packed SC cell and provides a more precise illustration
of the electrochemical performance of the electrode in the device is shown in Fig. 4.10 (a) [189].
At the specified potential window on the electrochemical system, the working electrodes of the

half-cells had twice the potential window as the electrodes in the full-cells [190].
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In a half-cell, three-electrode systems, i.e., working electrode, reference electrode, and counter
electrode, are immersed in an electrolyte. A three-electrode cell system is schematically
depicted in Fig. 4.10(b) [191]. The electrochemical workspace device measures the potential
difference between the working and reference electrodes to monitor the current flowing from
the counter to the working electrode. The current generated is directly related to the voltage
established between the active and reference electrodes. Subsequently, this current is
transformed into a voltage via a current-to-voltage converter and recorded with a timestamp by
the data acquisition system. It's important to note that an ideal electrometer should have a high
electrical resistance to minimize input currents. Any current flowing through a reference

electrode can alter the true potential, potentially impacting data accuracy [192].
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Fig. 4.10. (a) depicts the two-electrode device and (b) three-electrode cells [192].

4.11. Cyclic Voltammetry (CV)

This is a potentiodynamic technique where the charge response of a material is recorded
with respect to the changing voltage applied. In this technique, a potential is applied to the
working electrode, and the potential sweeps a cycle between the initial and the final potential.
Voltage is applied at a constant sweep rate (dV/dt) and the resultant current between the voltage
range is recorded. However, the type of electrolyte limits the total potential range. A plot of the
obtained current versus the applied voltage gives the cyclic voltammogram [193]. Fig. 4.11

shows the comparison of CV curves for EDLC and a pseudocapacitor.
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Fig. 4.11. Comparison of CV curves for EDLC and a pseudocapacitor [194].

For an EDLC, the shape of the CV is like a parallelogram (deformed rectangular shape)
and the CV of a pseudocapacitor shows prominent peaks indicating the redox reactions taking
place. The CV curve of a pseudocapacitor has separate peaks representing oxidation and
reduction. Multiple CV curves are often recorded for varying scan rates as shown in Fig. 4.12.
Multi curves enable the system to attain a steady state. In this work, we have used multiple CV
curves. From the CV curves, the specific capacitance of the electrode material can be calculated

using Eq. (4.4) [9].

1 f
Cop = oy Jun I(V) AV (4.4)

where C; 1s the specific capacitance (F/g), Imax 1s the maximum current in both directions
(A), m 1s the mass of the active material (g) and v is the scan rate (V/s). As the scan rate
increases, the value of the specific capacitance decreases as both are inversely proportional to
each other. CV is also used to test the degree of reversibility of the electrode. An exact mirror
voltammogram represents a highly reversible system. At extremely high scan rates there is rapid
changing of potential which leads to sluggish transport of ions. This sluggish transport of ions
leads to poor utilization of pores in a porous electrode thereby declining the performance

[195][196].
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Fig. 4.12. CV curves for varying scan rates [193].
4.12. Galvanic Charge Discharge (GCD)

Galvanostatic ~ charge-discharge  (GCD)  experiments, also  known as
chronopotentiometry (CP), provide essential data on cyclic life, equivalent series resistance
(ESR), energy (E), power (P), and specific capacitance (Cs). In this technique, a constant current
is applied to the working electrode, and the resulting potential relative to the reference electrode
is measured. During charging and discharging at a fixed current density, the amount of charge
transferred between the electrodes remains constant. The change in potential over time is
recorded and varies according to the current density [197]. Fig. 4.13 A schematic of the GCD
curve is shown. However, for characterizing the cycle life of supercapacitors (SCs), a two-
electrode test cell is preferable as it closely simulates practical operating conditions [107]. The
charge-discharge curve reveals the charge storage mechanism of the specified electrode. A non-
linear curve suggests that charges are stored through a pseudocapacitive (PC) mechanism, while
a linear curve indicates storage by an electric double-layer capacitance (EDLC) mechanism

[36]. Csp can be determined using Eq. (4.5) [62]

_ I XAt

Csp - T (45)

AV
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Fig. 4.13. depicts the charging and discharging curve of the GCD [36].
4.13. Electrochemical impedance analyzer

EIS is also a powerful technique for determining the performance of a supercapacitor.
The resistance in the cell can be evaluated using this technique. An AC potential is applied to
the cell over a frequency range, and the resultant current is measured. A tiny AC signal (5 to 50
mV) is supplied to the supercapacitor (SC) cell in the frequency range of 10 Hz—1 MHz. The
resultant signals are current responses that apply alternating current signals. Nyquist and Bode

plots can be used to analyze and interpret EIS spectra [198].

In Fig. 4.14, a Nyquist plot is presented with equivalent circuits that include four
elements: Rs (ohmic resistance), Rs+Re: (charge transfer resistance), CPE (constant phase
element), and W (Warburg impedance). The use of Electrochemical Impedance Spectroscopy
(EIS) is crucial for distinguishing between frequency-dependent and frequency-independent
electrical components observed in the Nyquist plot [199]. To model complex electrochemical
processes near the electrode-electrolyte interface, equivalent circuit models are constructed
based on fundamental electric circuit elements such as capacitors and resistors. Unlike resistors,
which lack frequency dependence and imaginary components, inductors and capacitors

contribute an imaginary component to impedance [200].

The Nyquist plot shown in Fig. 4.14 provides a visual representation of both the real and
imaginary impedance components. In this plot, the imaginary components are depicted on the
Y-axis, while the X-axis represents the real components of impedance. An inset diagram within

the figure exhibits a fitted equivalent circuit that correlates with the Nyquist plot. Notably, the
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semicircular loop visible in the plot is linked to the charge transfer resistance [201]. Moreover,
the concept of solution resistance is of significance within the impedance of an electrochemical
cell. Variables such as temperature, ion type, ion concentration, and the structure of the current
pathway are determinants of the electrolytic solution's resistance. Additionally, the kinetics of
charge transfer are fixed and influenced by factors such as reaction type, temperature,
concentration, and potential of reaction products. Warburg impedance, which is affected by
ionic diffusion, is characterized by a decrease in impedance at higher frequencies due to shorter
diffusion paths for reactants. Conversely, lower frequencies lead to longer diffusion paths and

increased Warburg impedance.

In the Nyquist plot, Warburg impedance is represented by a diagonal line inclined at 45°,
indicating the mass transport of ions. Furthermore, the real-axis intercept at higher frequencies
corresponds to ohmic resistance. With decreasing frequency, reactants encounter longer

diffusion distances, resulting in an elevation of Warburg impedance [202][203].
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Fig. 4.14. depicts the principle of EIS [203].
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CHAPTER-5

Result and Discussion

5. Sintering Temperature Impact on the Structural-Magnetic Properties of

the Zno.2Mgo.sFe204 Spinel Ferrite
Abstract

This research work investigated the influence of sintering temperature on the structural and
magnetic properties of ZnooMgosFe> Os ferrite synthesized by the sol-gel auto-combustion
process at different sintering temperatures (400 °C, 600 °C, 800 °C). XRD study confirmed the
ZnooMgosFexO4 ferrite exhibits cubic symmetry. The crystallite size and unit cell volume
increase as the sintering temperature increases. FTIR spectrum shows the vibrational band near
600 cm™ to 400 cm™ which corresponds to the tetrahedral and octahedral sites respectively.
FESEM micrographs show the inhomogenous microstructure and agglomeration due to the
existence of magnetic interactions. EDX study indicates the presence of all the elements in the
sample.VSM reveals that saturation magnetization increases as the temperature increases. The
soft ferromagnetic nature was exhibited by all the prepared samples owing to its low coercivity

value and found its application in power and electromagnetic devices.
5.1. Experimental Method

Spinel ferrite Zn 02MgosFe> O4 (400 °C, 600 °C, 800 °C) can be generated by using the sol-
gel auto combustion method. The AR grade chemicals Zn (NO3)2.6H>0, Mg (NO3)2.6H>0, Fe
(NO3)2.9H>0, and citric acid were used. All nitrates and citric acid have been taken in an equal
amount of 1:1 and dissolved in the deionized water. Add a few drops of ammonia hydroxide to
the mixture of nitrates and balance the pH value to 7. So, the solution is heated at 80 °C for 6
hrs, the gel is formed in a brownish color. The gel is further heated and undergoes an auto
combustion process. Then the fluffy powder is sintered at various temperatures (400 °C,600 °C,

800 °C) and ground the powder with a mortar pestel.
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5.2. Characterization Techniques

*Bruker D8 Advance (CuKa radiation (A = 1.5404 A°)
»Thermo Nicolet 6700 FT-IR Spectrometer

*JOEL JSM-7610FPLUS and EDX ;OXFORD EDX
LN2free,Au Coater ;JEOL Smart Coater

VSM *VSM-EZ9

Fig. 5.1. depicts the characterization techniques.

5.3. RESULT AND DISCUSSION
5.3.1. X-ray diffraction (XRD) study

XRD pattern of Zn 02MgosFez O4 (x = 400 °C, 600 °C, 800 °C) spinel ferrite can be
amalgamated by using the sol-gel auto combustion method process as manifest in Fig. 5.2(a).
Zn 02Mgo sFe» O4 ferrite exhibits the single-phase and no impurity peaks are present. It exhibits
the Fd-3m space symmetry. As per the JCPDS n0.22-1012 (Zn ferrite) and 88-1943(Mg ferrite)
the characteristic peaks are (220), (311), (400), (422), (511), (440) which confirm the face-
centered cubic structure, but the most prominent peak is (311) [204]. Table 5.1 depicts the lattice
constant (a,), volume of the unit cell (V), and crystallite size (D). The lattice parameters can be

calculated by using this Eq. (5.1) [205].
a,=dVh? + k% + 12 (5.1)

where d is the interlayer distance spacing, a, is the lattice constant, and hkl is the miller
indices of the plane. The lattice constant increases as the temperature increases due to the larger
ionic radii of Zn** (0.74 A) and Mg>" (0.72 A) than the Fe?** (0.64 A) as in Fig. 5.2(b). The unit
cell volume is increased as the lattice constant increases [206]. Lattice constant is directly
proportional to the volume of the unit cell. Using the Debye Scherrer formula determine the

crystallite size of the intense peak (311) by Eq. (5.2) [65].

.7
B cosB

(5.2)
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Intensity (a.u.)

where D is the crystallite size, K (0.9) is scherrer constant, A is the wavelength, B is the
full-width half maxima, and 0 is the Bragg angle corresponding to the peaks. The crystallite size
of Zno2MgosFe2O4 range is 14 nm - 32nm increasing the sintering temperature, FWHM is
reduced which shows the growth in grain increased as well as the crystallite size is
increased[207]. At 800 °C motion of the atom increased which increased the grain growth and
also enhanced the crystallinity of the material. With temperature, crystallite size increases may
be attributed to the coalescence process [149] . At 800 °C the crystallite size of the prominent

peak (311) is maximum.

Table 5.1 Lattice parameters of Zno2Mgo.sFez Oa.

Sintering Crystallite size(nm) a(Ad) Volume(A)?
temperature
400°C 14.6 8.39 590
600 °C 27.6 8.41 595
800°C 32.5 8.42 599
(@) N 8.434 (0
220 00 st ] "
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Fig. 5.2(a) XRD plot Zn ¢02MgosFe204 (b) the Lattice constant vs sintering temperature.
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5.3.2. Fourier Transformation Infrared Spectroscopy (FTIR)

The FTIR graph Zn 02Mgo sFe2O4 ferrites synthesized at the temperatures 400 °C,600 °C,
and 800 °C as manifest in Fig. 5.3. The presence of vi absorption band lies near about 535.18
cm’! and the second v2 absorption lies near about 357.18 cm™ [63]. The absorption band vi has
attributed the stretching vibration to the tetrahedral atoms. The second v absorption band
corresponds to the octahedral atoms which affirms the spinel structure of the prepared material.
The band 1516.34cm™! exhibits stretching vibrations and also shows the presence of carboxyl
acid [79]. As synthesized the sample of distilled water is used and the band appears near the
3570 cm™! presence of the O-H bond for absorbing water molecules. The band 2357.10 cm™ is
attributed to the atmospheric CO2 [78].
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X=600 °C et Rensti _,——_—\\
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Fig. 5.3. FTIR spectra of Zn 02Mgo.sFe2 Oy ferrite.

5.3.3. Field Emission Scanning Electron Microscopy (FESEM)

Fig. 5.4 depicts the Zno2Mgo.sFe204 (x =400 °C,600 °C, 800 °C) spinel ferrite micrograph
and histogram plot. The microstructure of the Zno2Mgo.sFe204 ferrite shows the inhomogeneous
size, grain growth, and assemblage of the grains [208]. The micrograph fesem reveals the
agglomeration of particles due to the magnetic interaction between the nearby particles. The

particle size was determined to be 506.12 nm, 548.84 nm, and 564.58 nm at temperatures 400
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°C, 600 °C, 800 °C respectively. The average size of the particle calculated, increases with
increasing temperature. The element may lead to an enhancement of particle growth or inhibit

particle growth which depends on the nature of the interaction [ 163].

Particle Size (Av.) =506.12 nm (x=400 °C)|
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Fig. 5.4. the microstructure and particle size histogram of Zn 02Mgo.sFe204 ferrites.
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5.3.4. Energy Dispersive X-Ray

Fig. 5.5(a)(b) manifests the EDX spectra to verify the element composition and

elemental mapping of the prepared sample Zn 02MgosFe:04. At 800 °C Zn 02MgosFe 04
exhibits the pure phase as compared to 600 °C and 400 °C. At the 800 °C Zn 92Mgo sFe>O4 ferrite

shows all elements peaks viz Zn, Mg, Fe, O and homogenously diffusion in the spinel ferrite

without the presence of the impurity [79]. This study indicates that pure Zn ¢2Mgo.sFe> O4 may

be produced successfully by the constituents at Ts 800 °C. Table 5.2 represents the experimental

value and theoretical value of the atomic percent (at %) and weight percent (wt %) of the Zn

02MgosFe2 O4 sample.

Table 5.2 the Theoretical and Experimental value of atomic% and weight % Zn 02Mgo.sFez Oa.

Sintering Weight  Value Element Total
temperature  and Zn Mg Fe O
Atomic
percent
800 °C Atomic Experimental 3.45 11.86 30.64 53.97 100
percent Theoretical 2.85 11.42 28.56 57.14 100
Weight Experimental 7.47 9.38 55.30 31.91 100
percent Theoretical 6.29 9.35 53.72 30.61 100
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Fig. 5.5 a) the elemental mapping of Zn ¢2Mgo sFe2Ouferrite b) represents the EDX spectra of
Zn 02Mgo sFex0a.

5.3.5. VIBRATING SAMPLE MAGNETOMETER (VSM)

Fig. 5.6 examines the M-H hysteresis loop of Zn 02Mgo.sFe204 synthesized sample at
room temperature by applying a magnetic field range is -20 to +20 Koe. Table 5.3 depicts the
value of saturation magnetization (Ms), remanent magnetization (M;), and coercivity (Hc),
magnetic moment (ug), squareness ratio (SR). The saturation magnetization is mainly
depending on the lattice exchange interaction i.e A-A, B-B, A-B [209] . The saturation
magnetization is increased as the sintering temperature is increased due to the crystallite size

being increased. The squareness ratio is determined by Eq. (5.3) [74].

SR=M,/M; (5.3)

where SR is the squareness ratio, M, is the remanent magnetization, and M; is the
saturation magnetization. For the sintering ferrites at all temperatures, the squareness ratio lies
between the 0.178 - 0.151 [210]. It reveals that the sample is randomly oriented at the multi-
domain. The magnetic moment of the particles can grow with increasing particle size. The

magnetic moments can be calculated using Eq. (5.4) [211].

_MXMS

5585 (5'4)

ne
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where ng magnetic moment, M molecular mass, and M is saturation magnetization.
The magnetic moment increases as the temperature increases. At high Ts, the influence on the
crystallization and grain size can be occurred which can show the enhancement of the lattice.
Coercivity is decreased with an increase the temperature. As the crystallite size increases from
14.6 nm to 32.5 nm, the saturation magnetization M; also increases (from 30.166 emu/g to
44,987 emu/g). This trend can be attributed to a reduction in surface spin disorder. Smaller
crystallites have a higher surface-to-volume ratio, which increases spin canting at the particle
surface, reducing the net magnetization. Larger particle sizes facilitate a shift to multi-domain
behavior, reducing Hc. Coercivity is inversely proportional to the saturation magnetization
(Ms). ZnpoMgosFexO4 spinel ferrite exhibits soft ferrite in nature.The synthesized
Zno2Mgo sFe2O4 spinel ferrite has been used in the application of magnetic recording and
electronic devices [79].

Table 5.3 The magnetic parameters of Zno>Mgo.sFe204

Sintering Ms(emu/g) Mr(emu/g) Hc(Oe) SR na(uB)
temperature

400°C 30.166 5.40 65.577 0.178 1.12
600 °C 34.920 542 52.847 0.155 1.29
800°C 44987 6.79 49.605 0.151 1.67
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Fig. 5.6 M-H curve of Zn ¢2Mgo sFez O4 ferrite.

