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Abstract

For a future that undoubtedly includes a trillion ubiquitous electronic devices, the field

of nanotechnology provides a variety of channels for the fabrication of novel and acces-

sible devices. Hybrid (Organic-Inorganic) nanocomposite capacitors are fascinating since

they could possibly reduce the number of discrete components on printed electronic circuit

boards. The installation of embedded capacitors for nano packaging applications in com-

bination with integrated circuits marks its unique way in the nanotechnology world. The

idea of forming a dielectric nanocomposite through the integration of colloidal nanoparticle

fillers and polymer hosts serves well with the idea of tuning the electrical properties and

being compatible to nanomanufacturing. Multiferroics, in which the possible overlapping

of magnetic permeability with permittivity can yield output for magnetodielectrics and

magnetoelectrics, which are currently being investigated in nanocomposite systems (poly-

mers and transition metals). These devices go beyond basic capacitors. The main focus

of this doctoral thesis is to develop such performing energy storage hybrid composites

that could erase the need for external peripherals in the potential magnetic/multiferroic

industries.

In the present research work, our study aims to investigate the dielectric property of

insulating polyaniline (PANI) ( being intrinsically conducting in nature) in the presence

of varying weight fractions of ferromagnetic ferrite Ni0.5Co0.5Fe2O4 (NCF), which possess

significant characteristics of high magneto-crystalline isotropy and high resistivity. These

composites exhibit novel multiferroic properties at room temperature.

Firstly, the samples have been prepared individually in pristine form, followed by hybrid

composites by employing convenient and low-cost methods such as the sol-gel auto com-

bustion and chemical oxidative polymerization approaches. The two differently prepared

samples are mentioned below.

• Synthesis of nickel cobalt spinel ferrite, Ni0.5Co0.5Fe2O4, prepared and sintered at

varying temperatures 850 oC to 1150 oC for 4 hrs to obtain the homogeneous and

single-phase nanoparticles.

• The synthesis of dedoped polyaniline in emeraldine base (EB) form using the cost-

effective approach via chemical oxidative polymerization (COP), followed by the

fabrication of xNCF:(1-x)PANI hybrid nanocomposites at different weight fractions.
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The above-prepared materials were then initially analyzed at structural (XRD, FTIR,

XPS), morphological (FESEM, EDX), and elemental aspects to confirm the elements’

homogeneity and purity. The vigorous investigation of dielectric and magnetic proper-

ties at low and room temperatures confirms the presence of novel multiferroicity in the

as-prepared materials, resulting in the evolution of fascinating phenomena that have oc-

curred when polymer-based multiferroic hybrid nanocomposites are taken into considera-

tion. Further, it has deepened the urge to understand the coupling between ferroelectricity

and ferromagnetism at room temperature in these synthetic heterostructures.

Hence, the thesis primarily focuses to investigate the dielectric property of insulating

PANI in the presence of varying weight fractions of ferromagnetic ceramic NCF. Here

Ni0.5Co0.5Fe2O4 (NCF) is an outstanding magnetic material possessing significant high

magneto-crystalline isotropy and high resistivity characteristics. In our composite system,

NCF is ferromagnetic in behavior at room temperature with a transition temperature of

around 310 K, which also exhibits novel multiferroic properties at room temperature. To

the extent that we are aware, these novel characteristics have not been explored in the

literature yet. Moreover, the main purpose of introducing the magnetic ceramic fillers

into the polymer host matrix is not well explored. This aims to increase the interaction

between magnetic and dielectric particles, which can affect the charge dynamics and lead

to lower charge leakage which also enhances the charge density. In the context of the above

discussion, we have synthesized and characterized flexible xNCF:(1-x)PANI nanocompos-

ites, which further paves the research flow toward clean energy materials and offer efficient

performance for sensing and energy storage applications.
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Introduction

1.1 Importance of Energy Storage in 21st Century

As per the rules set out in the Paris Agreement, carbon dioxide emissions need to decrease

∼ 45 % by 2030 and approach net zero by 2050, which could limit global warming to <

1.50 °C [1][2]. Renewable resource technologies, such as the ones based on sunlight, tides,

and wind are essential for achieving these goals. However, due to the intermittent nature

of renewable energy sources, there are still many barriers to their replacement of tradi-

tionally high CO2-emitting sectors based on natural gas and coal, which still account for

an immense and substantial share of energy generation. To simultaneously move towards

alternatives to fossil fuels and avoid the unpredictability of clean energy sources, energy-

harvesting technology, and energy storage devices must be coupled. Therefore, green

technology is rapidly evolving into a vital facilitator for sustainable renewable technolo-

gies. Energy-storing technologies, such as batteries, electrochemical super-capacitors, and

electrostatic capacitors, occupy a larger space in energy-harvesting technology [3][4][5][6].

These latter ones are electrical energy storage units that fall under the class of passive

components, which are widely used in electronics.

3
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Additionally, today’s growing demand for compact and miniature devices had led us to

pack billions of transistors into 1mm × 1mm microchips, which is responsible for the

functioning of nearly all modern devices from an automobile to supercomputers. There-

fore, BaTiO3 (BT), the standard ferroelectric (FE) ceramic, is employed in in the an-

nual production of over three billion and more multilayer ceramic capacitors (MLCCs)

[7][8][9][10][11][12]. Additionally, non-polarized electrostatic or dielectric capacitors have

an advantage over Li-ion batteries or fuel cells due to their high power density (∼104-

105 W/kg) and faster charging/discharging characteristics (∼ µs), which are beneficial

for pulse power applications and power electronics in electrical vehicles (EVs), as seen in

(Figure 1.1), [4][13][14][15][16].

Figure 1.1: Applications for energy storage capacitors.

As a result, electrostatic capacitors are emerging as practical substitutes for applications

involving energy storage within which high power density and high energy density could
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be combined, which plays a significant role in technological requirements. For practical

applications such as dielectric capacitors, some of the vital factors like resistance, stability,

temperature/frequency, fatigue, lifetime reliability, manufacturing cost, and equivalent

series resistance are equally essential apart from high energy density and a rapid charging-

discharging rate.

One of the crucial parameters of large volumetric capacitors is the thickness, and it

can prove detrimental to the whole gadget if the size is shrunk below a limiting thickness.

When a capacitor’s thickness is decreased, it either becomes more prone to charge leak-

age or shorting between electrodes, which degrades the capacitance of the capacitor for

a storage device. The volumetric capacitance has been increased to 102 cm3 due to the

development of super-capacitors, double-layered capacitors, and other conventional meth-

ods, making it an average performer for an energy storage devices [3]. Furthermore, the

electrolyte in electrolytic capacitors has a tendency to deteriorate or evaporate over time

and is incompatible with AC power sources. Therefore, the other typical way to boost

capacitance is to increase the material’s dielectric constant by a larger amount rather than

adjusting the cross-sectional area’s geometry or the space between the plates. Following

the parallel plate configuration (as shown in Figure 1.2), we know that the capacitance is

given by Equation 1.1,

C = ϵrϵ0
A

d
(1.1)

Where C is the capacitance, A is the cross-sectional area between two plates, ϵr is the

dielectric constant (relative permittivity) of the material,ϵ0 is the dielectric permittivity

in free space (8.85× 10−12Fm−1), and d is the distance between the plates.

1.2 Importance of the Dielectric Constant

From the equation, it is clear that a capacitor’s capacitance (C) is directly proportional to

the material’s dielectric constant. In general, a dielectric is a non-conductive material or
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Figure 1.2: Illustration of the Parallel-Plate Capacitor.

substance that does not allow the flow of electrical charges easily through it. On applying

an electric field, the electrons of the dielectric material become polarized, creating an

opposing electric field. Applying an electric field on the dielectric leads to an increase in

the condenser’s capacitance, which is similar to charging the two surfaces of the dielectric

that are directly close to the condenser’s plates with charges of opposite signs. This buildup

of unbalanced negative and positively charged plates on the surface of the dielectric and

condenser causes a reduction of the initial charges q. Further, dielectric polarization (P)

is caused by a little deviation of both negative and positive charges from their usual

equilibrium positions. Consequently, dielectric polarization due to the electric field results

in an increased condenser’s capacitance. Instead, the substance is electrically neutral

without the application of an electric field, and in any tiny volume of it, the centers of all

positive and negative charges coincide.

Additionally, the various polarizations that can occur in dielectric materials as a result

of the direction of dipoles parallel to the applied field includes, Electronic polarization or

atomic polarization, Ionic polarization, Orientational polarization, and Interfacial Polar-

ization or space-charge polarization (occurs in heterogeneous materials). The schematic
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illustration of types of dielectric polarization in the unpolarized state (E⃗ = 0) and the

polarized state (E⃗ > 0) is shown in Figure 1.3.

• Electronic Polarization - When an external electric field is applied, the center of

positive (+) and negative (-) charges of an atom become distorted from their original

positions and up to a given distance, induce a displacement in the direction of the

applied electric field, as shown in Figure 1.3, While the negative charges shift in the

opposite direction and form a dipole, the positive charges move in the direction of

the electric field. The induced dipole is proportional to the applied electric field,

p⃗ ∝ E⃗, and p⃗=αE⃗. Here, α is called atomic polarizability.

• Ionic Polarization - When there is an ionic link between two ions (a cation and

an anion). The minimal energy needed to break an ionic connection or threshold

energy, exists in the ionic bond. If we apply the electric field less than the threshold

field then the bond acts as a spring. By stretching and contracting in reaction to

an applied external electric field, the ions connected to this bond fluctuate around
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their equilibrium position. The center of the masses of both negative and positive

charges combine to form a dipole moment, which is separated as a result of the ions

being stretched out of their equilibrium. The polarization so produced is called ionic

polarization.

• Orientational Polarization - is a type of polarization that occurs in dielectric

materials due to the alignment of polar molecules or ions in an external electric

field. When a dielectric material containing polar molecules or ions is placed in an

electric field, the molecules or ions tend to align themselves with the direction of the

field, creating an induced electric dipole moment. This dipole moment is opposite

to the applied electric field and reduces the overall electric field strength inside the

material. The degree of orientational polarization depends on the strength of the

electric field and the orientation of the polar molecules or ions. The time it takes for

the molecules or ions to align themselves with the electric field is called the relaxation

time, and it is a function of the viscosity and temperature of the dielectric material.