5.4. CONCLUSION

Znpo2Mgo sFe2O4 (x = 400 °C, 600 °C, 800 °C) spinel ferrite is successfully synthesized by
the sol-gel auto combustion technique and studies the different characteristic properties such as
structural, morphology, and magnetic properties. XRD spectrum examined spinel ferrite exhibit
single phase. Crystallite size is increased with the temperature increase lies between 14 nm -
32nm. FTIR reveals the presence of the functional group and spinel phase formation. The
particle size range is 506.12 nm - 564.58 nm. Magnetic properties reveal prepared sample
exhibits a soft ferromagnetic nature owing to its low coercivity value and found its application
in power and electromagnetic devices. This material can be used in LEDs, transistors, and

Sensors.
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CHAPTER -6

Result and Discussion

6. Manganese Doped Co-Ni Spinel Ferrite: Investigation of Structural,

Morphological, Magnetic, and Dielectric Properties
Abstract

The structural, morphological, magnetic, and dielectric properties of MnxCoo.5-xNio sFe204 (x =
0.0, 0.2, and 0.4) synthesized by sol-gel auto-combustion are reported in this paper. X-ray
diffraction (XRD) pattern of the samples confirms the formation of a single-phase spinel ferrite
and the crystallite size (D) is in the range of 32.60 - 33.62 nm. Fourier transform infrared
(FTIR) spectra have a vibrational band at 534.20 cm™ and 420.13 cm™ which corresponds to
the tetrahedral and octahedral sites of the MnxCoo.5.xNio.sFe2O4 respectively. Field emission
scanning electron microscope (FESEM) reveals the cubic morphology of the synthesized spinel
ferrite with inhomogeneous grain size. Vibrating sample magnetometer (VSM) analysis showed
the ferromagnetic nature of all samples. All the samples exhibit a multi-domain because the
value of M/M; lies in the range of 0.153 — 0.336. Dielectric properties reveal the hopping of

the charge carrier which has improved the conduction mechanism of the MnxCoo.5:xNio.sFe20a.

Keywords: Spinel Ferrite, Structural Properties, Magnetic Properties, Dielectric Properties.

6.1. Materials and methods

6.1.1. Chemicals Requirement

In this research, highly pure (99-99.5%) analytical reagent (AR) grade chemicals viz.,
manganese nitrates (Mn (NO3)2.6 H>0O), nickel nitrates (N1 (NO3)3.6H20), cobalt nitrates (Co
(NO3)2.6H>0), ferric nitrates (Fe (NO3)3.9H20), and citric acid (CsHgO7.H20) were used to

prepare spinel ferrite.
6.1.2 Synthesis of spinel ferrite with Mn?* substitution

Sol-gel auto-combustion method was adopted to synthesize the manganese-doped
cobalt-nickel spinel ferrite (MnxCoo.5xNio.sFe204) as in Fig. 6.1. AR-grade chemicals were
dissolved in 100 ml of de-ionized water. Citric acid was used as a fueling agent and all metal

nitrates were used as an oxidant in a 1:1 ratio. The nitrates solution was continuously swirled
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until the desired homogenous solution was achieved. To attain the pH value of 7, ammonium
hydroxide solution is added drop-by-drop. After the gel formation, spinning has been stopped.
The gel was heated at 80 °C for 3 hours to get ash. The ash was further heated at 80 °C for 9-10
h. The material so formed was sintering at 1100 °C for 6 h in the muffle furnace. Finally, the
powdered sample of the ferrite was crushed in an agate motor with the pestle to produce the
homogenized fine powder of the synthesized ferrite.

"

Mn nitrate
Co nitrate
Ni nitrate
Ferric nitrate
\_Citric acid -

-

£ DPH =7 by adding ammonia hydroxide

{===Heating and stirring

Fig. 6.1. Schematic of the synthesis of MnxCoo.5xNio.sFe2O4 spinel ferrite.

6.2. Characterization Technique

The phase of the prepared sample was studied using a Powder X-ray diffractometer
(Bruker D8 Advance) with CuKa radiation at 2 = 1.5406 A from 20°-80°in 0.02°increments.
FTIR with diamond ATR (Perkin Elmer spectrum 2) affirms the spinel structure of the prepared
spinel ferrites. FESEM (FE-SEM: JEOL JSM-7610 F Plus) confirms the surface morphology
while chemical composition is confirmed by the energy dispersive x-ray analysis (EDX
spectrum) (EDX: OXFORD EDX LN2 free). The magnetic properties of spinel ferrite were
investigated using a VSM (VSM-EZ9). Wynne Kerr impedance analyzer (Model 6500) is

utilized to determine the dielectric properties.
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6.3. Results and Discussions
6.3.1. XRD analysis
The XRD pattern of the MnyxCoo.5xNio.sFe204 (x = 0.0, 0.2, 0.4) ferrite is shown
in Fig. 6.2. The phase structure of the synthesized Mn-doped Co—Ni spinel ferrite were
investigated using X-ray diffraction, and various lattice parameters viz. lattice constant (a.),
unit cell volume (Veen), crystallite size (D), lattice strain (g), dislocation density (J), and hopping
length Lsera and Locs are reported in Table 6.1. The diffraction pattern has miller indices (hkl)
corresponding to (111), (220), (311), (222), (400), (422), (511), and (440) which is according
to the JCPDS card no. 10-0325 for (Ni ferrite) and JCPDS card no. 22-1086 (Co ferrite) [ 114].
This authenticates the presence of a face-centered cubic (fcc) arrangement and having a space
group of Fd-3m in our synthesized MnxCoo.s-xNiosFe204 samples [212]. These peaks exhibit a
single-phase crystalline structure without any extra impurity present in them. The highest
intensity characteristic diffraction peak is (311). The a, can be calculated by Eq. (6.1) [213] as

mentioned in Table (6.1).

ao=dVhZ + kZ ¥+ 2 (6.1)

Here, hkl are characteristic diffracting peaks, d is the interlayer spacing, and a, is the
lattice constant. The peaks are slightly shifted toward the lower 26 and due to this the lattice
constant increases as the Mn*" concentration increases which is according to Vegard’s law.
When the Mn?" is substituted into Co-Ni ferrite with varying concentrations (x = 0.0, 0.2, 0.4),
the lattice constant (a,) increases from 8.349 to 8.360 A. Similar to this was reported in the
literature by Mahajan et al. [79]. This increase in lattice constant is because of the Mn** ion
replacing the Co*" ions. The Mn?" has a high ionic radii of 0.80 A than the Co®" ion with ionic
radii of 0.78 A as in Fig. 6.3(a)[79][214].

Table 6.1

Structural parameters of the MnxCoo.5xNio.sFe204 samples.

Mn Concentration D

a, (A) | 4 (A) ] (m-Z) Litetra Locta
(x) (nm) &
x=0.0 8.349 58197 32.60 3.450 0.927 3.615 2.951
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x=10.2 8.352 582.64 3399 3.312 0.854 3.616 2.952
x=0.4 8.360 584.44 33.62 3.352 0.873 3.619 2.955
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Fig. 6.2. XRD plot of MnxCoo.5-xNio.sFe204 samples.
Table 6.2

Interplanar spacing (d) at different hkl planes for MnyxCoo.5xNio.sFe2O4 samples.

Hkl d(A)
x=0.0 x=0.2 x=0.4

(111) 4.823 4.821 4.819
(220) 2.955 2.951 2.952
(311) 2.520 2.517 2.518
(222) 2.413 2.410 2411
(400) 2.090 2.087 2.088
(422) 1.707 1.704 1.705
(511) 1.609 1.607 1.608
(440) 1.479 1.476 1.477
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By using Bragg’s law, the interplanar spacing (d) can be evaluated using Eq. (6.2) [215].

_ ni
2sin6

(6.2)

Where A = 1.5406 A represents the X-ray wavelength, n is the order of the
diffraction peak, and 6 is Bragg’s angle. The d-spacing values for the prepared samples as
obtained using X Powder software are in Table 6.2. The unit cell volume (Ve.x) is dependent
on the lattice constant and therefore increases as the doping content increases as exhibited by
Fig. 6.3(b) [216][217]. This ionic radius difference increases Ve, and as a result, the unit cell
of the synthesized spinel ferrite expands [ 79]. The crystallite size (D) for the high-intensity peak
(311) can be evaluated by using Eq. 6.3 [65].

ka2
- Bcosb

(6.3)

Here, f is full-width half maxima and & is the Scherrer constant which is 0.9.
The lattice strain and dislocation density can be calculated by Eq. (6.4) and Eq. (6.5) [64].
1
0= =2 (6.4)

E= B
4Tané

(6.5)

The crystallite size was determined to be in the nanoscale range using the
Debye-Scherrer formulae. The D of the sample firstly increases from 32.60 (x = 0.0) nm to
33.99 nm (x = 0.2) and then decreases to 33.62 nm (x = 0.4). This agrees with other works
observed by Jabbar et al. [214]. This irregular crystallite size is because the Mn** cation can
randomly be present on both tetrahedral and octahedral sites and Mn?" has high ionic radii of
0.80 A than the Co*" ion with ionic radii of 0.78 A [79]. Table 6.2 reports the lattice strain and
dislocation density which decreases from x = 0.0 to 0.2 and then increases at x = 0.4, due to the
ionic radii difference of the metal cations Ni (0.69A), Co*"(0.78 A), Mn?*(0.80 A), Fe*"(0.64
A). This randomness creates non-uniform strain in the crystal lattice and breaks them into non-
uniform nanoparticles of sporadic shape. Strain creates inhomogeneity in the lattice and

distortion induced in the lattice during the synthesis process [218][219].

The jumping length can be calculated by Eq. (6.6) and Eq. (6.7) [65].

apV3
4

Ltetra -

(6.6)
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aoV2

Locta = T (6.7)

Where Liewra and Locta are the jumping length, and a, is the lattice constant. Table
6.2. shows the hopping length of the Liwa(A) and Locia(B) sites. Hopping length increases as the
Mn?" concentration increases due to the ionic radii difference of the Mn?(0.80A) larger than
the Co?" (0.78 A) these magnetic ions are separated, which increases the hopping length as

similar to this was reported in the literature by Ali et al.[210].
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Fig. 6.3. (a) Lattice constant (a,) and (b) unit cell volume (V) as a function of Mn concentration.

6.3.2. FTIR analysis

The Infrared spectroscopy is especially useful for assessing the quality,
chemical bonding, and spinel structure of synthesized samples. The FTIR spectrum at the
ambient temperature for all synthesized samples with varying Mn content in the 400 to 4000
cm! range is presented in Fig. 6.4 [220]. The FTIR spectra peaks manifest the positions of metal
cations in the lattice sites. Metal cations exist in tetrahedral and octahedral lattice sites in spinel
ferrite, as evidenced by the spatial positioning of oxygen ions. Vibrational bands were observed
in the wavenumber range of 400 to 600 cm™ for all samples with different Mn concentrations.
Similar to this was reported in the literature by Hammad et al. [221]. A peak at 534.20 cm’!
belongs to the tetrahedral complex and a peak at 420.13 cm! belongs to the octahedral complex
which is attributed to the stretching vibrations and affirms the spinel structure of our prepared

samples [205]. The difference in bond length of metal-oxygen ions in the tetrahedral and
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octahedral sites results in a difference in the frequency of the vibrational bands (v; and v»)
[222]. The frail adsorption bands at 2328 cm™ and 2364 cm™! were because of the existence of
O-H and COg, respectively [223]. The occurrence of O-H and CO; vibrations was due to
moisture absorption from the atmosphere [224]. The presence of a peak at 1100 cm™ confirms
the absence of N-O in the synthesized sample. The absence of vibration bands around the peak
1395, 1672, and 3147 cm™! confirmed the removal of citric acid during the sintering process and

demonstrated the faultlessness of our prepared MnxCoo.5-xNio.sFe2O4 spinel ferrite [79].

1
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Fig. 6.4. FTIR spectra of MnxCoo.5xNio.sFe204 samples.

6.3.3. FESEM and EDX analysis

To investigate the morphological properties of the synthesized material, FESEM
micrographs of the samples were provided. Micrographs and average particle sizes of the
synthesized MnxCoo.5.xNio.sFe204 (x = 0.0, 0.2, 0.4) sample are presented in Fig. 6.5. The figure
reveals the agglomeration of particles due to the magnetic interaction between the
nearby particles. These samples show an inhomogeneous nature and are irregular in
size and shape [79]. According to FESEM micrographs, the grains of all the samples
were in the nanoscale range, with distinct voids and pores that could be attributed to
gas emissions (CO2, NO2, H>O, etc.) during the synthesis. From the histogram, the

average particle size had been evaluated using the Image] software. According to the
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FESEM particle size distribution, the estimated average ferrite nanoparticle sizes were
determined to be 246.53 nm, 252.73 nm, and 337.39 nm for x=0.0, x = 0.2, and x = 0.4
respectively. These values are in the same order as those reported by Hasan et al. [225]. The
average size of the particle calculated, increases with increasing doping concentration.
The dopant element may lead to an enhancement of particle growth or inhibit particle growth
which depends on the nature of the interaction. In our study, the increase in the size of particles
may be a result of the enhancement of particle boundary mobility by the Mn?" concentration
[226]. Moreover, the particle sizes in the FESEM were found to be bigger than the crystallite
size obtained in the XRD result. This variation in the crystallite and particle size may be
attributed to the agglomeration of particles as can be observed in FESEM micrographs [227].

EDX spectra in Fig. 6.6(a) verify the elemental stoichiometry of the synthesized
MnxCoo5xNiosFe204 (x = 0.0, 0.2, 0.4) samples. The undoped ferrite (x = 0.0) exhibits the
peaks belonging to Co, Ni, Fe, and O, whereas, the doped ferrites (x = 0.2 and 0.4) exhibit the
peaks belonging to Mn, Co, Ni, Fe, and O. For all the synthesized samples EDX spectra avows
the experimental stoichiometry without any impurity present in it. Table 6.3 represents the
experimental value of the atomic percent (az. %) and weight percent (wt. %) of MnyCoo.s-
xNiosFe204 (x =0.0, 0.2, 0.4) samples. The theoretical and experimental values of the at. % and
wt. % are closely associated which affirms the accuracy of our synthesized samples [79][228].
Fig. 6.6(b) depicts the elemental mapping of the doped Mn?" spinel ferrites with the uniform
propagation of the MnxCoo.5-xNio.sFe2O4 spinel ferrite.
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Fig. 6.5. FESEM micrograph and particle size of MnxCo0.5-xNi0.5Fe204 sample.
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Fig. 6.6 (a) EDX spectra of MnxCoo.s5.xNio.sFe204 samples and (b) elemental mapping of
Mnp 2Co00.3Nig.sFe204.
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Table 6. 3

Experimental and theoretical values of at. % and wt. % for MnxCoo.5.xNio.sFe2O4 samples.

Mn Value Weight Element Total

concentration %and

(x) Atomic %

Mn Ni Co Fe O

0.0 Theoretical ~ Weight % 0.0 12.99 14.29 46.44 26.29 100
Experimental Weight % 0.0 12.52  12.58 4770 27.18 100

0.2 Theoretical ~ Weight % 5.73  13.01 4.88 50.34 26.03 100
Experimental Weight % 4.70  12.56 7.57 47.86 27.27 100

0.4 Theoretical ~ Weight %  8.81 14.04 3.28 45.48 28.39 100
Experimental Weight % 9.45  12.61 2.53 48.03 27.37 100

0.0 Theoretical ~ Atomic % 0.0 7.14  7.14 28.57 57.14 100
Experimental Atomic % 0.0 7.53 825 2830 55.92 100

0.2 Theoretical ~ Atomic % 2.85 7.14  4.28 28.57 57.14 100
Experimental Atomic % 3.55 7.55 2.82 30.69 55.39 100

0.4 Theoretical ~ Atomic % 5.71 7.14 142 28.57 57.14 100
Experimental Atomic % 527 7.86  1.83 26.75 58.29 100

6.3.4. VSM analysis

The M-H hysteresis plot for the synthesized MnxCoo.5.xNio.sFe2O4 sample at
room temperature in the magnetic field range of -30 KOe to +30 KOe is presented in Fig. 6.7.
Table 6.4 reveals the magnetic parameters such as remanence (M,), coercivity (H.), saturation
magnetization (Mj), anisotropy constant (K), and squareness ratio (SR). The M-H plot shows
the S-shape hysteresis loop which attributes that the material is ferromagnetic. The saturation
magnetization decreased from 55.26 (x = 0.0) to 52.52 emu/g (x = 0.2) and then it increases to
63.42 emu/g (x = 0.4) with the Mn?* dopant as exhibited in Fig. 6.8(a). The reduction in Ms is
a direct result of crystallite size miniaturization. When the particle size changes from bulk to
nanoscale, the M decreases as the size of the nanoparticles decreases due to the presence of
some level of spin canting in the entire volume of the nanoparticles. Similar to this was reported

in the literature by Nabavi ef al. [229]. Various factors viz. weak interaction, and lattice defects
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are responsible for the M, decrement. The magnetic moment 73 is listed in Table 4. The crystal
lattice also exhibits three types of superexchange interaction A-A, B-B, and A-B [230][231].
The Yaffle-Kittel suggested magnetization was based on three sub-lattice models. According to
the Neel two sub-lattice model cation distribution for (x = 0.0, 0.2, and 0.4) is presented in Eq.
(6.8) (6.9) [163][232].