For instance, water (H2O) has a dipole moment of 1.85 D (’D’ stands for Debye,

measurement unit for dipole moment).

• Interfacial Polarization - For heterogeneous materials or composite materials

phenomenon governing the Maxwell-Wagner-Sillars interfacial polarization or Space-

charge polarization can be observed. Interfacial polarisation causes novel dielectric

properties to manifest that resemble molecular relaxation processes but do not di-

rectly correlate with them physically. Interfacial polarisation can also alter the di-

electric spectra of molecular relaxation processes, appearing to move their frequency

positions and produce broadening effects. [17]. In general, interfacial polarization

arises at significantly lower frequencies. The essential concept underlying the phe-

nomenon of interfacial polarization has to do with the variation in the dielectric loss

that happens across an internal interface that separates the locally different dielec-

tric phases of a composite material.
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Figure 1.3: Types of dielectric polarization, in the unpolarized state (E⃗ = 0)
and the polarized state (E⃗ > 0)

[18].

Unfortunately, only a few ceramics and polymers having a high dielectric constant ful-

fill the requirement in high-energy-density capacitors (known as super-or ultracapacitors).

The importance of the interface between the ceramic phase and the polymer phase has

been extensively studied theoretically since this interface is crucial in determining how well

dielectric materials perform. These models additionally include the ”interphase” with the

filler and polymer phases as separate phases. To investigate the complicated permittivity

of the composite system, Todd et al. established the ”interphase power law” model [19].

The model accounts for the volume fractions of the polymer, filler, and interface region as

well as permittivity. Experimental findings have been compared with the effective permit-

tivity estimated by the model.

Eventually, the dielectric constant of a composite system made up of a dielectric

matrix and metal nanoparticles approaching the percolation threshold increased quickly
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as a result of the alternative method provided by A. L. Efros (2011) for achieving high

volumetric capacities [20]. In this percolative approach, there is a formation of an infinite

conducting cluster approaching the threshold which results in the divergence of dielectric

constant K leading to a large increase in capacitance, as seen in Figure 1.4. The divergence

Figure 1.4: Enhancement of Dielectric constant by Percolative approach.

of the dielectric constant is established by introducing metallic fillers in the dielectric

component system. This increase of dielectric constant K is due to the fractal geometry of

metallic clusters near the threshold, which follows a power law behavior at the percolation

threshold, and is given as

K ∝ 1/(P − Pc)
µ (1.2)

where P represents metallic volume fraction, Pc is percolation threshold and µ represents

critical exponent.
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1.2.1 Dielectric Polymer Composites

In response to the growing demand for energy storage devices with high energy densities,

polymer composite systems have been created that unites the ability to process and break

down the field strength of polymers with the high dielectric constant of ceramic fillers. Ide-

ally, the fillers would aid in enhancing the composite system’s effective dielectric constant

while maintaining polymer’s high inherent breakdown strength. As studied by Tuncer et

al., the investigation of the dielectric characteristics of CoFe2O4) nanoparticle incorporated

in a matrix of poly (methyl methacrylate) nanodielectric system [21]. They revealed that

the composite system’s relaxation behavior at high frequencies differs from the unfilled

polymer’s. This phenomenon gave rise to interfacial polarization. Furthermore, it must

be possible to improve the effective dielectric constant, without doing so at the expense of

an unacceptable rise in energy dissipation, (i.e., dielectric loss). As a result, an extensive

amount of research is being done to create better materials for polymer composites by

having a deeper comprehension of the fundamental processes influencing breakdown field

strength and dielectric permittivity of the composites. Therefore, since these problems

are probably related to the polymer-filler interface, as a result, research aiming to gain a

better physiochemical knowledge of the filler-polymer interfaces is a prime matter.

Most recent research focuses on ferroelectric metal oxide-based dielectric polymer com-

posites that aim to increase the dielectric permittivity of Pb(Mg0.33Nb0.77)O3-PbTiO3

(PMNT), Pb(Zr, Ti)O3 (PZT), and BaTiO3 (BT). It is highly desirable to incorporate

inorganic fillers with dielectric properties on a scale of several hundred to several thousand

into polymers, which generally have dielectric constants below 10, in order to increase

the composite’s effective dielectric constant. Particularly, since the filler’s permittivity is

significantly higher compared to that of the polymer matrix, the majority increase in the

actual dielectric constant is brought on by an increase in the standard field within the

polymer matrix, with only a small amount of energy being stored in the high permittivity

phase. Additionally, significant disparity in dielectric permittivity between the two phases
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can result in exceedingly inhomogeneous electric fields. Ultimately, the production of a

homogeneous composite is hampered by incompatibility between the hydrophilic metal

oxide filler and the organophilic polymer matrix. Therefore, a key area of research in this

area continues to be on modulating the inorganic filler’s surface to make it compatible

with the polymer matrix.

1.3 Study of Magneto-dielectrics: single-phase and

heterogeneous systems

There is considerable interest in understanding new systems where the effect of magnetic

fields on dielectric characteristics develops a rich flavor of physics. The phenomenon can

further show exotic effects if the dielectric constant and magnetism of the material are

coupled. Especially when the dielectric materials lack good insulating properties, this

type of contribution grows stronger. Magnetodielectric (MD) materials are a kind of

multi-purpose composite dielectrics that contain magnetic particles as fillers. Certainly,

the hunt for convenient materials has been the prime focus, where ferromagnetic com-

pounds that show an efficient magnetodielectric effect is the need, such as ϵ-Fe2O3, [22]

double perovskites La2CoMnO6 thin films [23], and terbium iron garnet [24]. Modulat-

ing a material’s dielectric characteristics when a magnetic field is applied has proven to

be challenging both technologically and scientifically [25]. There are two primary methods

for magnetically altering a material’s capacitive or dielectric property,

(a) Tuning the functioning of the interface in multilayer systems, and

(b) Enhancing the magneto-dielectric property in materials (ferromagnetic) proximal to

their ferromagnetic transitions [26][27].

Therefore, improved magnetodielectric materials can be a powerful tool to unfold various

potential applications such as devising new devices including magnetic sensors, tunable
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filters, spintronics, and tunable filters. Unlike materials exhibiting the magnetoelectric

effect which requires strong symmetry restrictions, the magnetodielectric effect can be

found in any insulating magnet. This non-requirement of symmetry actually expands the

search for viable magneto-dielectrics and provides feasibility to engineer many other sys-

tems with improved material properties. Due to crystal symmetry limitations, single-phase

magneto-dielectrics often have a modest magneto-dielectric effect (MDE) at room tempera-

ture, which further restricts the utilization of such material in diverse technological devices

[28]. Generally, novel composites of technical significance can be developed by combining

two materials with exceptional electrical characteristics. The incorporation of a second

phase can synergistically enhance the desired electrical feature of the resulting composite

material [29][30]. Apparently, the easiest way to produce a large MDE approximately at

room temperature is to combine materials with intriguing dielectric and magnetic char-

acteristics [31][32]. In our case, the heterogeneous composites make good insulators, with

polymer as a dielectric matrix and ferrite as a magnetic filler having dielectric losses of less

than 1. Below are the two primary methods that cause a large magneto-dielectric effect

in composites [33][34].

(i) Maxwell-Wagner effects in combination with magnetoresistance (MR).

(ii) Interface coupling via strain transfer induced by a magnetic field.

Firstly, there is a diverse availability of materials for MR-related MDE. [35]. The magneto-

strictive effect may further orient the spins of magnetic nanoparticles in heterogeneous

systems, which will affect the polarization by redistributing charges and dipoles into the

polymer matrix. Due to this, a correlation between ferroelectric/piezoelectric polarization

and magnetostriction can occur, producing the observable magnetodielectric effect. How-

ever, in the latter scenario, a magnetic and an electric substance coexist in the system

while adhering to the composite’s principles. This is the most common way, a strain is

induced in the composite’s magnetostrictive phase on the application of magnetic field

applied to magneto-dielectrics, as can be seen in Figure 1.5. This interface stress might
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cause dielectric polarization in the corresponding component of the composite system,

which will cause a significant MDE reaction [36][37]. The advantage of this mixture is the

abundant availability of conducting ferromagnetic materials with large magnetic moments.

This component can be incorporated into a matrix of dielectric material in tiny volume

fractions to achieve a greater magnetodielectric effect.

Figure 1.5: Formation of Magnetodielectric effect in heterogeneous system

Here, one should be extra cautious in interpreting magneto-capacitive signals as an

indicator of magneto-dielectric effects. Since a magnetic field helps to orient magnetic

moments in a preferred direction, the dielectric constant of conductors is indirectly changed

by the field. This is known to be actual magnetodielectric effect and is observed in a

wide range of materials. For example in a single-phase system BiMnO3, A site occupied

by lone pair (ferroelectric) and B site has magnetic ordering. At a glance, it is difficult

to believe any material exhibiting magnetodielectric effect [38][39]. Because magnetism

depends on the spin degree of freedom while the dielectric property is associated with

the charge degree of freedom. However, since the electrons possess both charge and spin,

there are a number of mechanisms that supports spin-charge coupling. The drawback of

this strategy is that achieving the magnetodielectric effect cannot only be done through
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magnetoelectric coupling. The difference in magnetoresistive artifacts in between bulk

and interface conductance can also lead to extrinsic magnetodielectric effects. Further, it

is important to carefully distinguish between the interfacial extrinsic magnetocapacitance

and the intrinsic magnetoelectric coupling. For device applications, compared to composite

systems with extrinsic effects, these intrinsic systems have faster switching speeds and less

dielectric loss [40][41][42].

Typically, ceramic-based materials are used to develop magneto-dielectric composites,

but they lag in certain spheres. For the most part, processing at high temperatures is

required for ceramic MDs. On the contrary, establishing components with the desired di-

mensions is challenging due to the poor machinability of ceramics. By incorporating

magnetic components into dielectric polymers, polymer-based composites can be used to

solve these issues. They have advantages such as low processing temperatures, a wide va-

riety of versatility, a large dielectric breakdown field, cost-effectiveness, etc [43]. Following

this, due to their synergistic and flexible characteristics, researchers explored many ways

to produce polymer nanocomposites [44][43][45][46][47]. By combining various kinds of

polymers with magnetodielectric oxides, several researchers have produced novel compos-

ites with appealing electrical characteristics [48][49]. In light of this context, the current

work investigates the feasibility of creating thin pellets of a functional gradient polymer

nanocomposite for dielectric analysis.

1.3.1 Single-phase and heterogeneous systems

In our work we would like to study the magnetodielectric effect on both single phase and

a better heterogeneous composite systems where enhancement of dielectric permittivity

by many folds of magnitude can be observed. So far scientists from all over the world

have found strong magnetoelectric coupling in many interesting systems such as TeCuO3,

Ni3V2O8, BaTiO3, BiFeO3 which belongs to single phase and correspondingly in hetero-

geneous or multi-phase systems such as CCTO/RuO2, LaFeO3/PVDF, NiNbO3/BaTiO3.
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Nath et al. has shown that the surface modified LaFeO3 nanoparticles in matrix of PVDF

polymer matrix has improved the dielectric constant and lowers the dielectric loss, thus

paving a perfect way for the development of memory storage device. Grain boundary ef-

fect also known as Maxwell-Wagner effect is held responsible for the increase of dielectric

properties in this well-dispersed medium. The positive change in the dielectric constant is

also found to be proportional to the magnetic field intensity. Similarly in a single phase

BiFeO3 (BFO) nanoceramics (Kumari et al.), confirmed that the system display a multi-

ferroic behavior as analyzed from magnetoelectric response. From magnetic measurements

bulk BiFeO3 shows antiferromagnetic behavior which mainly arises due to Dzyaloshinskii-

Moriya exchange interaction. Along with the magnetic ordering, ferroelectric behavior

appears in BiFeO3 is due to Bi 6p and O 2p orbital hybridization, thus building a strong

spin-charge coupling within BFO system. In another interesting system where MnFe2O4

(MFO) and Fe2O3 (FO) are independently dispersed in an organic long chain molecular

matrix and magnetoelectric study was performed by Lawes et al. Experimentally magne-

todielectric parameter (MD) is calculated from the following Equation 1.3,

MD = [ϵ′(H)− ϵ′(0)]/ϵ′(0) (1.3)

where ϵ′(H) is the real permittivity when the magnetic field is applied and ϵ′(0) is

the permittivity in zero fields. Chatterjee et al. have further reported a large negative

magnetodielectric effect of around 52.2 % in the NiO nanoparticle system which is mainly

attributed to electron hopping between Ni2+ and Ni3+ sites leading to the formation of

space charge polarization at the interface of NiO nanoparticles. The high magnitude is

mainly due to strong competition between the anti-ferromagnetic and ferromagnetic phases

which makes the NiO system more magnetic. Much of the research on novel functional

materials such as magneto-dielectric, multiferroics, and magneto-electric attracts signifi-

cant attention. These materials possess both ferromagnetism/ferroelectric characteristics

in a single-phase or in artificially engineered composites [50]. However, at room temper-

ature (RT) single-phase materials have weak coupling characteristics, which makes them
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unstable for real-world applications [28]. To this, an alternative strategy of fabricating

artificial multi-phase or heterogeneous systems helps to achieve the aim [29][30]. Hence

novel heterogeneous systems can be fabricated in which individual phases are separately

optimized for achieving potential multiferroic properties at room temperature and below.

1.4 Multiferroic: A Unique and Novel Property

Multiferroics are materials that combine at least two ’ferro’ characteristics (ferroelastic,

ferroelectric, ferromagnetic ) into a single component. They are among the new smart

materials that have received the most attention because of the vast potential for sensing,

energy transformation, and harvesting technologies [51][52][53] due to their capacity to

function across a wide variety of frequencies, fields, temperatures, etc., such functioning

elements are alluring [54][55][56]. In terms of science and technology, multiferroic ma-

terials are most fascinating because they can exhibit numerous order states, which, are

essential because of the order states’ cross-coupling with one another. The ability to di-

rectly manipulate ferroelectric and ferromagnetic properties by applying mechanical stress

from external sources is made possible by the coupling between the ferro-phases and piezo-

electric qualities. The complex coupling can be seen in Figure 1.6.

• Magneto-Electric-: the interaction or cross-coupling of electric polarization and elec-

tric field-strain.

• Magneto-Dielectric-: coupling between magnetization- magnetic field- strain

• Elasto-magnetoelectric-: coupling between stress-strain electric polarization- mag-

netization.

Thus, the coexistence of ferroelectric and ferromagnetic traits in these multiferroic mate-

rials results in the above novel combinations of properties, such as a magneto-dielectric
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Figure 1.6: Possible cross-couplings in Multiferroics

effect and a magneto-electric effect, etc. Hence, the present study focuses on magneto-

dielectric and magneto-electric effects, exhibited due to the coexistence of ferromagnetic

and ferroelectric properties which directly corresponds to the multiferroic nature of our

samples.

1.4.1 Magneto-Electric coupling

Multiferroics have a greater magnetoelectric (ME) effect than naturally occurring multi-

ferroic materials do [54]. The solid composite multiferroics that combine magnetostrictive

and piezoelectric phases as nanocomposites, generate the highest values of ME coupling

[55][56]. The sintered composite consists of a densely packed blend of ferroelectric (FE)

and ferromagnetic (FM) characteristics that serve as an instructive example. Due to this

close contact between the grains, a piezo effect occurs when an external field-induced me-

chanical stress caused by a constraint on one specific composite component exerts pressure

on an adjacent component.
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The early 2000s saw a massive inclination towards ME composites, with the new

experiments on the ME effect related to the magnetostrictive material Tb(1-x)DyxFe2

(Terfenol-D). Following that, a variety of composites employing the ferromagnetic phases,

e.g., CFO, LaMnO3 (LMO), and Terfenol-D, and the ferroelectric phase, BTO, polyvinyli-

dene fluoride (PVDF), have been deeply explored over the past few years. In composite

multiferroics, a piezopolymer holds the FM and FE particles together [57]. The interphase

interaction is increased by the matrix’s piezo effect, which also improves MEE. In contrast

to solid nanocomposites, polymer multiferroics can deform without breaking, making them

a practical alternative for flexible electronics. The composite frameworks open up novel

possibilities for modifying the ME coupling by cautiously selecting specific phase features

including connectivity, microstructure, and volume fraction. Additionally, polymer-based

composites are an excellent option for achieving large ME coupling considering they are

simple to fabricate and have enhanced mechanical properties [58].

Thus, a ceramic-polymer multiferroic, consisting of ferromagnetic and ferroelectric

particles, is the prime focus of the current study’s application of the molecular dynam-

ics method. Both the particles and the polymer beads are regarded as molecular building

blocks joined by ”virtual springs,” which are structural components. Given that the model

allows for elastic interaction among the particles, which are also connected by electromag-

netic dipole-dipole interactions, demonstrating ME coupling.

1.5 Composites and its matrices: Hybrid Com-

posites

A remarkable genre of engineering substances, known as Composite evolved around the

middle of 20th century, offering up new possibilities for modern science and technology

[59]. Combining at least two materials, often with contrasting features, yields composite

materials, which have a substantial ratio of strength to a weight which offers feasibility
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and flexibility in the material [60]. These substances are employed to develop exceptional

characteristics of corrosion-resistant, weight, rigidity, conductivity, durability, or strength.

There are two distinct elements in all composite materials: a matrix (emerges as a ”con-

tinuous phase”), & a reinforcement or filler (appears as a discontinuous phase and behaves

like a binding agent,). In general, a substance is considered composite if it satisfies the

criteria of comprising at least two physically distinct & mechanically separable elements

[61]. It consists of a number of chemically distinct phases that are insoluble in one another

and can be distinguished by an interface. Engineers can modify the qualities to satisfy

particular demands by judiciously selecting the polymer (matrix), the ceramic (reinforce-

ment), and the synthesis method [62]. Increasing the surface-to-volume ratio will enhance

the matrix’s and the reinforcement’s surface area of interaction, which is responsible for

the changes inside the new nanocomposite. Hence, based on material comprising the ma-

trix, composites tend to be categorized, as shown in Figure 1.7,

Figure 1.7: Composites progressively classified according to the types of Matrix
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1.5.1 Matrix of Polymer

Despite the fact that any substance can serve as a composite matrix, metals, ceramics, and

polymers are the most frequently used materials in this capacity. The majority of matrix

materials used in composites are polymers [63]. Due to their exceptional qualities, such

as adhesion, and toughness, polymer matrices (PMs) are frequently employed as a matrix

for the creation of composite materials [64]. In composites, the matrix of polymer behaves

( as the continuous phase) that maintains the reinforcement part in place. Additionally,

the majority of deteriorating procedures (including delamination, high-temperature creep,

chemical resistance, and water absorption) are determined by matrix properties [65]. Mod-

ern commercial high-power capacitors are primarily composed of low-dielectric-constants,

considering various matrices of polymer, (e.g. poly (vinyl alcohol), poly (ethylene glycol),

polyethylene (glycol), poly (ethylene terephthalate), poly (propylene), and others because

of their high dielectric breakdown strength. Among these, PVDF and its co-polymers have

been widely selected as appealing options because of their assured properties; high dielec-

tric constant, low crystallinity, low Tg (glass transition temperature), high degree of com-

pactness, and large-scale dipole moment, attractive thermal and electrochemical stability

[66][67]. Hence, it has been utilized as one of the significant ferroelectric polymers in non-

volatile memories, energy storage capacitors, nano-generators, touch sensors, and many

more [68]. Due to their massive and invasive use in applications today, PVDF has been

used and exploited largely. Therefore, alternative materials or polymers are introduced in

order to increase dielectric strength for energy storage applications. Strongly correlated

electron systems are a kind of unconventional electronic material where the study of the

effect of magnetoelectric coupling in multiferroic hybrid composites where polymer, as a

matrix is taken into consideration, is very limited. Alternatively, chemical modifications

have been introduced which has resulted in the improved dielectric strength of polymers,

investigated by Job et al. Their investigation suggests the in-situ polymerization of a layer

of polyaniline (PANI) which increases the breakdown strength of poly(ethylene terephtha-

late) (PET) films.
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Furthermore, due to advancements in science and technology, two distinct groups of

conductive substances incorporating polymer as a matrix has emerged: Intrinsic and

Extrinsic conductors.