(Fe’") 4[Ni**0.5Co”" .5FeOq] 5 (6.8)

(Mn** Fe’™) 4fMn’*:Co® 05.:Ni* o.5Fe Q4] (6.9)

Cobalt and Nickel ferrite both are inverse ferrite in that the divalent cation (Co?",
Ni?") can occupy the B site and the trivalent cation (Fe*") can occupy the A and B sites, where,
A is tetrahedral and B is the octahedral site [233]. Mn** acquires any lattice site (A or B).

From the above equation, the magnetic moment of the A-site is smaller than the
B-site, therefore the magnetic moment theoretically increases as the Mn?" concentration
increases. These metals have the theoretical magnetic moment as Ni*(2ug), Mn?*(5ug), Co**(3
ug), and Fe**(5 pp) [234]. The net magnetic moment is Mnet = [Mp-Ma|. The experimental

magnetic moment decreased as calculated using Eq. (6.10) [65].

_ MgxMw
np =~ (6.10)

where Mw is the molecular weight of the composition, and M; is the saturation
magnetization. As Mn?" concentration increases, M, is reduced irregularly, and the magnetic
moment also reduces due to the weak A-B exchange interaction. Magnetic spin is the cause of
the disorder crystal structure of the synthesized MnxCoo.5xNio.sFe2O4 spinel ferrite [227].
The anisotropy constant (K) can be calculated using Eq. (6.11) [223].

_ H¢XMg
0.961

6.11)

where Hc and M; are the coercivity and saturation magnetization respectively. In Table
6.4 K increases as the Mn?" content increases because the anisotropy constant is dependent on

the coercivity and saturation magnetization. Magnetic anisotropy is influenced by the crystal
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structure and the distribution of metal cations. The Mn?* cations have a larger ionic radius than
the Co®" cations, and their substitution for Co?* cations can distort the spinel structure, creating
local magnetic anisotropy. This leads to a more pronounced uniaxial magnetic anisotropy in
the material, which increases the coercivity. Mn ions have a higher spin and orbital magnetic
moment [79]. Mn?* ions replace the Co*" ions, due to which Co** ions decrease, as a result, the
anisotropy constant and coercivity increase [218]. The larger crystallite sizes reduce surface
area-to-volume ratios, which can decrease spin disorder at the particle surface and thereby
increase Ms. However, variations in cation distribution or crystallinity (influenced by synthesis
conditions) may cause slight fluctuations in M, the rise in coercivity with increased crystallite
size suggests the particles might be transitioning from a single-domain to a multi-domain
structure. Generally, multi-domain particles have higher coercivity because the domain wall
pinning requires a higher external field to reorient.

The squareness ratio SR (M,/M;) with different concentrations of Mn?" is calculated using Eq.
(6.12) [235]. The value of M,/M; increases by increasing the concentration of the Mn dopant.
The value of M,/M; lies between 0.153 to 0.336 and reveals the multi-domain spinel ferrite
nanoparticles [223]. According to Ali et al., the ColnkFeoxO4 spinel ferrite exhibits the
superparamagnetic property when the particle size is decreasing then multi-domain particles
reduce to a single domain but in the reported study the particle size increases (246.53 nm to

337.39 nm ) which confirms the occurrence of multi-domain [210].

SR === (6.12)
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Fig. 6.7. M-H hysteresis plot of MnxCoo 5-xNiosFe>04 samples.
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The value of coercivity obtained from VSM results varies with several factors viz. size,
morphology, micro-strain, and anisotropy constant of the incorporated samples. The coercivity
increases as the Mn?" content increases due to the magneto-crystalline anisotropy as in Fig.
6.8(b) [218]. The coercivity may also increase due to the presence of cobalt ferrite which is a
hard ferrite. Owing to their high coercivity, this material has been used in recording magnetic
media, electronic devices, and data processing. However, the magnetic moment decreases with

increasing Mn concentration as a result, it reduces the A-B interaction [218].
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Fig. 6.8. (a) saturation magnetization as a function of Mn concentration (b) coercivity as a

function of Mn concentration.

Table 6.4

Magnetic parameters of MnxCoo.5.xNio.sFe2O4 samples.

Mn Concentration (x) 0.0 0.2 0.4
SaturationMagnetizationM; 55.26 52.52 63.42
(emu/g)

Remanence M, (emu/g) 8.50 12.00 21.32
Coercivity H. (Oe) 108.03 234.42 385.38

97



Ratio of squareness (SR) 0.153 0.228 0.336

Anisotropy Constant K (erg/cc) 6218.47 12824.74 25459.16
Magnetic moment n'z (uB) 2.5 4.4 6.3
Magnetic moment n°g (uB) 2.6 2.3 2.1

6.3.5. Dielectric property analysis

The frequency dependence of real (¢) and imaginary (¢ ') parts of permittivity are
in Fig. 6.9(a, b), and dielectric loss (fan ) are in Fig. 6.9(c). The ¢, ¢ can be measured by the
Eq. (6.13) (6.14) [236].

(6.13)

¢ =— = (6.14)

Here,  is the thickness of pellets, &y is the permittivity of free space 8.85x10712
F/m, A is the area of pellets, and C is the capacitance of a dielectric material. As the frequency
(log f) increased, the dielectric constant decreased slowly and attained a constant value at one
point. This trend was attained because of the different types of polarization viz. ionic, electronic
dipolar, and space charge. In ferrites, electrons are exchanged between the ions and dipoles,
which align themselves with Fe?* to Fe** and Mn*' to Mn>" [237]. Furthermore, at low-
frequency hopping of e between ferric (Fe**) and ferrous (Fe’") atoms ions promote large
polarization, and hence dielectric constant increases. According to Maxwell Wagner’s Koops
theory, the dielectric curve shows the dispersion and explains the two-layer structure. According
to the Koop model, the spinel ferrite consists of well-conducting grains separated by highly
resistive boundaries [238][239]. The dielectric constant was found to be maximum at minimum
frequency because the grain boundaries were more active when compared to the grains i.e., the
reason the dielectric constant is high at the low frequency. When the applied electric field, the
scattered electrons are accommodated on resistive grain boundaries and then combined to form

a space charge polarization. However, at low frequency, the dielectric constant is high and then
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decreases with increasing frequency [238][77]. For the undoped sample (x = 0.0) dielectric
constant € is less as compared to the doped sample (x = 0.2, 0.4). The dielectric constant can be
explained with the help of FESEM (particle size). As a result, the FESEM particle size of (x =
0.4) is larger as compared to the (x = 0.0, 0.2). It found that the sample grains are fine and give

high dielectric constant because of the large surface of ratio area to volume [207].

140004 18000
I 16000
J —_—x=0.0 14000 -
a x =0.2
10000- s I
8000 _ 10000
- 1 w
"W 8000-
6000-
40001 m——r
2000 2000
]\L\ —ee——
| — 0
2 3 4 5 6 7 2 3 4 5 6 7
logf (Hz) logf (Hz)
2.0

tand

logf (Hz)

Fig .6.9 (a)Dielectric constant (¢) vs frequency (b) dielectric loss (¢) with frequency (c)

dielectric loss (tand) with frequency MnxCoo 5xNiosFe204 samples.

The dielectric loss (tand) factor can be calculated by Eq. (6.15) [239].
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tand == = = (6.15)

wC

The dielectric loss of the MnxCoo.5-xNio.sFe2O4 ferrites showed a lag in polarization
when an electric field was applied. The dielectric loss factor is due to domain wall resonance
domain defects, non-uniform domain wall movements, and varying flux densities. The
dielectric loss is caused by the resonance obtained at the walls of the domains. And also, when
charge carries transport from grain-grain boundaries of ferrites the direction of polarization
changes in the presence of applied field which causes dissipation in energy [240]. At high
frequency, dielectric losses are reticent in the domain wall where the magnetization is changed
by rotation [237][239]. At higher frequencies, a small quantity of energy is enough for the
exchange of electrons between Fe?" and Fe®" giving low resistivity and a low value of loss
tangent. At x = 0.2, and 0.4 concentration sample shows a hump at mid of frequencies, which
happened due to the exchange of electrons between ions frequency is matched with the applied

frequency. Similar to this was reported in the literature by Padmasree et al. [241].

6.4. Conclusion

Single-phase cubic spinel ferrite (MnxCoo.5-xNio.sFe204) was successfully prepared by sol-
gel route. The lattice constant (a,) and the volume of the unit cell show an increment with the
addition of the Mn as a result, the unit cell of the synthesized spinel ferrite expands. This can
be related to the fact that Mn?" has high ionic radii of 0.80 A as compared to the Co*" ion having
ionic radii of 0.78 A. The FTIR affirms the formation of spinel ferrite MnxCoo.5-xNio.sFe204.
The particle size varies from 246.53 to 337.39 nm as exhibited by the FESEM study. Because
of the porous morphology demonstrated by all of the FESEM micrographs, the synthesized
samples are useful for energy storage applications. The M-H hysteresis loop reveals the increase
in coercivity from 108.03 Oe — 385.38 Oe. Saturation magnetization randomly decreased which
then increased directly thereby affecting the crystallite size. The dielectric constant was found
to be high at low frequencies because the grain boundaries were more active. Owing to the high
coercivity and good remanence of these prepared materials, they are applicable in recording

devices, switching, and microwave devices.
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Chapter -7
Result and Discussion

7. Crystal structure, morphological, and magnetic properties of ternary

nanohybrid PriMnosCoosFe2xO4 (0.00 < x <0.04) spinel ferrite

Abstract

Rare earth Pr** ion substituted in the Mn - Co spinel ferrite was prepared via. sol-gel route. The
phase composition of the prepared samples was analyzed by X-ray diffraction (XRD). Rietveld
refinement confirms the single phase for the samples (x =0.0, 0.01, 0.02) and shows a secondary
phase for the samples with higher concentrations of Pr’** (x = 0.03 and 0.04). The absorption
band occurs within 400 — 600 cm™ which affirms the formation of spinel ferrite by the Fourier
transform infrared (FTIR) spectra. Field emission scanning electron microscopy (FESEM)
micrograph reveals the presence of porous morphology and non-uniform grain growth
inhomogeneous in size and shape due to the agglomeration present in the prepared sample. A
vibrating sample magnetometer (VSM) study reveals all the samples exhibit a ferromagnetic
nature. The coercivity (Hc) increases from 441.78 to 557.32 Oe and then decreases to 503.48
Oe. Owing to the basis of large surface area, presence of pore size, and soft magnetic nature

synthesized spinel ferrites are best suitable for supercapacitor electrode material.
Keywords: Spinel ferrites, Structural Properties, Magnetic Properties, Morphology.
7.1. Experimental Procedure

7.1.1. Sample Preparation

Synthesis of nanoparticle Pr.Mno.sCoosFe2xO4 (x =0.00, 0.01, 0.02, 0.03, and 0.04) was
performed by sol-gel route as in Fig. 7.1. The stoichiometric amount of metal nitrates AR-grade
chemicals (Mn (NO3)..6H20), (Co (NO3)2.6H20), and (Pr (NO3)3.6H>0), and (Fe (NO3)3.9H,0)
were dissolved in 200 ml of the distilled water. Citric acid and metal nitrates were mixed in a
1:1 ratio. Citric acid (CA) was used as a chelating agent. NH3 was added dropwise to maintain
pH 7. The metal nitrates solution was stirred vigorously to achieve a homogeneous solution.
The stirring was stopped, heat the solution at 80 ° C, and the gel was formed. After 3h the
product was self-combustion. A fluffy powder was formed and heated at 90 °C. The reticular

material was grounded and sintered in a furnace at 1100 ° C for 6 h.
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(0.5) [Mn (NO3)2.6H20)] + (0.5) [Co (NO3)2.6H20)] + x [Pr (NO3)3.6H20] + (2 — x) [Fe
(NO3)3.9H20)] — Pr:Mno.5Coo.5Fe2.:04 + H2O + volatiles

Metal nitrates solution Ammonia added to

maintain pH 7 Sol converted into gel

Auto combustion

- @

Cubic shape morphology Mn, <Co, sPr,Fe,_ .0,
Mn, ;Co, sPrFe,_,0, o

Heat the
powder at
1100 °C

Fig. 7.1. Schematic of the synthesis of Pr.Mng sCoo.5Fe>-.O4 spinel ferrite.
7.2. Materials characterizations

The properties of the synthesized RE-doped Mn—Ni ferrite were evaluated using XRD,
FTIR, FESEM with EDX, and VSM. To determine the phase identification and crystallographic
structure of the materials, X-ray diffraction (Bruker D8 Advance) was used with Cu-Ka
radiation having wavelength A = 1.5404 in the 20 range from 20 ° — 80 °. Further, the crystallite
size of the sample is obtained from the XRD pattern by applying Scherrer's equation. The
Fourier transform infrared spectra are recorded using (Perkin Elmer Spectrum2) and followed
by the KBr pressed pellet technique to determine the structures of the calcined ferrite material.
The morphologies were identified by FESEM (FE-SEM: JEOL JSM-7610 F Plus) and
elemental composition was identified by EDAX (EDX: OXFORD EDX LN2 free). The
magnetic properties have been measured at room temperature by using a Vibrating Sample

Magnetometer (VSM-EZ9).

7.3. Result and Discussion
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7.3.1. XRD study

The phase identification of the prepared samples PriMng sCoo.sFe2.O4 (x =0.00-0.04)
was done using the XRD analysis. Fig. 7.2(a) displays the XRD patterns of Pr.MnosCoo.sFex-
<04 spinel ferrite. The observed peaks were indexed using the JCPDS card 22-1086 with cubic
structure and Fd-3m as space group [59]. We observed that a pure sample (single phase) was
obtained for the sample with x varying from 0.00 to 0.02. This may indicate that the substituted
atom (Pr) properly occupied the crystallography sites. However, with the increase of Pr-
concentration in the sample (x=0.03 and x=0.04), a strange peak (secondary phase) was also
formed. Since a single phase was observed in samples for x between 0.00-0.03, we cannot
assimilate this impurity (secondary phase) to the incomplete reaction as reported by Tchouank
et al. [211] but the presence of this impurity could be due to the fact that the saturation in Pr*
was reached which would favor the formation of another compound (*) which refers to Pr-
ferrite with JCPDS card 19-1012 and Pnma as space group. To confirm the XRD observations,
we performed the Rietveld Refinement using the FullProf suite package. To carry out all the
refined parameters, the following conditions were used: the cycles of refinement were 30, the
pseudo-Voigt function was used the define the peak morphology, and the background was
defined by the linear interpolation. Fig. 7.2 (b)-(e) depicts the Rietveld refinement of prepared
samples. The black plot (Yobs) refers to the experimental data, the red plot represents the
theoretical data (Ycal), the background is in blue line and the small lines in green give the
position for each plane. The reliability factors R, (Profile fitting R-value), Ry, (Weighted profile R-
value), and Ry (anticipated R-value), the goodness of fit (GoF), and chi-square (y°) for all the
samples were found in the following range: 10.4% <R, <19.6%, 10.4% < R, < 16.8%, 8.68%
< Rexp < 11.5 %, and 1.2<GoF<1.4 Table 7.1. From these figures, it was noticed that Yobs and
Ycal perfectly match for x=0.00-0.02. However, an extra peak occurred between 30° and 35°
for x=0.03 and x=0.04. The identified peaks in the XRD patterns refer to the diffraction planes
(220), (311), (222), (400), (422), (511), (440), (620), and (533). From these peaks, the average
value of lattice constant («) and volume of the unit cell (7) of all the samples was determined
by using the equation discussed elsewhere [209][204]. It was found that for x varying from 0.00
to 0.01, the values of @ and V increase then they decrease for x greater than 0.02. The lattice
parameter decreases with the substitution of Mn** ions with Co** ions, to accommodate the
Mn?" ion of relatively larger ionic radii (0.80 A) as compared to that of Co®" ion (0.78 A) [242].
With further substitution of Fe*" ions with Pr** ions, the lattice parameter decreased attributing

to the larger ionic radii of Pr** (1.013A) ion as compared to Fe** (0.64 A) ion shown in Table
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7.1. This can be observed from the XRD patterns in which the positions of the peak shifted
towards higher values of Bragg angle and then towards lower values Fig. 7.3. This observation
was done for the peaks between 62° and 63° but it can be observed for any peak. In general, by
replacing an ion with another ion with a larger ionic radius, the unit cell volume tends to
increase. In this work, Fe*" ions (r(Fe*" )=0.645A) were replaced by Pr**ions (r(Pr*")=1.013A).
Thus, observed variation in a and V could be related to the possible interactions between ions

of the system.
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Fig. 7.2 (a) XRD patterns and Rietveld refinement of Pr,\Mng sCoo.sFe2.xOs4 (b) x=0.00, (c)
x=0.01, (d) x=0.02, (e) x=0.03, (f) x=0.04.
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Fig. 7.3. Shift in 20 (~ 62.45°) value of Pri-Mno.5Coo.sFe2..O4 samples.

The crystallite size (D) of prepared samples was assessed using the Debye—Scherrer
formula Eq. (7.1) and the values are listed in Table 7.1. The values of D were obtained in the
range of 43-45 nm. It was reported that if the values of D are inferior to 50 nm then the material
is a suitable candidate for media recording applications [230]. Hence, it could be deduced that

the prepared samples are potential candidates for media recording applications.

kA
D= 5050 (7.1)

where k is constant having a value of 0.95, A is wavelength 1.5406 nm, 26 is Bragg angle,

and B is the full-width half maxima. Strain and dislocation density was calculated from the

below Eq. (7.2)(7.3) [59].

B (7.2)

g:
4Tanf
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5== (7.3)

For the incorporated sample, crystallite size is decreased with increased Pr’*
concentration due to segregation near the grain boundaries, which hampers its movement. Strain
and dislocation density increases but at x = 0.03 to 0.04 it decreases due to the metal cation
randomly present in the tetrahedral and octahedral sites. The variation in metal cations that are
arranged induces strain within the lattice sites, leading to their fragmentation into irregular

particles of varying shapes. [79].

Hopping length in tetrahedral sites (La) and in octahedral sites (Lg) which are nothing
but the distance between the magnetic ions were calculated from Eq. (7.4) and Eq. (7.5) [243].
It was found that L and Lg show the same variability with the lattice constant. This observation
was expected since they are proportional to the lattice constant a. The hopping length values in
tetrahedral and octahedral sites were found to lie in the range of 3.6408-3.6405 nm and 2.9723
—2.9721 nm. These values are in the same order as those reported by Zipare et al. [244]. The
fact that the hopping length in the octahedral site (B-sites) is less than that of a tetrahedral site
(A-sites) could indicate that it is more probable to have a hopping of an electron in the B-sites

compared to the A-sites [243][245].
L, =av 3/, (7.4)

Ly =V 2/, (7.5)

To understand the distribution of electrons in the prepared samples, we did the electron
density of the refined structures through the GFourier program using the Fullprof Suite
software. Indeed, the electron density gives information about the probability of finding
electrons at a specific location within an orbital. Fig. 7.4 shows the 2D and 3D electron density
mapping of Pr.Mn sCoosFe2.,O4 for x=0.00 and x=0.01. The 2D map is the projection of the
3D map on the plane (x, y) as shown in Fig. 7.4. The plan with the highest value of density was
considered. From Fig. 7.4, it can be seen that electrons are more concentrated around cobalt
atoms as compared to oxygen atoms. The red, orange, and yellow contours around Co atoms
could refer to the distribution of the valence d orbitals electrons whereas the blue contour around

the O atoms could refer to the distribution of 2s and 2p orbitals electrons [243].

106



Table 7.1.

Lattice parameters (a and c), the volume of unit cell (V,.;), crystallite size (D), Dislocation

density (J), Lattice strain (g), Hopping length in tetrahedral and octahedral sites (La and Lg),

reliability factors (Rp, Rwp and Rex,), Bragg R-factor (Rprage), goodness of fit (GoF) and chi-

square (x?) of prepared samples.

Amount of x=0.00 x=0.01 x=0.02 x=0.03 x=0.04
X
D (nm) 45.00 44.06 43.27 44.90 44.89
a (A) 8.408 8.417 8.413 8.407 8.407
V (4°) 594.476 596.402 595.491 594.305 594.359
Dislocation 0.493 0.514 0.533 0.495 0.496
density ()
Lattice strain 0.257 0.262 0.267 0.258 0.258
(2)
Ly(nm) 3.640 3.6447 3.6428 3.6404 3.6405
Lg(nm) 2.972 2.9755 2.9740 2.9720 2.9721
a(A) (Rietveld)
8.40 8.40 8.40 8.40 8.40

V(A 591.984 592.857 592.201 593.088 593.636
(Rietveld)
Rbragg (%) 2.54 2.17 341 21.6 3.54
Ry (%) 12.1 10.4 17.9 16.7 19.6
Ryp (%) 12.7 10.4 15.7 15.1 16.8
Rexp (%) 8.89 8.68 10.8 10.9 11.5
Rf-factor 2.77 3.00 2.79 12.5 2.98
GoF 1.4 1.2 1.4 1.4 1.4

x> 2.038 1.437 2.131 1.933 2.144
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Fig. 7.4. 2D electron density mapping ((a) and (c)) and 3D electron density mapping ((b) and
(d)) of PriMno 5Coo.sFe2xO4 (x = 0.00 and x = 0.01).

7.3.2. FTIR study

For further information about the structure, the FTIR spectra for all the synthesis samples
Pr:Mno sCoosFe>+O4 (0.00 < x < 0.04) were taken in the range of 4000 cm™ to 400 cm™ in Fig.
7.5 respectively. Two frequency bands (v1 and v2) were observed. At the high—frequency band
(v1) range lies 542.54 cm’! indicates the stretching vibrations of M-O complexes at the
tetrahedral site (A) but at the lesser frequency band (v2) range is 453.57 cm’! indicates the
intrinsic vibrations M-O complexes at the octahedral site (B) [246]. The difference in peak

position at frequency v (542.24 cm™) and v, (453.57 cm™') is observed due to a change in bond
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length (Fe** — O%") at tetrahedral and octahedral sites [247]. These two absorption bands reveal
the formation of spinel ferrite [248]. The absence of peaks near the wavenumber at 1385, 1572,
and 3137 cm! reveals citric acid ( C¢HsO7) has been evacuated in our synthesized spinel ferrite

[59].
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Fig. 7.5. FTIR spectra of Pri\Mng.5Coo.5Fe2.xO4 (0.00 < x < 0.04).

7.3.3. FESEM with EDX study

The field emission scanning electron micrograph (FESEM) and particle size histogram
for PriMnosCoo.5Fe>.xO4 (0.00 < x < 0.04) NPs are shown in Fig. 7.6 respectively. The
micrographs for all the samples reveal that the grains exhibit agglomerations, irregular shapes
and sizes, and non—uniform grain growth. In the FESEM micrographs, agglomerations were
observed owing to the presence of magnetic interactions in the NPs, as well as the electrostatic
nature of the surfactant during the synthesis process [249]. For the (x = 0.00, 0.01, 0.02, 0.03,
and 0.04) the particle size is 373.55 nm, 397.88 nm, 396.12 nm, 498.71 nm, and 245.69 nm
respectively. The variation in the particle size can be attributed to the grain size owing to the
rare earth dopant Pr’* cations. As per the space charge model, the increase in trivalent dopant

(Pr*") cations at the grain boundary area leads to a concentration gradient between the interior
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of the grain and the grain boundary. This gradient reduces the mobility of cations along the grain
boundary, resulting in decreased densification and grain growth rates [65]. For all the samples
of FESEM micrographs determine some voids and pores, which were attributed to the emission
of gases (CO2, NO,, H2O, etc.) during sample synthesis. These pores are helpful for gas-
detection applications and energy-storage devices (supercapacitors, batteries, etc.) [233]. The
EDX spectra revealed the elemental mapping and composition of the stoichiometric ratios of
the PriMno.sCoo.sFe2.xO4 NPs as in Fig. 7.7. The EDX spectrum of the undoped sample revealed
elements viz. Mn, Co, Fe, and O at (x = 0.00). The doped sample at (x =0.01, 0.02, 0.03, 0.04)
reveals elements viz. Pr, Mn, Co, Fe, and O were present without impurities in the incorporated
sample. Table 7.2 reports the theoretical and experimental values of atomic percentage (%),
indicating the accuracy of the synthesis process [233]. For x = 0.03 and x = 0.04 a large
difference has been observed in the theoretical and experimental due to the secondary phase has
been observed in the XRD pattern. Fig. 7.8 indicates the elemental mapping of the
Pro.01Mno.5Coo.5sFe1.9904, revealing the presence of elements viz. Co, Mn, Pr, Fe. and O, and

their uniform distribution in a specific spinel ferrite.
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Fig. 7.6. FESEM micrograph and particle size histogram PriMngsCoosFe2,O4 (0.00 < x <
0.04).
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Fig. 7.8. Elemental mapping of the doped spinel ferrite Pro.0aMnosCoo.sFe1.9604.
Table 7.2

Theoretical and Experimental Value of atomic percent at % of PriMno.sCoo.sFe2..O4.

Pr concentration (x) Value Element at % Total
at
Pr Mn Co Fe O
0.00 Theoretical 0.00 7.14 7.14 28.57 57.14 100
Experimental  0.00 7.47 7.90 31.54 53.09 100
0.01 Theoretical 0.14 7.14 7.14 28.42 57.14 100
Experimental  0.12 8.03 8.34 33.34 50.16 100
0.02 Theoretical 0.28 7.14 7.14 28.28 57.14 100
Experimental  0.49 7.47 8.89 39.44 43.71 100
0.03 Theoretical 0.42 7.14 7.14 28.14 57.14 100
Experimental  0.36 11.96 9.42 38.93 39.33 100
0.04 Theoretical 0.57 7.14 7.14 28.00 57.14 100

Experimental  0.42 12.23 11.46 39.63 35.33 100

7.3.4. VSM study

The M vs H hysteresis graph of Pr:Mno sCoo sFe2-:O4 (x =0.00, 0.01, 0.02, 0.03, and 0.04)
is shown in Fig. 7.9. with a magnetic field range of -15Koe to +15 Koe. Table 7.3 lists the
magnetic parameters of saturation magnetization (Ms), remanence magnetization (M;),
coercivity (Hc), anisotropy constant (K1), squareness ratio (R), and magnetic moment (ng). The
magnetic curves for all samples showed an S-type curve and a ferromagnetic nature [12]. The

magnetic properties of spinel ferrite depend on A-B interactions, cation distribution, and particle
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size. The Pr** content increases, M increases (x = 0.00,0.01, 0.03) then decreases (x = 0.02,0.04)
is depended on the cation distribution in the tetrahedral and octahedral sites as shown in Fig.
7.10(a). The increase in M; can be explained viz. high crystallinity and decreasing spin disorder
on the surface of the nanoparticles. The lower Ms is found in several oxides such as AlO3,
In203, CeO2, MgO, and MgO with nano-size dimensions. This magnetic behavior is expected
to originate from the exchange interactions between localized spin moments of electrons [204].
According to Wadne et al., pure BFMO has lower saturation magnetization as compared to the
Eu substituted in BFMO. Such an enhancement in M; could be related to the presence of the
orthorhombic phase which leads to the suppression of SMSS in Eu substituted BFMO [250].
The reduction in M; directly affected the reduction in crystallite size. Because the ionic radii
of Pr’ *ions are higher than those of Co®" and Mn** ions, Pr’" ions occupy octahedral sites in
the lattice. When the saturation magnetization is reduced, the size of the nanoparticles also
changes owing to spin canting [16]. As a result, the decrease in Ms can be explained by the
hypothesis of magnetic dead sheets (spin disarray) on the surface of the nanoparticles, while a
reduction in saturation magnetization with an increase in the Pr’* content [35]. The magnetic
interactions can be explained based on magnetization behavior. The super-exchange process
allows the cations to interact magnetically through the intermediary oxygen ions in three ways:
A-A, B-B, and A-B. Cations at the tetrahedral and octahedral sites are represented by A and B,
respectively. Table 7.3 demonstrates the cation distribution [251]. Manganese ferrite is a mixed
ferrite in that the (Mn*") acquires any lattice site (A or B). Cobalt ferrite is inverse ferrite in that
the divalent cation (Co*") can occupy the B site and the trivalent cation (Fe’") can occupy the A
and B sites, where the A site is tetrahedral and the B site is octahedral [163]. Pr is a trivalent

cation (Pr*") that can occupy the octahedral site.
Table 7.3

Cation Distribution of the Pr:Mno.sCoo.sFe2xO4 (x = 0.00, 0.01, 0.02, 0.03, and 0.04).

Pr Concentration Cation Distribution

Tetrahedral (A) site Octahedral (B) site
x=10.00 (Mny.2sFer) [Mng25Coo.5Fei]
x=0.01 (Mny.2sFer) [Pro.01Mng.25Co00.5Fe1.99]
x=0.02 (Mno.25Fer) [Pro.02Mno.25Coo.5Fe1.98]
x=0.03 (Mno.25Fer) [Pro.03Mno.25Co0.5Fe1.97]
x=0.04 (Mno.2sFer) [Pro.04Mno.25Coo.5Fe1.96]
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M; can also be explained based on ng, also computed by Eq. (7.6) as shown in Fig. 7.10(a).
where M is the molecular weight and M; is the saturation magnetization. The magnetic moment
increased (x = 0.00 (1.66ug), (x = 0.01 (3.54 ug) then decreased (x = 0.02 (2.66 ug), again
increased (x = 0.03 (3.89 ug), and then decreased (x = 0.04 (2.71 ug). The substitution of Pr**
ions replaces Fe** ions from the B site. The Fe** ions reside on tetrahedral as well as on the
octahedral sites, while Pr**ions (1.013 A) occupy the octahedral site due to the larger ionic
radius as compared to Fe*" ions (0.64 A). So, there is a lesser chance of Pr** to reside on the
tetrahedral site. As Pr’* is non-magnetic. As a result, the magnetic moment on the B-site
reduced, but the magnetization on the A-sublattice remained unchanged. The transfer of Fe**
ions from the B site to the A site may decrease the Ms. The saturation magnetization and
remanence are reduced by weakening the A-B interaction. As the Pr’* content increases, Ms
randomly increases and decreases, and the magnetic moment also follows the same trend of
increases and decreases, which debilitates the A-B exchange interaction and causes disorder of
consecutive magnetic spins in the crystal structure of the spinel ferrite nanoparticles [210]. The
reduction in Ms directly affected the reduction in crystallite size. Because the ionic radii of Pr?
" ions are higher than those of Co** and Mn*" ions, Pr’" ions occupy octahedral sites in the
lattice. When the saturation magnetization is reduced, the size of the nanoparticles also changes
owing to spin canting. As a result, the decrease in Ms can be explained by the hypothesis of
magnetic deadsheets (spin disarray) on the surface of the nanoparticles, while a reduction in
saturation magnetization with an increase in the Pr’" content. The coercivity increases as
particle size increases. This increase in Hc with particle size due to the particles approaching a
critical size, where they are likely near the single- to multi-domain transition threshold. At this
size, the particles have increased magnetic anisotropy.

The Stoner-Wohlfarth model was used to calculate the anisotropy constant (K1) using

Eq. (7.7)[238] as shown in Fig. 7.10(b).

_ HexMs

K;
0.96

(7.7)

The coercivity (H¢) increased from 441.78 Oe (x = 0.00), 490.39 Oe (x = 0.01), 557.32
Oe (x =0.02) and then decreased 523.12 Oe (x = 0.03), 503.48 Oe (x = 0.04) as in Fig. 7.10(b).
According to the above relation, the anisotropy constant is directly dependent on He and Ms
because the anomalous behavior of the coercivity is related to the cation distribution and the

anisotropy constant. Table 7.4 lists the K; values for different concentrations of Pr**. The
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anisotropy constant K; increased (x = 0.00, 0.01, and 0.03), owing to the Pr** ions occupying
the octahedral sites. Thus, the coercivity increases owing to structural distortion and lattice
change [127]. The two phenomena are: (i) a high anisotropy constant associated with the strain
leads to an increase in He. (ii) the movement of the Mn?* ions from the octahedral and tetrahedral
sites to reduce the coercivity at the higher concentration of the Pr** (x = 0.03, 0.04) [252].
Coercivity may be strongly influenced by various factors, such as crystallite size, magnetic
particle morphology and size distribution, saturation magnetization, porosity, anisotropy
constant, grain size, and magnetic domain [21]. In the present study, a lower value of coercivity
(Hc¢) indicates that the material is soft ferrite, which is suitable for power applications, energy
storage devices, sensors, and multilayer chip inductors. The squareness ratio and magnetic

moment were calculated using Eq. (7.8)[245].
== (7.8)

For all the samples the values of M/Ms lie within the range of 0.28 ~ 0.34. The material
magnetic hardness can also be determined by using the values of M/Ms. It can be observed in
the literature that the materials having M/Ms above 0.5 show the single-domain structure and
lower values (<0.5) oriented from the multi-domain structures [204]. The materials exhibit a

multi-domain structure and reveal magnetostatics interaction between the nanoparticles [79].
Table 7.4

Magnetic parameters of PriMng sCoo.sFe2-«O4 samples.