• Intrinsic conductors: the conjugated polymers are the intrinsic conducting poly-

mers that have a generalized feature, i.e., the successive alternation of a single bond

with double bonds along the main chains. The ability of the π electron to be trans-

ported to adjacent carbon, allowing the electron flow, is able to explain the inherent

electrical conductivity in that context [69][70]. However, this mechanism results in a

low conductivity (between 10−10 to 101 S/cm), so it is necessary to produce a charge

carrier by oxidizing (p-doping) or reducing (n-doping) the polymer using chemical

or electrochemical methods, which are typically reversible processes [71][72].

• Extrinsic conductors: Extrinsic conductors feature a polymer matrix consisting

of composite materials that are often thermoplastic polymers and fillers. These

polymers are insulators that permit their electrical conduction through the incorpo-

ration of a conducting mediator into their polymeric chains [69]

They are used in a variety of applications, including organic photovoltaics [73], stretchable

electronic devices, organic light-emitting diodes [74], supercapacitors [75], fuel cells [76],

and electrochemical sensors [77]. Thus, making a composite system with polymer polyani-

line (PANI) and correlated systems like transition metals and metal oxides, e.g., (Nickel,

Chromium, Neodymium), Haematite, Nickel-cobalt ferrites, are expected to yield some

interesting rich phenomenons. The real competition between intrinsic and extrinsic effects

on magnetodielectric properties in hybrid composite systems can help us comprehend the

source of the magnetoelectric coupling within the sample.

According to the recent literature, magnetodielectric properties have been carried out

in single-phase correlated electron systems, for example, Sr2IrO4, BaIrO3, Ha2BaNiO5,

and NiO. In our system, the electronic structure of PANI, the polymer itself can exist in
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three different phases which are emeraldine, lucoemeraldine, and perni-graniline, depend-

ing on synthesis. Among them, the Emeraldine base is regarded to be more stable at room

temperature, and the fact that upon doping with acid (protonation), the emeraldine base

becomes highly electrically conducting. Whereas Lucoemeraldine and pernigraniline al-

ways behave as an insulator despite protonation. It would be interesting to see how mobile

charges in conducting PANI as a matrix interact with the correlated electron system. The

electronic properties are governed by occupied oxygen 2p states, empty 4s metal orbitals,

and partially occupied metal 3d states. Moreover, unlike conventional band structures,

Mott-Hubbard assets strong atomic d-d coulombic interaction, leading to a spin-polarized

band gap. The magnetism which originates due to this band gap in the correlated system

can affect the behavior of mobile charges of PANI, thus paving a direct path for spin-charge

coupling. Figure 1.8 illustrates some of the intrinsically conducting materials, from which

Polyaniline (PANI) has been investigated as a part of nanocomposites in the present study.

Figure 1.8: Structural representation of intrinsically conductive polymers (ICPs)
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1.5.2 Reinforcement: Nanoparticles as Reinforcement

To further improve the physical qualities of the resultant composite system, reinforcement

materials or composite fillers are incorporated into the matrix material [78]. In other

words, these materials are more rigid, strong, and stiff than the matrix, the reinforcing

phase offers strength and stiffness [79]. These fillers or reinforcing materials can be catego-

rized based on their physical and chemical structure, but generally based on the shape of

the particles, they have been categorized [80]. Apparently, polymeric matrices frequently

have reinforcement applied to them to enhance their chemical and physical characteristics.

The most desired goal among these properties has been the optimization of the charac-

teristics, which has prompted the employment of reinforcements ranging from (glass and

carbon fibers) inorganic fibers to (aramid) organic fibers and (SiO2, CaCO3, etc) inor-

ganic particles, and carbon black/silicate sheets [81]. Regardless of having substances with

outstanding characteristics, their real-world applications are limited by some aspects that

significantly raise their costs, such as manufacturing challenges or material incompatibili-

ties.

The ultrafine particles identified as nanoparticles (NPs) range in size from 1 to 100 nm

[82]. The polymeric matrix might include these NPs as filler [83]. Therefore, a nanocom-

posite is formed after incorporating NPs into the polymer matrix (PM). This nanocom-

posite has a particular structure and possesses physical characteristics that are dependent

on the amount and kind of introduced nanometric charge [84]. NPs exhibit a large number

of the atoms that compose them and are part of their surface. This makes these atoms

easily able to interact with the matrix in which they are embedded [85]. Thus, the use of

NPs is important as it lowers the composite’s cost. Additionally, they are easily accessible

in the necessary quantities, sizes, and shapes [86].
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1.5.3 Magnetic Nanoparticles

Superparamagnetism or magnetic behavior that combines the properties of ferromagnetism

and paramagnetism is an excellent characteristic of magnetic nanoparticles (MNPs) [87].

Nowadays, superparamagnetic nanoparticles have a variety of applications ranging from

biological treatment, electronics, drug delivery, physiochemical spheres, and many others

[88] [89] [90] [91]. In general, switching from ferro- or ferri-magnetic to super-para-magnetic

as a result of size reduction causes the material’s magnetic behavior to alter, with each

particle’s magnetic moment oscillating in the direction of a net magnetic moment of zero

due to the influence of thermal energy [92]. Technologies can potentially be improved as a

result of MNPs’ unique physicochemical characteristics, huge surface areas, simplicity in

the synthesis process, and alternation in intrinsic characteristics. These MNPs also have

remarkable synergistic union capability with other chemicals, such as polymers [91].

1.5.3.1 Types of Magnetic Semiconductor Nanoparticles

Figure 1.9 summarises the type of magnetic semiconductor nanoparticles that have been

outlined in this section, along with their properties and uses.
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• Metal and Metal oxide nanoparticles

• Ferrite

• Manganite

Figure 1.9: Summary of Magnetic Semiconductor nanoparticles

(I) Ferrite

The history of ferrites (magnetic oxides) and their applications have been known

for several centuries ago. The loadstone (magnetite, Fe3O4), a natural non-metallic

solid, may attract iron and be first described in known Greek writings about 800

B.C. Much later, the first application of magnetite was as ’Lodestones’ used by

early navigators to locate magnetic North. That is the first scientific significance

was appreciated, after the first technical magnetic material because it formed the

first compass (Crangle, 1977). The first scientific study of magnetism named De

Magnete was published by William Gilbert in 1600. Later, in 1819 Hans Christian

Oersted observed that an electric current in a wire affected a magnetic compass

needle. Naturally occurring magnetite is a weak ’hard’ ferrite. ’Hard’ ferrites possess

a magnetism that is essentially permanent. Originally manufactured in a few select

shapes and sizes, primarily for inductor and antenna applications, ’soft’ ferrite has
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for a variety of uses, multiplied in countless sizes and shapes. Primarily, ferrites

utilized in different electronic applications are: power applications, EMI suppression,

and low-level applications. Ferrites continue to find more and more uses in electrical

circuitry. Ferrite components are the preferred option for both traditional and novel

applications due to the large range of feasible geometries, constant developments in

material properties, and their comparative cost-effectiveness.

In general, ferrites are ceramic substances with a dark grey or black appearance

that is extremely hard and brittle. It is possible to classify ferrites as magnetic

materials since they display ferrimagnetic behavior and are made primarily of oxides

with ferric ions as the major component. They are formed due to compressing a

mixture of raw material of powders into the desired shape, which is then sintered into

a ceramic component. The forces that exist between metallic ions holding specific

locations in relation to oxygen ions in the oxide’s crystal structure give rise to

magnetic characteristics. Further, commercial ferrites fall into three key categories,

each with a distinctive crystal structure, which are as follows:

a) Microwave ferrites (such as YIG), have a garnet structure, which is soft ferrite

in nature.

b) NiCo-, MnZn-, and MgMnZn- ferrites are a couple of soft ferrites having a

cubic spinel structure.

c) Ba and Sr hexaferrite’s are examples of hard ferrites with magnetoplumbite

(hexagonal) structures.

Ferrites are the only material that exhibits such a broad range of characteristics,

employing them for various significant applications [93].
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(II) Classification of Ferrite

Ferrites consist of iron oxide as their main element and other metal oxides. Depend-

ing upon the crystal structure, ferrites are of the following types, as illustrated in

Figure 1.10.

Figure 1.10: Classification of Ferrites

1) Spinel Ferrite: In reality, spinel ferrites are a form of naturally occurring ferrites,

i.e., FeO·Fe2O3. The spinel mineral (MgAl2O4 or MgO·Al2O3), which crystallizes in the

cubic system, is the source of the spinel structure. Bragg and Nishikawa were the first to

determine this crystal structure. The magnetic spinel has the same general formula as the

mineral spinel MO·Fe2O3 or MFe2O4, depending on whether M is the divalent metal ion.

The smallest unit of the spinel lattice has cubic symmetry and contains eight “molecules”

of MFe2O4.
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2) Garnet Ferrite: Large trivalent rare earth ions with strong magnetic moments

can be accommodated by these ferrites. The general formula is M3Fe5O12. The silicate

garnet mineral’s structure can be observed in garnet ferrites. Magnetic garnets have a

12-sided or dodecahedral crystal structure similar to that of the garnet stone.

3) Ortho Ferrite: The typical formula for ortho-ferrites is RFeO3, where R is

yttrium or a rare earth ion. These cubic ferrites have a somewhat deformed perovskite

structure but are nonetheless cubic ferrites. The term ”perovskite structure” refers to the

atomic configuration of oxides with the formula RMO3, such as BaTiO3, PbTiO3, etc.

Often, a material with a complex molecular structure consistent with cubic symmetry will

acquire this arrangement. Contrary to cubic structures, this one is orthorhombic. Out of

these above ferrites, spinel ferrite has pulled in the focal point of numerous scientists in

light of its immense scope of utilizations in high-performance energy storage devices.

4) Hexagonal Ferrite: Hexagonal ferrites are a large subgroup of iron oxides that

have significant scientific and practical value. Because oxygen-mediated antiferromagnetic

superexchange is the predominant interaction between magnetic ions in these systems,

they are ferrimagnetic. They deliver a diversity of properties; the structure and specific

composition define these features and magnetic structures. The M, W, Y, Z, and U

compounds are further categories under which these ferrites are classified.