Pr M; Hc M; Ki (erg/ R n
concentration  (emu/g) (Oe) (emu/  cc) (uB)
(x) g)

x=0.00 40.05 44178 11.5 18430.5 0.28 1.66
x=0.01 84.91 490.39 2556 433739  0.30 3.54
x=0.02 63.62 557.32  18.53 36934.0 0.29 2.49
x=0.03 92.56 523.12 3098 50437.4 0.33 3.89
x =0.04 64.27 503.48 2222 337069 0.34 2.71
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7.4. Conclusion

In the present study, we fabricated Pri\Mno.sCoosFe2-»O4 using a cost-effective sol-gel
auto-combustion method, and their structural and magnetic properties were analyzed. The
crystallite size first decreases and then increases due to the Pr ** having high ionic radii than the
Fe *" ions. The synthesized material PrsMno sCoosFe>xOu is found to be the best suitable match
for the supercapactior electrode, and gas sensing because of the porous morphology exhibited
by all the FESEM micrographs. The EDX spectra determine the atomic percent (at%) values,
which were in close concordance with the theoretical values. For x =0.03 and x = 0.04 however,
the large difference in the theoretical and experimental value occurred owe to the secondary
phase which has been observed in the XRD pattern. The absorption band fall in the usual range
v1 (542.24 cm™) and v2 (453.57 cm!) which confirmed the formation of spinel ferrite. The
magnetic soft nature of the synthesized samples makes them suitable for energy storage devices.
The squareness ratio for all the samples was noticed to be less than 0.5 which affirms the
existence of the multi-domain structure. Owing to the above-mentioned characterized features
it is deduced that PriMnosCoosFe>.xOs spinel ferrites can be potential candidates for

supercapacitor electrode material.
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Chapter — 8
Result and Discussion

8. PrMnCo-Ti;C; MXene nanocomposite-based supercapacitor for enhanced

electrochemical performance
Abstract

The popularity of MXene has increased amongst researchers owing to its marvelous
electrochemical properties. The current research work explores the synthesis of nanocomposites
Pro.02MnosCoo.sFe1.9804 — Ti3C2) which is most suitable for supercapacitor applications. The
sol-gel method was used to synthesize the spinel ferrite (Pro.02Mno.sCoo.sFe1.0804) and the
etching method for TizC> MXene’s. The final (Pro.02Mno sCoo.sFe1.9804 — Ti3C2) nanocomposite
was prepared by using physical blending. The X-ray diffraction (XRD) analysis revealed the
enhancement of the crystallite size of the Pro.02MnosCoosFe1.9804 — Ti3C2 nanocomposite
compared to the Pro02MnosCoosFer980s, and TizCo. Field emission electron microscopy
(FESEM) affirms the porous morphology that helps to enhance the electrochemical activity.
The average crystallite size (D) Pro.02Mno.sCoo.sFe1.9804, Ti3Ca, and Pro.02Mno.sCoo.5sFe1.9804 -
Ti3C2 samples which are found to be 38 nm, 15 nm, and 31 nm respectively. The XPS results in
Pro.02Mno.5sCoo.5Fe1.9804 - Ti3C2 composite affirms the presence of peaks viz. Ti 2p, Pr 3d, Mn
2p, Co 2p, Fe 2p, C 1s, O 1s. The electrochemical properties of the Pro.02Mno.sCoosFe1.9s04 —
Ti3C2 nanocomposite were found to be superior to those of Pro.02Mno.sCoo.sFe1.9804 and Ti3Co.
The specific capacitances of the Proo2MnosCoosFei9s04 — TizCz, TisCz, and
Pro.0oMng sCoo sFe204 electrodes 1310.54 F g!, 1181.95 F ¢!, and 947.81 F g! at a current
density of 2 A g'. The nanocomposite showed good electrochemical performance and hence it

1s a promising material for supercapacitors.

Keywords: MXene’s, X-ray Diffraction, Nanocomposite, Specific Capacitance

8.1. Methods
8.1.1. Preparation of the Spinel ferrites

AR grade nitrates including [Pr (NO3)2.6H>O], [Fe (NO3)2:9H>O], [Mn (NO3)2.6 H>O],

[Co (NO3)2.6 H2O] were used. PrxCoosMno.sFe2xO4 sol-gel auto combustion technique was
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applied to prepare the material. Metal nitrate and citric acid in an equal ratio of 1:1 were
dissolved in the distilled water. The solution maintained the pH value of 7 by adding ammonia
hydroxide and stirring. Subsequently, heated the solution to obtain the gel formation by
swrilling and then auto combustion. Ash was formed and annealed at 1100 °C in a muffle
furnace. Then, the powder was ground with a mortar pestle.

(0.5) [Mn (NO3)2.6H20)] + (0.5) [Co (NO3)2.6H20)] + x [Pr (NOs3)3.6H0] + (2 — x) [Fe
(NO3)3.9H20)] — Mnyg 5Coo.5Pr<Fex- xO4 + H2O + volatiles

8.1.2. Preparation of the Mxene (Ti3C2)

Ti3AlC; is a MAX phase used to etch the ‘Al using the etching method. For MXene
synthesis, HCIl was poured into a Teflon bottle and swirled for 20 min. LiF was added to the
HCI and mixed properly for 30 min. Then, MAX-phase TizAlC> was added to the HCI + LiF
solution and swirled for 48 h. The whole solution was then centrifuged at 4500 rpm and washed
with distilled water until a pH of 7 was obtained. After vacuum filtration, the powder was oven
to 90° C for 6 h.
4Ti3AlC; + 14LiF+14HCI = 3Ti3Cs + TizCoF2 + 2Al1F3 + LizAlFs + AICI; +11LiCl + 7H»

8.1.3. Preparation of Pro.02Mno.5Coo.5Fe1.9804 - Ti3C2 MXene composite

A physical blending technique was approached for the synthesis of the nanocomposites.
The weight ratio of Mxene (Ti3C2) and spinel ferrite (Pro.02Mno.sCoo.5sFe1.9804) was taken to be
1:5, which was physically blended with the mortar pestle and homogenized, as shown in Fig.

8.1.

Pr0.02C00.sMng sFe1.9804 + TizCa — Pro.02C00.5Mng sFe1.9804 - Ti3C2
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Metal Nitrate’s + Citric LiF dissolved in HC1 +
acid add Ti;AlC,
Dissolved in the . . .
distilled water Stirring the solution for
72 hrs.
Add.aml.nonla to Centrifuge the
maintain pH 7 T

Maintain pH 7 by
washed with distilled
water

Dry at 90° C

Auto Combustion
Mn, 5Coy sPro 5,k e 930,

Physical blending M, sC0, sPr o, Fe, 050, -
Ti,C,

Fig. 8.1. Preparation method of the PrxMno sCoo.5Fe2xO4, Ti3Ca, Pro.02Mno.sCoo.5Fe1.98 O4 - Ti3Ca

composite.

8.1.4. Preparation of electrode

The ink drop casting method was adopted to prepare electrodes of
Pro.02Mno.5Coo.5Fe1.9804, TizCa, and Pro.02Mno sCoo.sFe1.0804 — Ti3Ca. The active material mass
(Pro.02Mno.5Coo.5Fe1.9804, Ti3Ca, and Pro.02Mno.sCoo.sFe1.0s04— Ti3C2) (70 wt%), acetylene black
as a conductive agent (20 wt%), and polyvinylidene fluoride (PVA) as a binder (10 wt%) were
homogenously mixed with four drops of n-methyl-2-pyrrolidone (NMP) as a solvent. The ink
loaded onto the nickel foam with an area (1 cmx1 c¢cm) was dried at 65 °C for 10 h. However,
similar techniques were used to prepare the working electrodes of Tis;C> MXene and

Pro.02Mng 5Coo.5sFe1.9804 — Ti3C2 nanocomposites.
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8.2. Materials Characterizations

XRD tests were performed on a Powder X-ray diffractometer (Bruker D8 Advance) for
phase identification of the samples. Cu-Ka radiation was employed having a wavelength of A =
1.5406 (A) from 20° - 80°in increments of 0.02° FESEM was used to confirm the surface
morphology (FE-SEM: JEOL JSM-7610 F Plus), and the chemical composition was determined
by EDX spectroscopy (EDX: OXFORD EDX LN2 free). High-resolution transmission electron
microscopy (HR-TEM) (JEOL, Model-JEM 2100) was used for the surface features. X-ray
photoelectron spectroscopy (XPS) measurement was performed at a pressure lesser than 107
Pa using a spectrometer (Thermo Scientific K-Alpha). The magnetic properties of spinel ferrite
were investigated using a VSM (VSM-EZ9). Wynne Kerr impedance analyzer (Model 6500) is
utilized to determine the dielectric properties. Electrochemical measurements were performed
using a three-electrode system with a gamry potentiostat/galvanostat interface (5000E),
Ag/AgCl as the reference electrode, platinum as the counter electrode, and the coated active
material on nickel foam as the working electrode. Electrolyte 3M KOH aqueous solution was
used for cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical

impedance spectroscopy (EIS).

8.3. Results and Discussion

8.3.1. XRD Study

X-ray patterns of the synthesized materials PrxMnosCoo.sFe2xO4 are shown in Fig. 8.2.
The sample exhibited a single phase (x = 0.00). The secondary phase (PrFeOs3) is observed at x
> 0. 01. As per the JCPDS no. Pr ferrite (00-019-1012) [253], Mn ferrite (74-2403) [254], Co
ferrite (22-1086) [255] confirm the x-ray diffraction peaks are (220), (112), (311), (222), (400),
(422), (511), and (440). Peak (311) has a high peak intensity. The secondary phase occurs due
to the high reactivity of Fe** ions with Pr** ions at the grain boundary [64]. The X-ray patterns
indicate that all the samples have a face-centered cubic crystal structure with the Fd-3m space
group. The Pr-doped manganese-cobalt ferrite was analyzed for different parameters such as
lattice constant (a,), crystalline size (D), surface area (S), porosity (P), dislocation density, and

strain, as shown in Table 8.1. The lattice constant a, can be measured as Eq. (8.1)[256].

ao-dVh? + k% + [2 (8.1)
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where a, is the lattice constant, and d is the interlayer spacing. As the concentration of
Pr** increased, the lattice constant (a,) increased, except for (x = 0.02, 0.03) as shown in Table
8.1 because of the substitution of the Pr’" ions in the Fe*" ions but Pr** (1.013 A) ions have
higher ionic radii than Fe** (0.64 A) ions. When the Pr® * ion is doped in the MngsCoosFe>O4
spinel lattice some of the Fe*" ions replace the Pr’* ions resulting in the expansion of the (x =
0.02, 0.05) unit cell [257]. The crystallite size can be calculated by Debye Scherrer’s formula
PryCoMnFe.xO4 spinel ferrite as Eq. (8.2) [78].

kA

- BcosB (8.2)
1
5= (8.3)
__B
 4Tané (8.4)

where k is the Scherrer constant, 0 is the Bragg angle, B is the full width at half
maximum, and A is the wavelength of X-ray radiation. The crystallite sizes exhibit an irregular
trend for the PrxMnosCoo.sFex>«O4 (x = 0.0, 0.01, 0.02, 0.03, 0.04) spinel ferrite as in Table 8.1.
The calculated strain and dislocation densities are listed in Table 8.1. The irregular variation
observed in the crystallite size is due to the presence of Mn** ions, which are randomly present
at both tetrahedral sites and octahedral sites. The dislocation density and microstrain increase
and then decrease owing to the metal cation's random presence in the tetrahedral and octahedral
sites. The inhomogeneous strain in the lattice sites is caused by the randomness of the metal
cations, breaking them into irregular particles of a sporadic shape [256][258]. This
inhomogeneous behavior is due to the different ions present in the lattice with distinct ionic
radii Pr** (1.013 A), Mn** (0.80 A), Co*" (0.78 A), Fe*" (0.64 A). The undoped sample has less

deformation in the crystallographic structure compared to the other crystallographic structures.

D, =22 (8.5)

Na3

Dpuik = (8.6)

m
nr2h
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(8.7)

P=1-% x 100 (8.8)

X

where ‘N’ is Avogadro’s number, ‘M’ is the molecular weight, ‘a,’ is the lattice constant,
m is the mass, r is the radius of the pallets, and h is the thickness of the pallets. The X-ray
density, bulk density, surface area, and porosity are calculated using Eq. (8.5) (8.6) (8.7) (8.8)
and presented in Table 8.1. X-ray density increased with Pr** concentration due to its high
molecular mass than Fe**. This is because X-ray density relatively depends on the molecular
mass of the elements present in the material and also depends on the small grain size of spinel
ferrite [258]. The bulk densities of the specimens were determined and presented in Table 8.1.
The bulk density (Dpux) shows an inhomogeneous trend and the thickness and mass of the
pellets vary. The decrease in bulk density revealed an enhancement in porosity [258]. The S
increased due to the reduction in crystallite size which increases the X-ray density [259]. All
the samples had excellent porosity with Pro.02Mno.sCoo.sFe1.9s04 (x = 0.02) having the highest
porosity of the others. These pores are beneficial for energy storage devices (supercapacitors

and batteries) as the electrolyte ions easily reach the electrode [79].

Table 8.1 Structural parameters of the PrxMno 5CoosFe2xO4 (x = 0.00, 0.01, 0.02, 0.03, 0.04).

Compositi o D ) € S Dx Douk P %
ons

x =0.00 8.408 45 0.493 2.535 25.65 5.19 2.00 61.51
x=0.01 8.417 44 0.515 2.592 26.19  5.19 1.99 61.72
x=0.02 8.414 43 0.533 2.638 26.55 5.22 1.96 62.46
x=0.03 8.407 45 0.493 2.540 2546 5.24 1.98 62.26
x =0.04 8.408 45 0.494 2.541 2535 5.27 1.98 62.45
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Fig. 8.2. X-ray diffraction pattern of Pr\Mno sCoo.sFe>.xO4 sample.
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Fig. 8.3. XRD pattern of (a) MAX phase, (b) Ti3Cz, and Pro.02Mno 5Co0.5Fe1.9804 - Ti3Ca.
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Fig. 8.4. 20 (8.5 °) Ti3Ca, and Pro.02Mno 5Coo.5Fe1.9804 -Ti3C2 samples.

The peak (002) at 20 = 8.5 ° demonstrates the Ti3C> and has a 2D accordion structure
[260]. A slight backward shift was observed in the (002) peak after the conversion of the Ti3AlC;
MAX phase into Ti3Co, which confirms the formation of the MXene material as in Fig.8.3(a)(b).
The typical distinct characteristic peaks at 8.5 © and 60 ° correspond to the (002) and (110)
planes of MXene [261]. The reduced intensity of the characteristic peak is 40 °© after the etching
process which demonstrates the Ti3AlCz changed into the TizCz. The XRD pattern confirms the
Ti3C2 peak (002) in the nanocomposite, which could be related to the entrance of
Pro.02Mng 5Coo.5Fe1.9804 spinel ferrite into the Ti3C,. Furthermore, the characteristic peaks of
Pro.02MnosCoo.sFe1.9804 and TizC, could be seen in the prepared samples, indicating their
existence. The downward shift of the (002) peak corresponding to Pro.02Mno.sCoo.sFeq.9804 -
Ti3C2 composite demonstrated a slight increase in the d-spacing as in Fig. 8.4 [262] The
Pro.02Mno 5Coo.sFe1.9804 - Ti3C, nanocomposite results in effective intercalation between
Pro.02Mno 5Coo.5Fe1.9804 and TizC2 MXene’s matrix [99][62]. The Pro.02MnosCoo.sFe1.9804 -
Ti3C2 nanocomposite exhibited all the crystalline peaks of the Pro.o2Mno.sCoo.sFe1.9804 ferrite
with no position change. The hkl (002) peaks of the Prg.o2MnosCoosFe19s04 - TizCa
nanocomposite crystallite size was higher than that Ti3C» as evaluated by the Debye Scherrer

constant as shown in Table 8.2 [263]. This increase in the nanocomposite crystallite size
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confirms the encapsulation of Pro.02Mno sCoo.sFe1.9s04 spinel ferrite nanoparticles with Ti3C»

MXene.

Table 8.2

Structural parameters of the Ti3C», and Pro.02Mno 5sCoo.sFe1.9804 — TizCo.

Sample hkl B 20 D (nm)
Ti;C (002) 0.46 8.5 17
Pro.02CoMnFe;.9804 - Ti3C2  (002) 0.261 8.5 30

8.3.2. FESEM with EDX Study

The surface morphology and particle size of Pro.02MnosCoosFe1.9804, TizCo, and
Pro.02Mno.5sCoo.5Fe1.9804 - Ti3C2 were investigated using the FESEM micrograph as depicted in
Fig. 8.5. The FESEM micrograph of Pro.02Mno sCoo.sFe1.9s04 was inhomogeneous in shape and
size but showed a porous morphology. During the synthesis process, some gases are discharged
which gives rise to pores [79][150][264]. Ti3C, exhibited an accordion-like morphology. A
parallel arrangement in the as-prepared MXene layers was detected which indicates the specific
etching direction of ‘Al.’ The Pro.02Mno.5Coo.5Fe1.9s04 - Ti3C2 nanocomposite reveals that the
nanoparticles and MXenes are embedded with openings between the layers. The presence of
nanoparticles between the MXene layers prevents restacking. MXenes prevent nanoparticle
agglomeration which enhances nanocomposite pores. Because of the ease of access of the
electrolyte to the electrode, these pores enhance electrochemical activity [259]. FESEM
micrographs were used to calculate the particle size using Imagel software. In Fig. 8.5
histogram is plotted for all the incorporated samples to estimate the average particle size in the
nanosize range. EDX study provides information on the elemental composition of the
Pro.02Mng 5Coo.5Fe1.9804, Ti3C2, and Pro.02Mno 5sCoo.sFe1.9804 - Ti3Cz as shown in Fig. 8.6. The
EDX of Prg.o2MnosCo osFe1.0804 ferrite reveals the element Pr, Mn, Co, Fe, O, and TizC,,
display the element Ti, C, and O, and nanocomposite of Pro.02Mno 5Coo.5sFe1.9804 - Ti3C> reveals
the elements Pr, Mn, Co, Fe, O, Ti, and C. No additional peaks were observed for any sample
[79]. Fig. 8.7 depicts the uniform distribution of elements over the entire nanocomposite sample.
Table 8.3 represents the atomic % and weight % of all the samples and reflects the weight ratios

of the Pro.02Mno.5Coo.5sFe1.9804, Ti3C2, and Pro.02Mno.sCoo.sFe1.9804 - Ti3Co.
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Fig. 8.5. FESEM images and histogram of (a) Pro.02Mno sCoo.sFei.9804, (b) Ti3Cz, and (c)
Pro.02Mng 5Coo.5Fe1.9804 - Ti3Ca.
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Fig. 8.6. EDX spectra of (a) Pro.02Mno.sCoo.5sFe1.9804, (b) TizC2, and (c) Pro.02Mno.sCoo.sFe1.9804
-Ti3C2
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Fig. 8.7 Elemental mapping of Pro.02Mno.sCoo.5Fe1.9804 - Ti3C2 nanocomposite.

130



Table 8.3 Atomic % and Weight % of the Proo2MnosCoosFei980s, TizCz, and
Pro.02Mno.5Coo.5Fe1.9s04 — Ti3Co.

Sample Weight % and Elements Total
Atomic %
Pr Mn Co Fe o Ti C
Pr0.02MnosCoo.sFe1.9s04  Atomic % 037 595 847 30.59 5465 0 0 100
Weight% 1.38 9.46 1444 49.42 2529 0 0 100
Ti:C2 Atomic % 0 0 0 0 0 46.84 53.84 100
Weight % 0 0 0 0 0 22.74 7726 100
Pr0.02Mno sCoo.sFe1.9s04 — Atomic % 0.03 091 1.11 4.62 4531 837 39.64 100
TisCa
Weight % 024 253 329 13.04 36.61 20.24 24.05 100

8.3.3. HR-TEM Study

High-resolution transmission electron microscope (HR-TEM) images were further
investigated to determine the morphology and topography of our prepared samples. As noticed
from Fig. 8.8 Pro.02Mno 5Coo.5Fe1.9804 (ferrite) depicts the agglomerations and non—uniform size
of the crystallite (D) [265]. Ti3C2 (MXene) was ultra-thin and flexible presenting a sheet-like
morphology [262]. The HR-TEM micrograph of the Pro02MnosCoosFe1980s - TisCa
(composite) clearly showed the thin layer structure of Ti3C: and the attachment of ferrite
spherical nanoparticles on the MXene layers [95]. The average crystallite size (D) has been
evaluated by using the Imagel software and then the histogram is plotted for
Pr0.02Mno sCoo.5Fe1.9804, Ti3C2, and Pro.02Mno.sCoo.5Fe1.9804 - Ti3C2 samples to calculate the D
which is found to be 38 nm, 15 nm, and 31 nm respectively. It is worth noting that the average
crystallite size evaluated by the HR-TEM is in close agreement with the crystallite size as

evaluated from XRD data and hence affirms the immaculateness of our prepared samples.
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Fig. 8.8. HRTEM images and histogram of (a) Pro.02Mno.sCoosFe1.9804, (b) TizCa, and (c)

Pro.02Mng 5Coo.5Fe1.9804 -Ti3Co.

132



8.3.4. X-ray photoelectron spectroscopy (XPS) Study

The XPS technology provides detailed information about the element composition and
valence states found in nanomaterials. Fig. 8.9 are the XPS spectra of synthesized
Pro.02Mno 5Coo.5Fe1.9804 spinel ferrites, TizCo MXene, and the Pro.02Mng sCoo.sFe1.9804 — Ti3Ca
composite. The C 1s peak at 284.5 eV was used for charge correction purposes. In the O 1s
spectrum, two primary peaks labeled as O 1s (Oc) and O 1s(Or) correspond to the bonding
arrangements of oxygen atoms within the sample [266]. The O 1s (Ovr) binding energy signifies
the energy associated with the oxygen atom's single bond, while O 1s(Oc) corresponds to the
energy of the double bond, measured at 530.1 eV and 531.5 eV, respectively, as depicted in Fig.
8.10(a). In Fig. 8.10(b), the deconvoluted spectrum peak of Mn** exhibits two asymmetric peaks
of Mn 2p32 and Mn 2p15, with binding energy values of 641.9 eV and 653.2 eV, respectively.
The Mn 2p3/2 peak comprises two peaks at 639.89 eV and 641.34 eV, indicating the presence of
Mn (II) and Mn (III) states, respectively [266]. In Fig. 8.10(c), the XPS spectra of the Co
element in the 2p region show that the main metal peaks' binding energies in the Co 2p3/2 and
Co 2pi2 regions are located at 780.4 eV and 796.5 eV, respectively, with an additional satellite
peak at a higher binding energy. The Co 2ps3,2 peak exhibits three primary asymmetric peaks,
indicating the presence of two unequal bond lattice positions: the tetrahedron and the
octahedron. This variation stems from the differing occupancy levels of Co?** ions within the
spinel ferrite lattice structure. The appearance of the two asymmetric peaks at 782.7 eV (Tn)
and 780.1 eV (Op) is attributed to the tetrahedral and octahedral bonds formed between Co**
and oxygen. The third asymmetric peak corresponds to the satellite peaks observed at the higher
binding energy [236]. The Fe 2p12 and Fe 2p3, peaks, approximately centered at 723.5 eV and
710.0 eV, respectively, as shown in Fig. 8.10(d), exhibit further resolution into multiple peaks
at approximately 724.7 eV, 723.1 eV, 712.5 eV, 710.5 eV, and 709.3 eV. Specifically, the peaks
at approximately 709.3 eV and 723.1 eV correspond to Fe*" ions, while those around 710.5 eV
and 724.7 eV indicate Fe*" ions. Furthermore, satellite peaks observed at 712.6 eV, 719 eV, 729
eV, and 734 eV result from electronic transitions attributed to the charge transfer of Fe ions
during ferrite formation [267]. Fig. 8.10(e) depicts the Pr 3d photoelectron spectrum in the
ferrite centered at 938 eV, which is consistent with the peak of the Pr 3d peak as reported in the
work of Rosenberger et al.[169].Fig. 8.11(a) TizC2 MXene spectrum Ti 2p which can be
deconvoluted into three doublets corresponding to Ti 2p32 and Ti 2pi12 of Ti - C, Ti (I1), and Ti
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- O, respectively. Fig. 8.11(b)presents Cls XPS spectrum which can be fitted into three peaks
at 284.8, 286.2, and 288.4 eV assigned to C-C, C-OH, and O-C=0 groups, respectively. Fig.
8.11(c) The deconvoluted spectrums of the O 1s region are centered at 529.7 and 531.8 eV
corresponding to Ti3C20x and Ti3C2(OH)x. These XPS results are in agreement with the reported
values, confirming that the MXene is synthesized successfully with surface-terminating
functional groups [72]. In Fig. 8.12 the Pro.02Mno.5Coo.5sFe1.9804 - Ti3C2 composite, confirms the
presence of peaks viz. Ti 2p, Pr 3d, Mn 2p, Co 2p, Fe 2p, C 1s, and O 1s. As a result,
Pro.02Mno5Coo.5Fe1.9804, and TizC; portray the immaculate of our synthesized spinel ferrite and

verify our EDX results.
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Fig. 8.9. All spectrum peaks Pro02MnosCoosFe19s04, Ti3Cz, and Proo2MnosCoo.sFe1.9s04 -
Ti3Ca.
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8.3.5. Magnetic Study

Fig. 8.13 depicts the M-H hysteresis loops using the VSM technique for the Spinel
ferrite, MXene, and composite. Table 8.4 represents the values obtained from the coercivity
(H¢), saturation magnetization (Ms), remanent (M;), squareness ratio (SR), and magnetic

moment (ng). Ki was calculated by using the formula given below Eq. (8.9) [257].

_ MsxH,

K
0.96

(8.9)

The Pro.02Mng sCoo.5Fe1.9804 spinel ferrite exhibits a high Ms as compared to the TizC»,
and Pro.0oMno.5sCoo.sFe1.9804 - Ti3C2. By adding the Ti3C, with the Pro.02Mno 5Coo.5Fe1.9804 spinel

ferrite the magnetization reduced for the TizCz (62.99 e mu/g) and Pro.02Mno.sCoo.sFe1.9804
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(40.49 emu/g) [268]. The reduced Ms might result from substituting the non-magnetic Ti;C,
MXene with the Prg 9oMng sCoo.sFe1.9s04 spinel ferrite, reducing the netmagnetic moment. The
saturation magnetization of Pro.02MnosCoo.5Fe1.9804 - Ti3C, composite can be correlated with
the presence of MXene, small size, and surface defect of ferrite crystallites. In addition, the
strain between the MXene surface and Pr0.02Mn0.5C00.5Fe1.9804 should take partial
responsibility for this as well. The particle size in the spinel ferrite increases, it can lead to a
decrease in coercivity. Larger particles tend to have fewer domain walls, reducing domain wall
pinning and making it easier for domains to reorient, resulting in lower coercivity. The
squareness ratio of the prepared samples lies within the range of 0.28-0.29, they all exhibit a

multi-domain structure [ 156].
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Fig. 8.13. M-H loop of the Pro.02Mno.sCoo.sFe1.9s04, Ti3Ca, Pro.02Mno.sCoo.sFe1.9s04— Ti3Co.

Table 8.4 Magnetic parameters of Pro.02Mno.sCoosFe1.9804, Ti3Ca, Pro.o2MnosCoo.sFe1.9804 —

Ti3Co.
Sample M; Hc M; SR ng
Pro.02MnosCoo.sFe1 9804  63.62 557.32 18.53 0.29 2.49
Ti3Ca 62.99 505.64 18.14 0.28 1.89
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Pro.02Mno.sCoosFe1.9s04 40.49 426.14 11.57 0.28 2.80
-Tiz3Co

8.3.6. Dielectric Study

Fig. 8.14 displays the real (¢’) and imaginary (&”) permittivity components of the
synthesized Pro.02Mno 5Coo.sFe1.9804 — Ti3C, composite across a frequency range of 1-6 GHz.
Typically, the real permittivity component signifies the storage capacity of dielectric and
magnetic energy, while the imaginary component indicates the corresponding energy loss.
Incorporating TizC, MXene led to an upsurge in the composite's permittivity [269]. The
electrical conductivity contributes to an elevated complex permittivity, aligning with the free
electron theory. Consequently, the observed enhancements primarily arise from TizCa's
exceptional electrical conductivity, substantiated by both theoretical projections and
experimental validations. Ti3C, demonstrates metallic-like conductivity owing to its substantial
electron density near the Fermi level [N(Ef)], as anticipated by density functional theory.
According to Shahzad et al., Ti3C exhibits an electrical conductivity of up to 4600 Scm™'[135].
Thus, the substantial aspect ratio of 2D Ti3C, facilitates the establishment of a conductive
network within the PrMnCo ferrite, acting as an electron transporter and strengthening the

electrical conductivity of Pro.02Mng sCoo.sFe1.9804 — Ti3Co composites.

The real (¢”) and imaginary (£”) permittivity values showed an initial decline between 1
and 4 GHz, followed by stabilization at a consistent level, indicating a distinct frequency-
dependent dielectric response commonly seen in carbon/magnetic composites. This
phenomenon, known as frequency dispersion, arises from the delayed alignment of induced
charges with the alternating external field at higher frequencies, leading to reduced electronic
oscillations. The dielectric properties of materials are influenced by electronic, ionic, space
charge, Debye dipole, and interfacial polarization [270]. In Pro.02Mno.sCoo5Fe1.9s04 — Ti3Ca
composites, the main contributors to dielectric behavior are space charge, Debye dipole, and
interfacial polarization. These findings are in line with observations made by Liu et al. in co-
doped Ni—Zn ferrite/graphene (CNZF/GN) composites, indicating similarities in dielectric
properties between the systems. The Debye dipolar relaxation effect in Pro.02Mno.sCoo.5Fe1.9804
— Ti3C2 composites can be explained by several factors. During alternating electromagnetic
wave radiation, delays in induced charges at interfaces such as ferrite—ferrite, ferrite—Ti3C,, and

Ti3Co-TizC2  encountering the external field lead to relaxation and conversion of
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electromagnetic energy into thermal energy. Furthermore, lattice defects and functional groups
generated during the synthesis of TizCo and Pro.o2MnosCoosFe1.9804 — Ti3C2 composites
promote additional carriers between ferrite and TizC,, facilitating Debye relaxation.
Additionally, in the Pro.02Mno 5C0o.5Fe1.9s04 — Ti3C heterogeneous system, the accumulation of
virtual charges at interfaces with varying conductivities and dielectric constants results in

interfacial polarization known as Maxwell-Wagner polarization [271].
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Fig. 8.14. depicts the real permittivity and imaginary permittivity of the
Pro.02Mno.5Co0.5Fe1.9804, T13C2, and Pro.02Mno.5Coo.5Fe1.9s04 — Ti3Co.

8.4. Electrochemical Study
8.4.1 CV Study

The Cyclic voltammetry (CV) of all materials was obtained using a three-electrode
system in an electrochemical cell. The electrochemical cell has active working electrodes
Pro.02Mno.5Coo.5Fe1.9804, Ti3C2, Proo2MnosCoo.sFer9804 - Ti3Cs reference electrode Ag/AgCl
and platinum as a counter electrode having 3M KOH as an electrolyte, potential window range
-0.2 to 0.5 V and scanning rate (10 — 100mV s™'). Fig. 8.15 depicts the CV curves for the
Pr0.02Mno.5sCo0.5Fe1.9804, Ti3Ca, and Pro.02Mno.sCoo.sFe1.9804 - Ti3C2 nanocomposite at 10 mVs’
!. The specific capacitance of the working electrode was calculated using Eq. (8.10) as depicted

in Table 8.5.
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vf
Cop=— [, 1(V) dV (8.10)

where JI (V)dV is the area of CV curves, m (mg) is an active material mass coated on
the electrode, and AV (V) is the difference of the potential window. These CV curves manifest
a non-rectangular shape which affirms the appearance of faradic behavior in all materials
[272][260]. The redox reaction causes a shift in the anodic and cathodic peaks towards higher
and lower potentials respectively oxidation and reduction are observed as the scan rate increases
[108]. The Pro.02MngsCoosFe1.9804 - TisC> composite exhibited a large surface area, high
specific capacitance, and better conductivity than MXene and spinel ferrite. While decreasing
the internal resistance MXenes improved the charge carrier mobility. Fig. 16(a) depicts the CV
curves for the Pro.02Mno sCoo.sFe1.9804 - TizCo composite at scan rates of 10, 20, 40, 60, 80, and
100 mV s!. As the scan rate increased the peak current increased without any significant change
in the structure of the CV curves. The specific capacitance was determined to be 10 mVs™! for
Pro.02Mng 5Coo.sFe19804 (765.72 F g1, Ti3C2 (924.50 F g1), and Pro.02Mno sCoo sFe1 9504 - TizCa
(1134.27 F g!). The Pro.02Mng sCoo.sFe1 9504 - Ti3sCa composite had a high specific capacitance
which is superior to that reported in a previous study as shown in Table 8.7. With increases in
the scan rate, as a result, decrement in the specific capacitance for Pro.02Mno sCoosFe1.9804,
Ti3C,, and Pro.02MnosCoo.sFe1.9804 - TizCo. At a high scan rate, the specific capacitance is
reduced because the inner active site cannot endure the redox transition entirely owing to the
diffusion effect of a proton inside the electrode. The specific capacitance in the decreasing trend
demonstrates that the area of the electrode has a significant impact at high charging and
discharging rates [273]. For all scan rates, the Pro.02Mng 5Coo.5sFe1.90804 - Ti3C2 nanocomposite
had a higher specific capacitance than the Pro02MnosCoo.sFe19804 and TizC, individual

materials, as shown in Fig. 16(b).