(III) Spinel Ferrite: Its Crystal structure and Classification

Bragg and Nishikawa were the first to notice the spinel structure of ferrite. Spinel ferrite

crystallizes into a cubic structure when it crystallizes in the space group Fd-3m [94]. The

56 atoms that consist of the eight formula units of spinel ferrite are divided into 32 oxygen

anions, which assume a close-packed cubic structure, and the remaining metal cations,

which are found on 8 of the 64 possible tetrahedral (A) sites and 16 of the 32 octahedral

(B) sites.
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Figure 1.11: Structure of Spinel ferrite cubic crystal.

[95]

The unit cell of a spinel structure is shown in Figure 1.11. The ionic locations differ

when two octants share a face or a corner, but they remain the same by sharing an edge.

The ions’ positions in two neighboring octants are therefore all that is required to provide

an accurate depiction. Each octant in this structure has four oxygen ions, which are big

spheres, arranged on the body diagonals and positioned at the corners of a tetrahedron.

An A-site is stated to be occupied by a metal ion that is present in the center of the right-

hand octant and is surrounded by a tetrahedral of oxygen ions. An octahedron made of six

oxygen ions, one of which is illustrated, is surrounded by four metal ions in the left-hand

octant. According to reports, these ions reside at B-sites. Normal spinel structure refers

to ferrites with M2+ in the A-site (tetrahedral) and Fe3+ in the B-site (octahedral). The

spinel ferrites are represented by the general formula Mx
2+Fe1−x

3+[M1−x
2+Fe1+x

3+]O4
2−.

Here ’M’ is a divalent cation, and ’x’ is the inversion factor that further decides the divisions

of spinel ferrites.

Based on the distribution of metal cations, three kinds of spinel ferrites can be iden-

tified, as shown in Figure 1.12, viz. normal, inverse, and mixed [96].
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Figure 1.12: classification of spinel ferrites.

(a) Normal Spinel Ferrite: The normal spinel ferrite structural formula is denoted by

M2+[Fe2
3+]O4

2−. All divalent metal cations (M2+) occupy A or tetrahedral sites, whereas

trivalent metal cations (Fe3+) occupy B or octahedral sites in the normal spinel ferrite.

(b) Inverse Spinel Ferrite: The inverse spinel ferrite structural formula is denoted by

Fe3+[M2+Fe3+]O4
2−. All divalent metal cations (M2+) occupy B or octahedral sites, while

trivalent metal cations (Fe3+) equally occupy A or tetrahedral and B or octahedral sites

in the inverse spinel ferrite. Nickel ferrite (NiFe2O4) and cobalt ferrite (CoFe2O4) belong

to the category of inverse spinel ferrite.

Among the various spinel ferrites, we report the synthesis of inverse spinel ferrite

(NiCoFe2O4). These ferrites have been widely employed due to their attractive and

wide scopes [97][98][99]. CoFe2O4 and NiFe2O4 are represented by (Fe3+) [Co2+Fe3+]O4

and (Fe3+) [Ni2+Fe3+]O4, respectively, as part of spinel-type crystal structures [100][101].

Cobalt ferrites are suitable for strain sensors and actuators due to their greater magne-

tostriction values [102]. The permittivity values of cobalt ferrite NPs were found to be

lower than those of bulk CoFe2O4, according to a study investigated by Gopalan et al
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[103]. Similar to spinel ferrite, another promising material to employ in the following ap-

plications is nickel ferrite. In addition to having a high electrical resistivity, nickel ferrite

also has a high Curie temperature, saturation magnetization, and a low eddy current and

dielectric losses [104][105]. Additionally, NiFe2O4 has a dielectric structure with grain

boundaries and grains with varying conductivity [106]. According to the analysis, mixed

ferrite has superior characteristics and stability depending on the final composition’s cation

stoichiometry and type. Various researchers have reported their work on the specific sto-

ichiometric Ni0.5Co0.5Fe2O4 NPs using multiple dry and wet chemical synthesis methods

(Chapter 3) depending on different parameters, such as magnetic properties, temperature

variation, etc. Thus, our work reports the study of compositions in the hybrid nanocom-

posite system comprising ferroelectric as well as conducting polymers (PANI) depicting

the synthesis, structural morphological, and multiferroic properties have remained scarce

till today.

(c) Mixed Spinel Ferrite: Last but not the least, the mixed spinel ferrite structural

formula is denoted by M1−x
2+Fex

3+[Mx
2+Fe2−x

3+]O4
2−. Both divalent metal cations

(M2+) and trivalent metal cations (Fe3+) occupy A or tetrahedral and B or octahedral

sites in the mixed spinel ferrite. Manganese ferrite (MnFe2O4) belongs to the category of

mixed spinel ferrite.

1.5.4 Hybrid Nanocomposite: Polymer matrix based ma-

terial system

Hybrid compounds are not just a physical combination of various constituents. The re-

sultant hybrid materials typically gain new properties after merging the multiscale com-

ponents (reinforcements), and these characteristics can be modified by the unique physio-

chemical characteristics of individual materials, structures, and interfaces between various

components [107]. Currently, investigations have been conducted on the utilization of stan-

dard polymers in composites, resulting in a particular class of hybrid substances known
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as polymers/hybrid composites (PCs), Figure 1.13 [108]. The composition of the PCs

depends upon the interaction between the inorganic and organic phases, such as the dis-

persion method used during its production, mixing, morphology, arrangement, and the

surface characteristics, in a variety of the NPs, that will influence the significant proper-

ties of the prepared PNCs. The uniform dispersion of nanofillers in a polymer possess one

of the biggest challenges in the production of PNCs [109]. Despite the fact that polymers

make an ideal matrix for NCs, still they lack magnetic characteristics.

Figure 1.13: Hybrid nanocomposite.

As a result, an ideal approach of adding fillers that have magnetic properties into the

matrix (polymer) enhances the NCs’ features. To build integrated functional systems with

supplementary magnetic properties, nanosized ferro-electric, and ferri-magnetic particles

are added into the developed matrices [110]. As previously mentioned, Ferrite comprises

the characteristics of a magnetic substance with an electrical insulator. It is an appropriate

option as it is simple to obtain, inexpensive, and flexible in modulating their magnetic

and electromagnetic properties [111]. The amount of ferrite incorporated into the polymer

matrix determines how ferrite-reinforced composite materials function.

Thus, our study aims to investigate the dielectric property of insulating polyaniline

(PANI) ( being intrinsically conducting in nature) in the presence of varying weight frac-

tions of ferromagnetic ferrite Ni0.5Co0.5Fe2O4 (NCF), which has significant characteristics

of high magneto-crystalline isotropy and high resistivity. These composites exhibit novel
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multiferroic properties at room temperature. To our ability and understanding, no reports

of such characteristics have yet appeared in the literature.

1.6 Percolation phenomenon: Percolation Thresh-

old in composites

The percolation phenomenon was first introduced by Stockmayer and Flory in 1943, and

1941, respectively, shortly after they explored the polymerization process. The basis for

the percolation process is the polymerization process, in which small molecules join by

linking chemical bonding resulting in a dense network of single molecules. Broadbent and

Hammersley (1957) introduced the percolation theory to mathematics for the first time.

”They demonstrated that the percolation process is the outcome of a geometrical phase

shift in an irregular medium, and interestingly, the modification in the system’s physical

and transport characteristics complies with scaling and universal power law principles.”

Typically, there are two types of percolation processes,

• Lattice (site bond) percolation model: Consider a normal 2-d lattice wherein

every lattice point can either be inhabited by an insulated particle having probability

(1-P) or an electrically conducting particle having probability P. Each lattice site’s

occupation is indifferent to the likelihood that it will be occupied in adjacent areas.

When a continuous group of conducting sites crosses the whole lattice system, the

electric current in this system travels from one side of the lattice to the another.

Given that the clusters are made up of the nearest neighbors, this phenomenon in

the system is known as site percolation. Bond percolation occurs when the cluster

emerges by the nearest neighbors’ bonds in which there is a probability of q for the

bond connecting the sites to be occupied at random.
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• Continuum percolation model: The fact that the allocation of numbers of co-

ordination fluctuates from site to a site in the context of percolation in a continual

medium, that renders the issue, in fact, more intriguing. The component placements

in this instance are not constrained to the discrete sites of a normal lattice. For il-

lustration, consider an electrically conducting sheet with a random pattern of round

holes. The sheet becomes insulating at the critical concentration of holes (PC),

regardless of whether the sites or bonds are occupied. The ”Swiss cheese model”

refers to how closely this resembles Swiss cheese. To explain the elastic or transport

properties in a porous media, this model is suitable.

The percolation threshold has historically drawn attention in composite systems. Near

the percolation threshold, a variety of composite material physical parameters, including

resistivity, dielectric constant, heat capacity, and thermal conductivity, have a significant

impact. Additionally, the type of conductance in the composite system can be impacted

by the dimensions, shape, and position of the filler particles, as well as the quantity

of each present in the system. For example, If the matrix itself acts as insulation and

the conducting nanoparticles are sphere-shaped, it is possible to examine the electrically

conductive properties of disorderly nanocomposites, by incorporating the factor of spheres.

It is well known that the thresholds for percolation and conductivity of electricity for

ceramic-based polymer composites are significantly influenced by the dispersion condition

or level of agglomeration of ceramics.
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Review of Literature, Research

Gaps, and Research Objectives

2.1 Literature Review

• Z. Chchiyai, et.al. (2023) reported that the AB2O4-type spinel oxides, based on

transition metals, for lithium-ion batteries (LIBs) that could serve as anodes. For

concentrations (x = 0, 0.25, 0.5, 0.75, 1, and 1.25) samples were produced using a

simple sol-gel synthesis procedure. All compounds formed cubic spinel structures

with the space group of Fd3m, according to X-ray diffraction studies, and Raman

scattering spectroscopy verified that all samples had cubic Fd3m symmetry. The

produced spinels are clearly linked nanoparticles with a crystalline face-centered

cubic structure with nanosized pores, as shown by scanning electron microscopy.