Table 8.5 Electrochemical parameters from CV curve of Pro.o2MnosCoosFei.9804, TizCo,

Pr0.02Mno 5Coo.5Fe1.9804 — Ti3C2 nanocomposite.

Sample v (mV s™) Voltage (V) Csp
Pro.02Mno.5Coo.5Fe1.9804 10 0.7 765.72
20 0.7 567.16
40 0.7 535.76
60 0.7 491.23
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100 0.7 368.723

Ti3Cs 10 0.7 924.50
20 0.7 704.78
40 0.7 534.02
60 0.7 521.10
100 0.7 439.44
Pro.02Mng 5Coo 5Fe1.9804 - TizC2 10 0.7 1134.27
20 0.7 914.57
40 0.7 842.20
60 0.7 713.61
100 0.7 685.50
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Fig. 8.15. CV curve of Pro.02Mno.5sCoo.5Fe1.9804, Ti3C2, Pro.02Mno sCoo.sFe1.90804 — Ti3C; at scan

rate 10 mVs.
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Fig. 8.16. CV curves of (a) Pro.02Mno.sCoo.sFe1.9804 — Ti3C2 at different scan rates, and (b)

Specific capacitance as a function of scan rate.
8.4.2 Galvanic Charge-Discharge (GCD) Study

The GCD analysis of Pro.02Mnos5Coo.s5Fe1.9804, Ti3C2, and Pro.o2Mno.sCoo.sFe1.9804 -
Ti3Cz was carried 3M KOH at different current density (2-6 A g!) and potential rate (0.0 — 0.5
V). The GCD curves demonstrate nonlinear behavior, which indicates redox reaction and
pseudocapacitive behavior [263]. The specific capacitance was calculated at different current
density (2 — 6A g!) through the given Eq. (8.11) [28].
Iy XAt

where I is the current density (2 - 6 A g'!), At is the charging-discharging time, and AV is the
potential rate (0.0-0.5 V). The specific capacitance (Csp) of Pro.02Mno.sCoo.sFe1.9804 (931.81F
g™h), TizC2 (1181.95 F g), Pro.02MnosCoo.sFe1.0s04 - TisCa (1310.54 F g') were calculated at
current density 2 A g'! as in Fig. 8.17. At different current density (2,3,4,5, and 6 A g'!) the
specific capacitance of Pro.o2MnosCoo.sFe1.9s04, Ti3C2, and Pro.02Mno.sCoosFe1.9s04 - TizCa
were evaluated as depicted in Table 8.6 and Fig. 8.18(a). The current density increases leading

to a decrement in the specific capacitance. When the high current density is applied, the specific
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capacitance decreased which can be attributed to the slow rate of the redox reaction. This is
because deep ion penetration occurs at the inner site of the electrode surface which is not
favorable at high current density and constrains the outer surface leading to the total specific
capacitance (Csp) of the material to decreased [274]. The Cs, of the Pro.02Mno.sCoo.5Fe1.9804 -
TisC2 nanocomposite has a higher value of 1310.54 F g! at 2 A g' than the
Pro.02Mno 5Coo.sFe1.9804 and TizCs in the literature as presented in Table 8.7. The specific
capacitance retentions of Pro.02Mng sCoo.sFe1.9804, Ti3C2, and Pro.02Mno.sCoo.sFe1.9804 - Ti3C2
at a current density of 6 A g”! were 58.53 %, 63.80 %, and 75.95 %, respectively as in the Fig.
18(b). The nanocomposite exhibited a higher specific capacitance retention than the individual
Pro.02Mno.sCoo.5Fe1.9s04 and TizCz. The nanocomposite shows high retention owing to the
presence of the conducting material (MXene) [275]. TizC, improves the conductivity of
nanocomposite. The specific capacitance of the composite is high owing to the doping of rare
earth elements and the presence of MXenes. Doping with rare-earth elements enhances the
electrochemical activity of the electrode. The ionic radii of Fe** (0.64 A) are less than the ionic
radii of Pr** (1.013 A) which causes the deformation in the structure of Mng sCoo sFe2-xOa. This
is because, when the exchange reaction, the diffusion rate of protons increased. For doped
samples, Pr** ions replaced Fe’" ions in the lattice MnosCoosFe2xO4, which formed an
adequate positive defect. Therefore, the possibility of proton transfer increases, and electrons
can easily escape from MngsCoosFeaxOs [274]. TizCz 1s a conductive material with high
electrical conductivity when incorporated into the composite material. It can improve the
overall electrical conductivity of the composite. Ti3Cz has a layered structure with a large
specific surface area. This property provides a high number of active sites for electrochemical
reactions to occur such as redox reactions. The increased active surface area can enhance the
overall electrochemical activity and improve the performance of the composite material. Also,
a large surface area facilitates ion diffusion, enabling efficient ion storage and transport within
the composite material. This characteristic is particularly beneficial for supercapacitors [276].
Ti3C> has a 2D lamellar structure that allows for fast ion intercalation which facilitates to access
the large surface of MXenes and allows for fast reaction in pseudocapacitive store charge and
high performance. The entire process significantly enhanced the electrochemical properties of
the material. The increased active surface area can enhance the overall electrochemical activity
and improve the performance of the composite material. Also,a large surface area facilitates ion
diffusion, enabling efficient ion storage and transport withinthe composite material. It enhance
the specific caapcitance of the material. Porous structures can facilitate faster ion movement,

impacting the overall charge/discharge rates. The pororsity of all the sample is 61.51%-
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62.45%.These pores are beneficial for energy storage devices (supercapacitors and batteries)

as the electrolyte ions easily reach the electrode

Table 8.6 GCD parameters of Pro.02Mng sCoo.sFe1.9804, Ti3Ca, Pro.02Mno sCoo.5Fe1.9804 - TizCa

nanocomposite.
Sample Im (Agh) At (s) AV (V) Cy([Fgh

Pro.02Mno.5Coo.5Fe1.9804 2 205 0.44 931.81
3 125 0.44 852.27
4 87.5 0.44 795.45
5 58 0.44 659.18
6 40 0.44 545.45

Ti3C, Mxene 2 260.03 0.44 1181.95
3 148.90 0.44 1015.27
4 105 0.44 954.54
5 75 0.44 852.27
6 55.30 0.44 754.09

Pro.02Mno.sCoo.5Fe1.9804 - Ti3Co 2 288.32 0.44 1310.54
3 190 0.44 1295.45
4 115.56 0.44 1050.62
5 89.15 0.44 1013.06
6 73 0.44 995. 45
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Fig. 8.18 (a) GCD curves of Prg.02Mno.5sCoo.5Fe1.9804 - Ti3C2 nanocomposite at different current

densities, and (b) Specific capacitance as a function of current density.
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Table 8.7 Super capacity performance of Pro.02MnosCoo.sFe1.9s04— Ti3C, compared with some

other ferrites, conducting material, and composite-based ferrites.

Material Synthesis Electrolyte CV (Fg!) GCD (Fg!) References
method

Ceo.5CoFe1.504 Hydrothermal 1M KOH 926 426 [28]
method

AlosCuo.1Co0.1Fe204 Sol-gel method 1M KOH 256 93 [274]

CuCoFey04 Sol-gel method 1M KOH  221.1 76.9 [275]

Ti:C, Etching method 0.1M KOH 323.17 1046.25 [96]
(using HF)

Mno3Co00.2Zn0sFe20s-  Mechanical SMKOH  286.91 226.25 [62]

PANI blending
method

CoFe;04- MXene Coprecipitation 0.1M KOH 440 1268.75 [50]
Method

CoFe>Os- Graphene Hydrothermal = 6M KOH 256 196 [277]
method

Pro.02MnosCoo.sFe1.9s04 Mechanical 3M KOH 1134.27 1310.54 This work

—Ti3Cs blending
method

8.4.3 EIS Study

The electron transfer and electrical resistance property of the prepared material

Pr0.02Mno.5Coo.5Fe1.9804, Ti3C2, Pro.02Mno sCoo.sFe1.9804 - Ti3Cz can be determined by the EIS

analysis. Fig. 8.19 depicts the Nyquist plot of Pro.o2MnosCoosFe19s04, TizCp, and

Pro.02Mng 5Coo.5Fe1.9804 - Ti3C2 applying SmV and a frequency of 100 kHz to 0.1 Hz. In the

Nyquist plot at high frequencies, the semicircle represents the Faraday charge transfer resistance

(Ret), and at low frequencies, the straight-line slope depicts the Warburg resistance (Wq), which

represents the continuous diffusion/transport between the pores and electrolyte of the electro-

active material during the redox reactions [278]. The equivalent series resistance of the material

Pr0.02MnosCoo.sFe1.0804, Ti3Ca, and Proo2MnosCoosFe19s04 - TizCy are evaluated by the

intercept of the semicircle X - axis are 1.75 Q, 0.74 Q, 0.31 Q. R is inversely proportional to
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the specific capacitance. The higher the value of R, the lower the specific capacitance of the
supercapacitors. The order of the R¢ value ProooMnosCoosFerosOs>, TizCo>,
Pro.0oMno sCoo.5Fe1.9804 - TizCa. Pro.02MnosCoo.sFe1.9s04 - Ti3Co improved the charge transfer
in the supercapacitor owing to its lower Rt value [279]. The Pro.02Mno.sCoo.sFe1.9804 - TizCa
nanocomposite showed high charge transfer in the electrode, and the nanocomposite had high
ionic and electronic conductivity. Pro.02Mno.sCoo.sFe1.9804 - TizC2 nanocomposite exhibits better
capacitance than the individual Pro.02Mno.sCoo.5Fe1.9804 and Ti3C, which also confirms the CV
and GCD results. The slope of the Pro.02Mno5Coos5Fe1.9804 - TizC2 nanocomposite is much
closer to 90° than that of Prg02MngsCoosFe1 9504, TizCa. Proo2MngsCoosFeiosOs - TizCa
demonstrated better capacitance behavior, which is consistent with the CV results [62].
Consequently, the physical blending of Pro.02MnosCoo.5Fe1.9804 - TizC> produces a synergistic

effect, enhancing the electrochemical properties of the synthesized nanocomposite electrode.

-=-Pr(.02C00.5Mn(.5Fe1,.9804
- Ti_}('z
- Pr(.02Co0.5Mn(,5Fe1.9804 - Ti3Cy

0 10 20 30
Z' (Ohm)
Fig. 8.19. Nyquist plOt of Pro.02Mng 5Coo.5Fe1.9804, Ti3C2, and Pro.02Mno.5Coo.5Fe1.9804 - Ti3Ca

nanocomposite.
8.5. Conclusion

A simple and cost-effective method was adopted to synthesize the novel material

Pro.02Mno.sCoo.5Fe1.9804 - Ti3Cz as the supercapacitor electrode using sol-gel auto combustion
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method, and physical blending. The enhancement in the crystallite size of the
Pro.02oMno 5Coo.sFe19804 - Ti3C2 nanocomposite confirms the encapsulation of ferrite
nanoparticles with MXene. EDX confirms the presence of the element’s composition and
stoichiometry ratios of the materials. HR-TEM is in close agreement with the crystallite size as
evaluated from XRD data and hence affirms the immaculateness of our prepared samples. XPS
analysis affirmed that Pr’* metal ions were successfully incorporated into the manganese cobalt
ferrite lattice and further confirmed the spinel nature and Ti3C» of synthesized material in the
nanocomposite. The excellent electrochemical activity of the Pro.02Mno.sCoo.5Fe1.9804 - TizCa
nanocomposite was demonstrated by CV, GCD, and EIS. The highest Csp, was achieved to be
1310.54 Fg ~! at 2 mVs ~ ! with a capacitance retention of 75.95 % at 6 Ag ~ . EIS results also
revealed the superior electrochemical properties of the Proo2MnosCoosFeiosOs - TizCa
composite by providing only 0.25 Q a charge transfer resistance. In the future, ternary
nanocomposites will be prepared using MoS; and rGO to strengthen Cs. We hope that this study
will lead to further possibilities for investigating novel spinel ferrite-based nanocomposites for

supercapacitor applications.
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CHAPTER -9

Summary and Conclusion

The present research work investigated the impact of sintering temperature on the
magnetic as well as structural characteristics of Zno2MgosFe> O4 spinel ferrite synthesized by
cost-effective sol-gel auto combustion process at various sintering temperatures (400 °C, 600
°C, 800 °C). The cubic symmetry of the ZnooMgosFe> O4 ferrite was confirmed by XRD
analysis. The lattice constant increases as the temperature increases because the Zn>" (0.74 A)
and Mg?" (0.72 A) have larger ionic radii than the Fe?" (0.64 A) As the sintering temperature
rises, the crystallite size of Zno2Mgo sFe2O4 increases from 14 nm to 32 nm. FTIR study reveals
the presence of the v absorption band is near 535.18 cm™ and the presence of the v2 absorption
band is near 357.18 cm! which affirms the formation of Zno>MgosFe> O4 spinel ferrite. The
micrograph fesem reveals the agglomeration of particles due to the magnetic interaction
between the nearby particles. The particle size was determined to be 506.12 nm, 548.84 nm,
and 564.58 nm corresponding x = 400 °C, 600 °C, 800 °C temperature using ImagelJ software.
EDX study revealed at the 800 °C Zn 02MgosFe2O4 ferrite shows all elements peaks viz Zn, Co,
Fe, O, and homogenously diffusion in the spinel ferrite without the presence of impurity.
Magnetic properties demonstrate Zno.Mgo.sFe2O4 spinel ferrite exhibits soft ferrite in nature.
The saturation magnetization is increased from 30.166 emu/g — 44.987 emu/g as the sintering
temperature is increased due to the crystallite size is increased. The squareness ratio is between
0.178 - 0.151. It demonstrates that the sample is oriented at the multi-domain. Owing to these
properties it affirms that the synthesized Zno>MgosFe2O4 spinel ferrite has been used in the

application of magnetic recording and electronic devices.

Further, the MnxCoo.5xNio.sFe204 (x = 0.0, 0.2, and 0.4) was synthesized by using the
sol-gel auto-combustion method. The phase structure of MnxCoo.5-xNigsFe204 (x = 0.0, 0.2, and
0.4) exhibits the single-phase crystalline structure without any extra impurity present which is
confirmed by the XRD studies. The lattice constant (a,) increases from 8.349 - 8.360 A due to
the Mn*" has a high ionic radii of 0.80 A than the Co*" ion with ionic radii of 0.78 A. The D of
the sample firstly increases from 32.60 (x = 0.0) nm to 33.99 nm (x = 0.2) and then decreases
to 33.62 nm (x = 0.4) by utilizing the Debye Scherrer formula. The peaks at 1395, 1672, and
3147 cm™ demonstrated the absence of citric acid during the sintering process and indicated the
faultlessness of our prepared MnxCoo.5.xNiosFe2O4 spinel ferrite. FESEM micrographs

indicate the samples are inhomogeneous in nature and irregular in size and shape, the
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grains of all the samples were in the nanoscale range, with the presence of distinct voids
and pores that could be attributed to gas emissions (CO2, NO2, H>O, etc.) during the
synthesis. The theoretical and experimental values of at. % and wt.% are very similar,
confirming the precision of our synthesized samples by utilizing EDX spectra. The M-
H plot reveals that all samples exhibit a ferromagnetic nature. The saturation
magnetization decreased from 55.26 emu/g - 63.42 emu/g with the Mn?" dopant. The reduction
in M; is a direct result of crystallite size miniaturization. The dielectric constant was found to
be high at low frequencies because the grain boundaries were more active. Owing to the large
surface area, porous size, high coercivity, and good remanence of the materials, they are
applicable in recording devices, switching, and microwave devices and also used as a

supercapacitor electrode material.

Further, the Rare earth Pr** ion substituted in the Mn - Co spinel ferrite was prepared
via. sol-gel route. The phase composition of the prepared samples was analyzed by X-ray
diffraction (XRD). Rietveld refinement confirms the single phase for the samples (x = 0.0, 0.01,
0.02) and shows a secondary phase for the samples with higher concentrations of Pr** (x = 0.03
and 0.04). The values of D were obtained in the range of 43-45 nm. It was reported that if the
values of D are inferior to 50 nm, then the material is a suitable candidate for media recording
applications. The hopping length values in tetrahedral and octahedral sites were found to lie in
the range of 3.6408-3.6405 nm and 2.9723 —2.9721 nm. In 2D and 3D electron density the red,
orange, and yellow contours around Co atoms could refer to the distribution of the valence d
orbitals electrons whereas the blue contour around the O atoms could refer to the distribution
of 2s and 2p orbitals electrons. Two frequency bands (v1 and v2) were observed. At the high—
frequency band (v1) range lies 542.54 cm™! indicates the stretching vibrations of M-O complexes
at the tetrahedral site (A) but at the lesser frequency band (v2) range is 453.57 cm™! indicates the
intrinsic vibrations M-O complexes at the octahedral site (B). PrxMno.sCoo.sFe»-xO4 1s found to
be the best suitable match for the supercapactior electrode, and gas sensing because of the
porous morphology exhibited by all the FESEM micrographs. The EDX spectra determine the
atomic percent (at%) values, which were in close concordance with the theoretical values. For
x =0.03 and x = 0.04. However, the large difference in the theoretical and experimental value
occurred owe to the secondary phase which has been observed in the XRD pattern. The
magnetic properties of PrxMno.sCoo.sFezxO4 ferrite reveal its soft nature. The squareness ratio

for all the samples was noticed to be less than 0.5 which affirms the existence of the multi-
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domain structure. Owing to the above-mentioned characterized features it is deduced that
PriMno 5sCoo.sFe2.xO4 spinel ferrites can be potential candidates for supercapacitor electrode

material.

Owing to the magnificent properties of the prepared PrxMnosCoosFe2xO4 (x = 0.00,
0.01, 0.02, 0.03, and 0.04) samples for supercapacitor electrode material as described above,
the sample at x = 0.3, viz. Pro.02Mno.sCoo.sFe1.9804 has a large surface area and high porosity.
Taking into consideration the findings of the above studies, the 2D material MXene and novel
nanocomposite Pro.02Mno sCoo.sFe1.9804 — Ti3C, have been synthesized by the etching method
and physical blending method. The XRD pattern confirms the TizC, peak (002) in the
nanocomposite, which could be related to the entrance of Pro.02Mno sCoo.sFe1.9804 spinel ferrite
into the Ti3C,. Furthermore, the characteristic peaks of Pro.02Mno sCoo.sFe1.9s04 and Ti3C> could
be seen in the prepared samples, indicating their existence. This increase in the nanocomposite
crystallite size confirms the encapsulation of Proo2Mno.sCoosFei9804 spinel ferrite
nanoparticles with Ti3C2 MXene. The Pro.02Mno.sCoo.sFe1.9804 - Ti3C2 nanocomposite reveals
that the nanoparticles and MXenes are embedded with openings between the layers. The
presence of nanoparticles between the MXene layers prevents restacking. MXenes prevent
nanoparticle agglomeration which enhances nanocomposite pores. Because of the ease of access
of the electrolyte to the electrode, these pores enhance electrochemical activity. The HR-TEM
micrograph of the Pro.02MnosCoo.sFe1.9804 - Ti3Co (composite) clearly showed the thin layer
structure of TizC> and the attachment of ferrite spherical nanoparticles on the MXene layers.
The specific capacitances of the ProooMnosCoosFei9s04 — TizCy, TisCz, and
Pro.02Mng 5Coo.sFe2O4 electrodes 1310.54 F g, 1181.95 F g'!, and 947.81 F g! at a current
density of 2 A g!. The highest Cs, was achieved to be 1310.54 Fg ~! at 2 mVs ~ ! with a

capacitance retention of 75.95 % at 6 Ag !

. EIS results also revealed the superior
electrochemical properties of the Pro.02Mno.sCoo.sFe1.9804 - TisC2 composite by providing only
0.25 Q a charge transfer resistance. The nanocomposite showed good electrochemical

performance and hence it is a promising material for supercapacitors.
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9.1. Future Scope

This thesis work on Spinel ferrite — MXene based supercapacitor electrodes has introduced a
wide scope in the field of energy storage and significantly affects the next generation of modern

Spinel ferrite — MXene based electrodes.

1. Citric acid is used as fuel in the present synthesis of spinel ferrites while the use of other fuels

like urea, glycine, tartaric acid, etc. can be explored.

2. This work can be extended by the needful modifications of spinel ferrite with ternary

composite to further increase its electrochemical performance as a supercapacitor electrode.

3. Modification of Ti3C,Tx with metal telluride, CNT, and graphitic-C3N4 to further increase its

electrochemical efficiency.

We expect that these factors will create more opportunities for researchers in this field to
investigate advanced spinel ferrite-based nanocomposites for potential use in upcoming

supercapacitor applications.
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Abstract. This research work investigated the influence of sintering temp on the al and ies of
Zl\, 1\1&..&2 O, ferrite synthesized by the sol-gel auto combustion process at different sintering lempevaluws (400 °C, 600
“C, 800 “C). XRD study confirmed the Zn o 2MgpaFe 04 ferrite exhibits cubic symmetry. The crystallite size and unll cell
volume are increasing as the sintering tempesature increases. FTIR spectrum shows the vibrational band near 600 cm™ o 400
em” which are © ponding to the hedral and octahedral sites respectively. FESEM micrographs show the
inhomogenous microstructure and ion due to the e of magnetic interactions. EDX study indicates the
presence of all the elements in the sample. VSM reveals that the saturation magnetization increases as the temperature
increases. The soft ferromagnetic nature was exhibited by all the prepared samples owing to its low coerclvity value and
found its application in power and electromagnetic devices.

Keywords: Spinel ferrites, Coerclvity, S i ion, F ic, Sintering

o L

INTRODUCTION

Spinel ferrites, MFe,O; where M (M=Cu, Mn, Mg. Ni, etc) is a divalent metal cation, which exhibits
extraordinary magnetic and structural properties. Ferrites have a broad range of applications used in microwaves.
energy storage devices, computer memories, heat transfer, information technology, etc [1]. Spinel structure is made
up of a cubic close packing arrangement of oxygen atoms containing metal cations in tetrahedral (Td) and octahedral
(Oh) sites [2]. The physical properties can be tailored by sintering the metal ions or using the different synthesis
methods. Metal ion variation impacts their optical, electrical, magnetic, and structural properties due to various
metal ions' site preferences [3]. Numerous methodology techniques can be used to synthesize the spinel ferrites such
as the sol-gel method, solid-state method, hydrothermal method. and Co-precipitation method [4][5]. The influence
of sintering ferrite can be analyzed by its optical. magnetic, and microstructural properties. Sintering temperature
can also affect the chemical composition or synthesis method, and adding divalent or trivalent metal ions. Pedzich et
al examined the impact of sintering temperature (900-1400 °C) of Mg-Zn ferrites [5]. The morphology was varied
by sintering temperature (Ts), examined the impact on the various properties such as magnetic, and electrical
conductivity [6]. Haque et al have studied Cu-doped Mg-Zn ferrite at various Ts (1050-1200 °C) and the particle
size, permeability, and density are increased with an increases Ts. Chauhan et al have analyzed the effect of different
sintering temperatures of NiFe O, ferrite [7].

A significant amount of research work has been done on the Ni-Zn ferrites. Ni-Zn ferrites also exhibit high
saturation magnetization and resistivity [8]. Co—Zn ferrites were also investigated for their magnetic properties. Co—
Zn ferrites exhibit high cubic magnetocrystalline anisotropy [5]. But no information is available on the Zn
0.2MgqsFe;0, ferrites. ZnFe,0, and MgFe,O, exhibit the normal ferrites where Zn and Mg is occupying the
tetrahedral sites and Fe occupies the octahedral sites. It is soft spinel ferrites.

The sol-gel auto combustion methodology is adopted in this work to synthesize the Zn ,;Mg,Fe, O, ferrites at
different sintering temperatures (400°C,600°C, 800°C). Several techniques are used viz. FTIR, FESEM. XRD, and
VSM to study the magnetic, structural, and morphology properties.
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The structural, morphological, magnetic, and dielectric properties of Mn,Cog s ,MNig sFe, 0, (x=0.0, 0.2,
and 0.4) synthesized by sol-gel auto-combustion are reported in this paper. X-ray diffraction pattern
of the samples confirms the formation of a single-phase spinel ferrite and the crystallite size (D) is in
the range of 32.60-33.62 nm. Fourier transform infrared spectra have a vibrational band at 534.20 em™’
and 420.13 cm”" which corresponds to the tetrahedral and octahedral sites of the Mn,Cogs [Nig cFe 0,
respectively. Field emission scanning electron microscope reveals the cubic morphology of the
synthesized spinel ferrite with inhomogeneous grain size. Vibrating sample magnetometer analysis
showed the ferromagnetic nature of all samples. All the samples exhibit a multi-domain because the
value of M /M, lies in the range of 0.153-0.336. Dielectric properties reveal the hopping of the charge

carrier which has improved the conduction mechanism of the Mn,Co, . Ni, Fe,0,.

Introduction

Fau the past few decades. feerites have gained 2 lot of Rascination
due to their peculiar properties such as saturation magnetiza-
e, structural properties. chemical, thermal stabilities, high
coercivity, and mechanical hardness [1]. Due to these proper-
tles, ferrites materials have been widely used in catalysts [2],
drug delivery systems [3], sensors [4], data storage sysiems
|5]. energy storage devices [6], and magnetic resonance lmag-
ing (MRI} [7]. Spioel ferrite exhibits a cuble structure and the
maolecular representation of n.phl.el ferrite is Jl-"Fl:’_,L‘]* in which M
is a divalent metallic cation (e.g.. Mn, Zn, Ni, Co, Cu, Mg, ete)
|8]. The structure of spinel ferrite is complex having a face-cen-
tered cubic (fec) core. It can be formed by combining a trivalent
cation (Fe™*) with another divalent metallic cation (M), The
aptnel ferrites (MFey Oyl undt consists of 64 divalent tetrahedral
sttes and & of which are involved and 32 trivalent octahedral
sites and 16 of which are invelved. Ferrites can be doped with
ome or more metal cations, and due to this doping their chemi-
cal structure, morphology, and grain size can be changed [9].
Owing to the excellent magnetic and dielectric characteristics,
ilse spinel ferrites are the subject of extensive research. Out of

& Thie Aethor 51, under eechisive boence 1o Tha Matedals Ressaich Secheny 13

the several spinel ferrites, nickel ferrite (MiFe,0 ) and cobalt
ferrite {CoFe,0y) have gained attention due to their magnetic
properties such as high coercivity, moderate saturation, and
magnetic anbsotropy [10]. CoFe, 0, is a magnetically hard ferrite
and researcher showed interest due to i3 interesting properties
such as high Curie temperature, chemibcal, and theemal stability,
mechanical hardness, high electrical resistance. high resistance
to corrosion, and low eddy current losses [11]. These properties
make them compatible with a variety of technological applica-
tions, including high-density digital recording disks, photoca-
talysis, gas sensoes, recording devices, medical diagnostics such
as magnetie resonasce imaging (MBI}, hyperthermia, magnet-
cally guided deug delivery, etc. [11, 12]. MiFe,0, s a soft ferrite
due to its commendable ferromagnetic properties, low eddy
current losses, abundance in nature, electrochemical stability,
catalytic behaviour, ete. [13]. However, Manganese is said (o be
an appropriate dopant due o its alluring progerties such as high
magnetic permeability, good chembcal stability, low electrical
losses, and also sofi ferrite [8]. Mickel and Cobalt spinel ferrites
lave an inverse structure, whose formula can be represented as
(Fe* ba [N, Fes 150, and (Fe™)),[Coy_Pey Jp0,. The divalent
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Rare earth Pr' jon substituted in the Mn - Co spinel ferrite was prepared via. sol-gel route. The phase
eompasitian of the preparsd mmples was analyzed by Xoray diffaction (XRD). Rietveld refinement confirms the
sngle phase for the sampls (x = 0.0, 00, 0002) and shows a secondary phase for the samples with higher
concentrations of Pr** (x = .03 and Du4). The ahsorption band ooours within 400600 cm ! which affirms the
formation of spinel ferrite by the Pourier transform infrared (FTIR) spectra. Field emdission scanning electron
microscopy (FESEM) micrograph reveals the presence of porous morphology and non-uniform grain growth
mhomogensous in size and shape dwe to the agglomerntion present in the prepared sample. A vibrating sample
magnetometer (VSM) study reveals all the samples exhibit a ferramagnetic nature. The cosrcivity [He) incrensss
from 441,78 to 557.32 Oe and then decreases to 503,48 Oe. Owing to the basis of large surface area, presence of
pare size, and soft magnetic nature synthesized spinel ferrites are best saitable for supercapacitor electrodes

material

1. Introduction

Bazzed on their structures, ferrites can be claznified into spinel, garnet,
anil hexagonal ferrites. Spinel ferrite has gained much attention owing
to itz remzrlcable magnetic and electrical properties and iz widely wed
far the fabricztion of energy storage Jewices (i e, batterias, sensorz, and
oupercapacitorz). Spinel ferrite haz porentizl applications in electronic
devices, bic-processing, magnetic recording [1], microelectronics [2],
magnetic resonance imaming (MR} [5]I senoors (4], microslactronics
[5], data storage syztemn [6], pollution control (7], anticorrosive paint
ferrofluids (5], and magnetic recording [9]. Perrite nanoparticlen exhibit
unique chemical, electrical, mechaniczl, stuctural, and magnetic
properties and have a2 variety of promising technological applications in
high-dennity recording Jevices, color imaging, fersofluids, hish-
frequency Jevices, and mamnetic refrizerztors [10]. The spinel farrite
molecular representation io MPezOy w\n‘l:|.c|:|-1 “M’ iz trancition metal {Za,
Mn, Mz, Mi, Co, and Cu) tetrzhedral and 'Pe’ actzhedral zites with ox-
vzen ioms (D‘z i. The cr?stal siructure ufapu'.u.d farrite in foom-cantersd
cubic (foc) with the cpace group Pd-3 m and ha: twe crystallographic
oublatiice sites uamn}? teirahiedral (A) and octahedrzl (B). The cation
occupancies at A and B cryotallogrophic zites otrongly influence

* Correspordding awthor.
E-mail addresc: despakbasandraifigmail.com (D, Basandrai).

hibtps: /fdaiargs 10, 1006/ inoche. 202

mazsmetization in opinel ferrites The magnetic moment: of the resulting
cpinel ferrites, Mp and My, are related to the mzenetic moments of the
octahedral B and tetrabhedral A zites, recpectively [11]. The cpinel
structure consists of a closely paclied oxyzen anion, with 32 oxyee=n
anion: forming 2 complete structure unit cell. These oxyzen anions form
a fzce-centerad cubic arrangEment, ]:m:irgg o typen nf:px.c!:l betwean
them: tetrahedral or A-pite cpaces norounded by four oxyzen parricles,
and octmhedral or Boite spaces ourrounded by cix oxygen particles
Every spinel ferrite unit cell containg sixty-four tetrabedral cites, might of
which are imvolved, and thirty-two octzhedral ites, 16 of which are
involved. Howewer, the formula (41-5 Bs)[A:Bz 510y representn many
poozible intermediary Jistributions that Jenote conciderable cation
disorder, indicating that this structure requires specizl zttention in terms
of magnetic characterization [12]. § indicates the degres of the inverion
factor, when § = 0, the gpinelz are normzl, for 4 = 1, opinels are termed
ao inverse and for 0 = Gzl np\i.m-Jr. are mixed [13]. The variztions in the
mazzmetization of theoe lattice oites provide the net magnetization of the
:pind structure. The presence of metal {divalent ar triwalent) cations =t
lzttice cites has besn investimated uzsing cryotal feld theory (141350
Purthermare, the occupancy of metal cation (divalent or trivalent) to
theoe tetrzhedral and octahedral sites depends on = few hey Factors wis.
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Accepted: 5 January 2024 The popularity of MXene has increased amengst researchers owing to its mar-

Fublished online: welous electrochemical properties. The current research work explores the syn-

25 Janmary 2024 thesis of nanocompaosites Pry .Mn, .Coy, ;Fe, .0-Ti,C,] which is most suitable
for supercapacitor applications. The sol-gel method was used to synthesize the

© The Author(s), under spinel ferrite (Pr;, My, :Coy -Fe, O] and the etching method for Ti,C, MXene's.

exclusive licence fo Springes The final (Pry g:Mng 5Co sFe) 450-Ti;Cs) nanocomposite was prepared using

SciencesBusiness Media, TLE, mechanical blending. The X-ray diffraction (XED} analysis revealed the enhance-

part of Springer Mature, 2004 ment of the crystallite size of the PryqMny sCoy sFey 000-TiyCy nanocomposite
compared to the Pr, .Mn, (Coy:Fe, 0, and Ti,C,. Field emission electron
micrascopy (FESEN) affirms the porous morphology that helps to enhance the
electrochemical activity. The average crystallite size (DY) Pr, .M, .Coy Fe, O,
TiyC,, and Pry.Mny, :Co ;Fe, ,20,-Ti,C, samples which are found to be 38 nm,
15 nm, and 31 nm respectively. The XP5 results Prygabng :Coyg sFey a0y-TisCs
composite affinms the presence of peaks viz. Ti 2p, Pr 3d, Mn 2p, Co 2p, Fe 2p,
C 1s, O 1s. The electrochemical properties of the Pry jMny sCop sF ey ag0-TiCs
nanocomposite were found to be superior to those of Pry o Mny, s Coy ey (0, and
Ti4C.. The specific capacitances of the Pr, j,Mny, Co, (Fe, ,0,-Ti,C., TiyC,, and
Pr, M, ;Co, Fe.0, electrodes 131054 F g, 115195 F g'l. and 94781 F g at
a current density of 2 4 g '. The nanccompoesite showed good electrochemical
performance and hence itis a promising material for supercapacitors.
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