This structure is found to be extremely stable, thermally. By cycling the lithium-

ion batteries’ charge and discharge, the electrochemical characteristics of anodes

composed of Mn-doped spinel ferrites were examined. Significant improvements

were made to the efficiency and stability during the charge-discharge operations, by

Mn doping, which ensures excellent cycling stability and good rate capability for

36
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the compound where x = 1, sustaining a specific capacity at 307 mAh g−1 after 50

cycles. Cyclical voltammetry data at various scan rates were used to analyze the

mechanism of Li-ion storage. The current work recommends spinel oxides as an

effective, affordable, and environmentally friendly alternative anode material for

LIBs” [112].

• G. Vinod, et.al. (2023) discovered the effect of Dy3+ ion substitution on the

structural, optical, electrical, and magnetic properties of Cu0.8Cd0.2Fe2O4 nano-

ferrites. A series of Dy3+ doped Cu–Cd nano-ferrites with the chemical composition

of Cu0.8Cd0.2DyxFe2−xO4 (x = 0.00, 0.025, 0.05, 0.075, and 0.10) were fabricated

by CSGAC (citrate sol-gel auto combustion) technique using the respected elements

in their nitrate state and grounded powders and were calcined at 650 °C for 4 h. By

Using P-XRD, FE-SEM, HR-TEM, FTIR, UV-Vis, ESR, VSM, and I-V measure-

ments, the structural, optical, magnetic, and electrical characteristics of these ferrite

nanoparticles (NPs) were analyzed. P-XRD data has been used to investigate the

purity of the crystal structure, phase formation, and different structural properties

of Cu-Cd-Dy nano-particles. Between 13.82 and 18.32 nm is the size range of the

examined crystals. Particle sizes of 40–60 nm and grain sizes of 48–80 nm from

FE–SEM images, respectively, had been estimated. The spine structure can be ob-

served in measured FTIR spectra when functional groups and metal-oxide stretching

bonds were present. With a concentration of Dy3+, the coercivity (Hc) decreased

from 557.29-183.89 Oe at 300 K and from 749.85-410.72 Oe at 15 K, respectively.

At a temperature of 300 K for x = 0.025, the maximum saturation magnetization is

32.53 emu/g, whereas at a temperature of 15 K for x = 0.1, it is 38.85 emu/g. The

application of Dy3+ doped Cu0.8Cd0.2Fe2O4 nanoparticles in highly dense recording

media was demonstrated by the findings of the current studied samples, with im-

proved Hc, Ms, and Mr values at low temperature 15 K then the same values at

the average room temperature of 300 K [113].
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• N. Venkatesh, et.al. (2023) synthesized gadolinium-substituted magnesium nano

ferrites with composition MgGdxFe2−xO4(X=0.0-1.0 with 0.025 variations) via cit-

rate gel auto-combustion method. The influence of Gd3+ substitution on the pho-

tocatalytic, structural, magnetic, and electrical properties of Mg nano ferrites was

analyzed. To gain insight into the magnetic, structural, optical and electrical char-

acteristics of the synthesized materials, measurements such as XRD, SEM, FTIR,

UV-vis, VSM, and dielectric transport were used. In order to determine the sample’s

X-ray densities, crystallinity, lattice parameters, and unit cell volume, the XRD ana-

lytical technique was used. A crystalline size in the range of 15–19 nm was produced

by Scherrer’s formula. The formation of spinel structure was identified using FTIR

spectroscopy, which revealed two unique absorption bands at octahedral and tetra-

hedral locations, respectively, with wave numbers close to 400 cm−1 and close to 600

cm−1. Peaks in the 400 nm region of the PL spectrum were observed and displayed

fluorescence properties. The photocatalytic activity of the synthesized materials

was estimated using methylene blue and acid red, and pure Mg ferrite showed high

degradation activity with low crystalline size. The variation of samples from hard

to soft magnetic materials could be found using VSM research. The nano-ferrites’

frequency-dependent AC conductivity (ac) increased with temperature. With ris-

ing frequency, dielectric properties such as the dielectric constant and dielectric loss

(tan) are lowered. Dielectric tests have shown that the hopping process of electrons

results in dielectric dispersion between Fe2+ and Fe3+ ions [114].

• D. Hamad, et.al. (2023) investigated the morphological and magnetic character-

istics of Cd1−xCoxFe2O4 nanoferrite system with (0.0 <x<1.0 mole), prepared by

the hydrothermal technique. The structure of the synthesized nano ferrite as a result

of the X-ray diffraction (XRD) reveals that cadmium–cobalt nano ferrites possess

fcc CdO, hexagonal Fe2O3, hexagonal CoFe2O4 phases. To determine the typical

grain size, they used High-Resolution Transmission Electron Microscope (HRTEM)
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images. Using the Fourier Transform Inferred (FTIR) method,(M-O) the metal-

oxide bonds were verified. Since the magnetization saturation rises linearly with

Co concentration, this outstanding rise constitutes the greater value for a particular

sample that has been recorded [115].

• B. Sapkota, et.al. (2022) proposed their study on the fabrication and investiga-

tion of magnetoelectric properties in flexible PVDF-TrFE/Cobalt ferrite nanocom-

posite films, using a blade coating process. Here, the ferroelectric matrix was taken

into consideration. A two-step procedure was used to create the nanocomposite

films. The first step involved developing cobalt ferrite NPs by sonochemical method,

and the second process involved adding different weight fractions (0, 3, 6, and 9 %)

of the CoFe2O4 nanoparticles to the PVDF-TrFE to develop the composites. X-ray

diffraction proved PVDF-ferroelectric TrFE’s polar phase (XRD). When 5 wt. %

CFN was loaded into PVDF-TrFE composite films as compared to PVDF-TrFE

films, it significantly improved maximum polarization, according to research on the

ferroelectric characteristics of pure polymer/composite films. The authors outlined

a method for creating pure PVDF-TrFE films with outstanding optical quality and

without any pinholes. The mechanical investigations ultimately demonstrated that

adding nanoparticles to the co-polymer matrix boosts the strength of the films by

5 % before it starts to decline. Thus, it was found that the developed films might

work well with flexible electronics [116].

• S.I Ahmad (2022) reviewed the types of ferrites, their structure, room, and mag-

netic dielectric properties of pristine at low-temperature, of metal-doped Cobalt

ferrite (CFO). The author discusses an overview of XRD and the influence of calci-

nation temperature on FTIR processes. Dielectric, electric, magnetic, and impedance

spectroscopic properties at low temperature (FC) and zero fields (ZFC) have been

investigated for pure and doped CFO. In conclusion, this review summarizes recent

research on CFO nanoparticles while describing CFO’s structural, room tempera-

ture, and low temperature magnetic, and dielectric properties [117].
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• D.R. Lekshmi, et.al. (2022) synthesized ”an axially anisotropic magnetodielec-

tric composite formed from polymethyl methacrylate (PMMA) and NiFe2O4 (NFO)

was developed with the goal of achieving miniature antennas. By varying the vol-

ume % of NFO (5, 10, 15, and 20 vol %), which was incorporated into the PMMA

matrix, (0-3) thin film composites were fabricated. The investigation was carried

out for individual composites for dielectric, structural, magnetic, and magnetocapac-

itance measurements. Researchers theoretically simulated an 830 MHz microstrip

patch antenna that would serve as the antenna substrate. When compared to typical

values of permittivity and permeability by dielectric substrates, it is in approxima-

tion equal to unity, this MD antenna impressively scaled up by 95.46 % [118].

• Rekha Gupta, et.al. (2022) studied the magnetoelectric coupling phenomenon

in multiferroics because it has a variety of uses in electrically tunable microwave

devices, spintronic devices, and data storage. Since the discovery of magnetoelectric

coupling in a variety of single-phase and multiferroic composites in Cr2O3 in order

to generate a stable magnetoelectric coupling at room temperature, many of these

have been converted into device applications. Various device applications of mul-

tiferroic materials result from various magnetoelectric coupling phenomena. The

author succinctly reviews several major findings on room-temperature magnetoelec-

tric coupling [119].

• D.R. Fierro, et.al. (2022) studied nanocomposite materials, like similar compos-

ite materials on a macroscale scale, have grown significantly because the reinforce-

ment resolves for matrix flaws to provide substances with improved thermal, electri-

cal, and mechanical properties. Consequently, attention and deep study into poly-

meric composites strengthened with different kinds of nanoparticles have increased.

The nanoparticles which exhibit dual behavior - both magnetic and semiconductor,

are among those polymeric matrices that have best distinguished themselves in the

electronics sector. The development of daily electrical devices like televisions, lap-

tops, and cell phones has made excellent use of this characteristic. This review thus
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compiles the synthetic techniques for creating polymer nanocomposites with dual

magnetic and semiconductor properties, as well as their potential uses in electronic

domains and recent pertinent developments [120].

• S. Kangishwar, et.al. (2022) studied polymer matrix composites, which have

improved durability and corrosion resistance than many other materials and useful

design flexibility. Due to their better mechanical qualities and relative simplicity of

manufacture, these materials are thus acknowledged as advanced composite materi-

als. Because of this, producers are already using these sophisticated composites for

a variety of applications in numerous industries. The review focuses on diverse ma-

trices and reinforcement combinations utilized for various applications taking into

account their qualities, such as in the civil engineering industry, bio-medical ap-

plication energy harvesting, and biotechnology. Also, the multiple uses of polymer

matrix composites in the modern world and the difficulties they provide in a variety

of settings are discussed [121].

• X. Liang, et.al. (2021) proposed their review in extremely fascinating areas of

multiferroics. Following the resurgence of multiferroic laminated materials, with

high ME coupling coefficients has been a considerable study of magnetoelectric

(ME) materials and devices. New multifunctional gadgets in the next generation

heavily rely on the presence of two or more ferroic characteristics in ME systems.

Numerous ME systems, such as thin-film substances or single-phase and thin-film

composites like magnetostrictive/piezoelectric heterostructures, exhibit strong ME

coupling. Many device applications, including voltage-adjustable inductors, that

are small, light, & energy-efficient, have drawn an ever-increasing amount of atten-

tion based on the coupling processes. Next-generation magnetic devices have a lot

of potential thanks to these innovative ME materials. The authors attempted to

summarize the discoveries in magneto-electric materials, with a focus on nano-films

composites. There are also a few unanswered queries and potential future paths for

the community to offer [122].
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• I. Petrila, et.al. (2021) employed a sol-gel procedure to examine the influence

due to the sintering of Cu0.5Zn0.5Fe2O4 on the electrical, structural, and magnetic

characteristics. XRD demonstrates the crystallite size and phase of the prepared

samples. SEM and AFM reveal the impact of sintering on several aspects viz.

size of the crystallite, homogeneity, and porosity. At ambient temperature, relative

permittivity, relative permeability, and electrical conductivity were computed with

frequency. Eventually, at varying levels of humidity, an evaluation of relative permit-

tivity, electrical conductivity, and temporal response has been done. Consequently,

the prepared sample would have the possibility to be used in humidity sensors [123].

• A. Manikandan, et.al. (2020) in the current study studied magnetic Fe3O4 NPs

and non-toxic luminous ZnO NPs were separately created using the co-precipitation

approach. Both of these NPs were incorporated in a silica matrix to create the

ZnO@Fe3O4 nanocomposite (NCs). Powder XRD demonstrates that the cubic in-

verse spinel structure of Fe3O4 and the hexagonal wurtzite structure of ZnO were

formed. The prepared ZnO@Fe3O4 NCs combined both phases. In samples of ZnO

NPs, and ZnO@Fe3O4 NCs, Fe3O4 NPs, metal-oxygen stretching bands were de-

tected in FT-IR spectra with absorption peaks. The superparamagnetic properties

of magnetite and ZnO@Fe3O4 were demonstrated by VSM data, while ZnO@Fe3O4

NC saturation values were significantly reduced. ZnO and ZnO@Fe3O4’s photolumi-

nescence (PL) spectra demonstrated that both samples have excellent luminescence

properties. Comparing ZnO@Fe3O4 NCs to bare ZnO NPs, the PL intensity of the

latter has decreased. ZnO@Fe3O4 still has excellent luminous properties, though.

The application of the ZnO@Fe3O4 NCs was successfully demonstrated. As a re-

sult, it can be applied to optical imaging applications as well as MRI contrast agents

[124].

• Debajyoti Nath, et.al. (2020) had synthesized the polymer-based hybrid nanocom-

posites of LaFeO3, poly(vinylidene fluoride) (PVDF) via pyrophoric and polymer-

ization reaction processes. ”The study of xLFO-(1-x)PVDF nanocomposites with
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variables fractions (x = 0.5, 0.6, and 0.7) were carried out via impedance and mod-

ulus spectroscopy. The improved dielectric properties for hybrid nanocomposites

were studied through surface modification and LaFeO3(LFO) distribution inside the

polymer. The XRD pattern reveals the accurate formation of phases. No phase seg-

regation of hybrid materials was present. Thus, the study focuses on the electrical,

and dielectric properties and their dependence on the magnetic field in a system

potentially capable of industrial applications” [125].

• S. Ikram, et.al. (2020) assessed the impact on the dielectric, magnetic, electrical,

and structural characteristics of the doping of the rare earth metal cations. XRD

scans and subsequent FTIR analyses verified the spinel ferrite in the cubic structure

of all as-produced systems. The type of dopant RE3+ ions has an influence on the

lattice constant, and crystallite size. Secondary phases on doping La exist for x >

0.2 owing to the La larger radius than the Ce. The spin order coupled with RE3+

ionic radius was affected by decreasing crystallite size, resulting in a reduction in

magnetization. The decrement in the coercivity and increment in the permeability

was examined for the dopant having a short radius. The dielectric constant, as

well as dielectric loss, dropped with the decrement in the frequency. These ferrites

NPs were applicable for microwave and high-frequency appliances according to their

described properties [126].

• R.P. Patil, et.al. (2020) synthesized Mn-doped LiFe2O4 NPs by employing the

sol-gel procedure. The prepared sample is sintered in air at various temperatures.

FTIR, SEM, and XRD have been utilized for the examination of morphological

and structural characteristics. All of the samples had a nanocrystalline single cubic

phase structure, as per the XRD pattern. The SEM method is used to provide mor-

phological investigations of produced nanocrystalline materials. It can be observed

that when the sintering temperature rises, the average grain size grows dramatically.

According to FT-IR investigations, the spinel phase forms at a higher sintering tem-

perature [127].



Chapter II. Literature Review 44

• Ajith. S. Kumar, et.al. (2019) manufactured the composite systems by employ-

ing piezoelectric (BCZT)/magnetostrictive CFO) with respect to the CFO weight

fraction. Despite having strong magnetocapacitance (MC) characteristics (sim 35

%), composite systems are unreliable for calculating the ME coupling coefficient

(MECC) quantitatively because of potential stray contributions from magnetoresis-

tance and magnetostriction. The magnetic, ferroelectric, electrical, and magneto-

electric (ME) characteristics of the system are studied and reported with respect

to variable ferrite concentration In order to measure magnetoelectric coupling, a

dynamic approach is selected. Every mixture displayed rather strong ME coupling.

The ME coupling is discovered to increase with ferrite fraction, with a composite of

0.6BCZT and 0.4CFO exhibiting the maximum ME coupling with 15 mV/(cm Oe).

These materials are used for magnetic field sensors to energy harvesters applications

[128].

• I. Hussain Lone, et.al. (2019) reports the development of different kinds of

nano-materials which possess both electric and magnetic properties at the nanoscale.

This review article discusses the wide range of applications and active research that

such materials with magnetic and electric characteristics have. Even in materials

where the magnetic property would alter by an electric field or vice versa, these

materials induce new features that are crucial in electronic and magnetic devices.

The demand for such ferroic qualities for scientific applications is urgent, and their

discovery opens up a brand-new field with great promise for the development of

cutting-edge materials both technically and economically. Recent research has fo-

cused on the actual mechanism through which the multiferroic characteristics exist,

and novel metal oxide compounds have been found. This work has explored the fun-

damentals and structural variations of ternary transition metal oxides, which have

unique features in storage systems like magnetic read heads and hard disc platters

[129].
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• D. Kumar Rana, et.al. (2019) successfully synthesized Polyvinylidene fluoride

and bismuth ferrite (BiFeO3)(BFO) flexible nanocomposites films with varying con-

centrations of BFO nanoparticles via the two-stage sol-gel method of a bottom-up

approach. The XRD confirmed the phase purity of BiFeO3 NPs, distinct phases

of crystallinity for PVDF-BFO composites. Also, the particle size of BiFeO3 is ob-

tained with a particle distribution pattern, which is estimated to be 34 nm in size

and had been obtained from (TEM) analysis. The room temperature ferromagnetic

and ferroelectric ordering of composites has been confirmed by magnetic and elec-

tric hysteresis loops respectively. On addition of the bismuth ferrite nanoparticles

into the PVDF matrix, increases the storage density of composites. The magne-

todielectric coupling measurement, whose maximum value is seen 0.04 % at 7.9 wt.

% of BFO nanoparticles inserted into the matrix confirms the presence of multi-

ferroicity in the nanocomposite. Therefore, the establishment of room-temperature

multiferroic nature in polymer composites suggests that it may be improved for use

in spintronic devices, flexible electronics, and energy storage in the future [130].

• Papia Dutta, et.al. (2019) investigated the magnetoimpedance and magnetodi-

electric characteristics in LaFeO3 (1-x) %/organic paraffin wax (x) %, where (x= 0.2,

0.4, 0.8, 1.0) at room temperature. The introduction of a dielectric non-magnetic

layer over the surface in LaFeO3 NPs was done in order to study the modifica-

tions in the conduction mechanism. The enhancement of MI (227 %)and MD (76%)

effected at low-frequency regions are achieved at (0.5 %) nanocomposite of piezo-

magnetic materials. Also, the XRD confirms only the existence of LFO peaks and

FESEM analysis of the particle size in nanometres at varying magnifications for x =

0.5%. The AC electrical studies reported the conduction system controlled through

impedance spectroscopy, which was found to be minimum for x = 0.5 % composite.

Thus, the successful synthesis of hybrid nanocompobehavior found to be of massive

interest for energy storage and sensor-based applications [131].
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• B. karthikeyan, et.al. (2019) presented their study on the various chemical syn-

thesis methods of nanohybrid preparation. The author emphasized today’s societal

needs which are, the miniaturization of electronic devices, which could determine

the new generation materials by investigating novel as well as simple nanohybrid

preparation methods. The bottom-up processes such as ultra-sonochemical syn-

thesis, seed growth mechanism, co-precipitation method, hydrothermal routes, and

sol-gel approach techniques had been studied. The sol-gel technique is immensely

utilized in nanostructure preparation consisting of multiple parts, and the resultant

is formed because of slow reaction kinetics. Similarly, the hydrothermal method is

the most successful way out for the synthesis of innovative nanohybrids for cosmetol-

ogy applications, etc. As a result, the bottom-up technique, that has been employed

by researchers to amalgamate the atomic molecules of the nanoscale industry in the

most regulated manner, was found to be the best of all the approaches under study

[132].

• S. Hcini, et.al. (2018) exploited the sol-gel approach for the production of

Ni0.4Cd0.3Zn0.3Fe2O4 and investigated the critical, magneto-caloric, magnetic, and

structural characteristics of the temperature. The increment in the size of the crys-

tal and lattice constant was perceived with a rise in the temperature. The devel-

oped samples contained transitions from FM-PM are noticed in the magnetic investi-

gation. The enhancement in the relative cooling power, entropy, Curie temperature,

and magnetization was manifested with the enhancement in the temperature. Owing

to the enhancement in the size of the crystal, there arises variability in the critical

exponents [133].

• F.Madidi, et.al. (2018) presented a study that reports the electrical characteris-

tics at vulcanized (RTV) silicon rubber SR reinforced with variable TiO2 concentra-

tions. To achieve this, Triton X-100 a surfactant was added to improve the spreading

of micro-NPs across the surface in order to produce homogeneous composites for the

improvement of permittivity from 4.2 to 5.2 at 70 Hz across the samples. The study
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also proposed, at 165 Hz and 20 wt.% TiO2, the portion of permittivity that is

frequency-dependent is quadruped for two sizes of particles: 25nm and 1um”. Thus,

it was observed that the dielectric properties were improved by using 5 wt. % and

10 wt. % TiO2 nano- and microparticles, which can be significant for high-voltage

electrical insulation [134].

• H. Palneedi, et.al. (2016) published their review article on multiferroic mag-

netoelectric (ME) composites, which are interesting materials for coupled electrical

and magnetical devices. It is crucial to choose a combination of piezoelectric and

magnetostrictive materials with feasible properties and adopt a suitable fabrica-

tion approach to configure the constituents of the composite, optimize interfacial

coupling, and other dynamic parameters. In order to develop a thorough under-

standing of the contributing factors in order to achieve strong ME coupling and

high-performance ME composites. Thus, reasons are briefly summarised by au-

thors, along with information on fabrication procedures, characterization methods,

and concepts on converse (electric to magnetic) & direct (magnetic to electric) ME

devices. In general, overall investigations into ME composite systems have proved

to be significant for science and technology [135].

• Chaturmukha, et.al. (2016) evaluated the dielectric characteristics of polyani-

line/titanium dioxide (PANI/TiO2) nanocomposites, which were successfully syn-

thesized by polymerization technique. The (1-x)PANI-xTiO2 nanocomposites of

different compositions were prepared by various weight % of TiO2 = 10%, 20%,

30%, 40%, and 50% with respect to aniline monomer. The powdered samples were

analyzed via XRD and SEM. Further, dielectric characteristics and AC conductiv-

ity are studied in the range of frequency (1 kHz - 10 MHz). Thus, it was observed

that at higher frequencies(>106 Hz), nanocomposites exhibit zero dielectric loss and

maximum value of conductivity σac), for a concentration of 20% of TiO2 in polyani-

line [136].
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• A.P. Pereira Fulco, et.al. (2015) investigated ”polymeric composite materials,

which offer various advantages for applications due to the combination of properties,

which includes high specific mechanical strength and elastic modulus, and corrosion

resistance. Nondestructive evaluation (NDE) techniques that rely on magnetic sen-

sors cannot be used on these materials since they are not magnetic. Characterization

of circular plates with notches of diameters 1, 5, and 10 mm was carried out using

the magnetic flux leakage technique. For the barium ferrite, the impact of parti-

cle size on the magnetic characteristics of the composites was also examined. The

findings showed a strong link between the magnetic signals that were detected and

the presence of notches. The detection of the tiniest notch was made more difficult

by smaller average particle sizes. With regard to the intermediate and larger size

notches, it produced a better signal-to-noise ratio” [111].

• M. Rahimi et.al.(2013) utilized a wet chemistry (sol-gel) approach for the prepa-

ration of Ni0.3Zn0.7Fe2O4 ferrite NPs. The prepared sample’s magnetic and struc-

tural characteristics are highly influenced by the temperature (sintering). The de-

velopment of the single-phase in the prepared samples was ratified by the XRD. The

typical crystallite size was estimated to be in between 12 and 60 nm. As crystallite

size, the Ms also enhances, whereas Hc first inclined and then declined, according to

magnetic investigations of sintered samples at various temperatures. The findings

of AC susceptibility studies on Ni0.3Zn0.7Fe2O4 NPs reveal that the NPs interaction

(magnetic) may cause superspin glasses-like behavior [137].

• Qian Liu, et.al. (2011) proposed the study of the colossal magnetodielectric

effect under the influence of the magnetoelectric effect. The choice of the sample

was Pb (Zr, Ti)O3/Tefenol-D laminate composite, in which a strong ME effect was

revealed, attributing to the colossal MD effect at low external ac magnetic field at

normal room temperature. On applying a magnetic field to a ME composite, a

polarisation induced on the surface of the sample impacts dielectric constant. The

capacitive or dielectric permittivity of the composites is tailored by the application
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of a low magnetic field. Thus results discussed above are essential for understanding

the MD and ME effects relationship [138].

• Sreemanta Mitra, et.al. (2011) synthesized Polyvinyl alcohol (PVA) solidified

in a solution containing dispersed graphene nanosheets to form films with a width of

120 µm. The graphene-PVA contact produces localized states that are the cause of

the electrical conductivity. A Debye-type relaxation phenomenon occurred due to di-

electric permittivity data with respect to frequency. The nanocomposites displayed

a magnetodielectric effect on increasing magnetic field (2 T), with the dielectric

constant increasing by 1.8 %. Maxwell-Wagner polarisation was applied to explain

the effect using a 2D-composite model. This category of composite is useful for

nanogenerator applications [139].

• Cesar Morales, et.al. (2011) reported the study of tunable magnetodielectric

polymer composites with evenly dispersed F e3O4 magnetic nanoparticles of 8 nm

diameter and of 1-6 GHz frequency range, which through raising the relative permit-

tivity as well as relative permeability of the composite material, could improve its

microwave properties. The relative permeability and permittivity of the composites

are determined by using a conformal mapping method. Therefore, these qualities

are highlighted in the design of adjustable RF elements like attenuators, antennas,

and switches [140].

• S.D. Bhame, et.al. (2008) evaluated the magnetostrictive behavior of cobalt fer-

rite made using a conventional ceramic technique to the sintering temperature and

stay time. The results of this investigation show that the microstructure of the resul-

tant sintered product has a significant impact on the quantity of magnetostriction.

When the sintered material contains tiny, homogeneous grains with a less permeable

structure, the magnetostrictive strain rises. Considering samples that were sintered

at a lower temperature of 1100 oC, higher magnetostriction is produced”. These

findings are further supported by an examination of the microstructural and mag-

netostrictive characteristics of various additives during sintering [141].
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• O.P. Dimitriev, (2004) ”investigated the effect of PANI films doped in transi-

tion metal salts in order to increase the conductivity. The author reported that

emeraldine base (EB) could interact with various transition metal salts, forming an

insoluble precipitate in the DMFA solution. The two extreme cases of doping were

further separated based on their electrode potentials and the use of inorganic salt.

Complex conductivity measurements, morphological analyses, and UV-vis-IR spec-

troscopy were all carried out. Thus, transition-metal salts (chlorides or nitrates) can

be added to PANI as dopants to change the film’s shape and molecular structure”

[142].

• Ashis Dey, et.al (2004) had synthesized PANI/TiO2 nanocomposites from a so-

lution of TiO2 nanoparticles. The study of the transport and dielectric properties of

these nanocomposites at low temperatures and low frequency had been described.

The study of dc and ac conductivity of varying concentrations of PANI with respect

to frequency/temperature had been analyzed. Therefore, a huge dielectric constant

∼ 4000 is estimated at 300 K, along with the maximum permittivity for PANI(370)

and TiO2(115). Thus materials with such large dielectric constants can be used in

the fields of memory storages, microactuators, and semiconductor devices [143].

2.2 Research Gaps

After surveying numerous pieces of literature in the field of the hybrid multiferroic nanocom-

posites, their route of synthesis, characterizations, and applications for energy storage ca-

pacitors, below are the mentioned research gaps, which are listed as follows:

(a) Energy storage composites with large dielectric constants are very limited in the

present literature. There are plenty of ways to improve volumetric capacitance

which needs systematic study of dielectric response on different kinds of composite

systems.
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(b) The percolative technique is less likely to be investigated in the literature to attain

high volumetric capacities based on the rapid growth of a composite system’s di-

electric constant. Moreover, this phenomenon can gain a rich flavor of physics by

showing various exotic effects, as if the dielectric constant and magnetism of the

material are coupled with each other for analysis.

(c) Development of magnetodielectric materials involves a couple of ways. The study of

the magnetodielectrics in hybrid nanocomposite systems can broaden the search for

improved magnetodielectric materials and can give better flexibility for fabricating

new devices and systems with improved magnetic-insulating material properties.

(d) Strongly correlated electron systems such as NiO/PVDF, NiCoFe2O4/PANI, etc.,

are another kind of unconventional electronic material where the study of multifer-

roic properties and the effect of magnetoelectric coupling is very limited.

(e) Today ample literature on magnetodielectric properties of single-phase systems has

been carried out. However, for the multiphase/heterogenous systems, a detailed

study of novel dielectric and multiferroic properties has been lacking in many ways.

To overcome these research gaps, the following research objectives have been framed.
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2.3 Research Objectives

The primary objectives of the current research’s investigation are:

(1) To synthesize a hybrid nanocomposite, comprising polymer polyaniline (PANI) along

with transitional metals in order to yield some interesting rich phenomenon.

(2) The characterization of nanocomposite system, along with the study of the mag-

netodielectric effect on both single phase and in better heterogeneous composite

systems.

(3) The study of the origin of the magnetoelectric coupling effect in the nanocomposite

system.

(4) The study of percolation and finding percolation threshold in magnetodielectrics.



Chapter 3

Materials and Methodology

3.1 Materials

The materials utilised in our conducted experiments are the types of composite dielectric

systems, which are synthesized for the purpose of increasing the dielectric constant of the

composite systems for their use in high-energy storage applications. The composite di-

electric systems are synthesized by combining both the host (metals, polymers) and filler

(ceramics) materials into a matrix. Several combinations, including dielectric-dielectric,

dielectric conductor, and dielectric-semiconductor phases, could constitute this host-filler

inclusion system. A structured matrix of a certain type may be included in the constituent

phases to produce desired dielectric properties, or the inclusions may be distributed ran-

domly throughout the host medium or form a structural embedding system made up of

multi-layer ”layups” by the component phases. Therefore, a composite dielectric can be

thought of generally as a mixing medium that is largely heterogeneous and may also be

anisotropic and nonlinear.

Out of these systems, we have specifically worked on both single-phase (NiCoFe2O4)

and heterogeneous systems, such as ionic composites (NaCl-TiO2), hybrid composites

53
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(NiCoFe2O4-PANI) and various others. The aspect ratio of all these components has been

different and is measured by considering weight fraction (wt. %). Below are the following

synthesized and used materials,

3.1.1 Titanium dioxide (TiO2)

TiO2 has several properties that make it well-suited for use as a dielectric material. It

bears a high dielectric constant, which indicates its capacity to store a large amount of

electrical energy for a given voltage. It also has a high breakdown voltage, which means

that it can withstand high electric fields without breaking down.

Titanium dioxide (TiO2) has a crystalline structure and exists in several forms (poly-

morphs). Generally, TiO2 exists in rutile, anatase, and brookite polymorphs, each with

its own unique crystal structure.

• Being the most stable, rutile has a tetragonal crystal structure. and commonly

occurring form of TiO2.

• Additionally, anatase has a tetragonal crystal structure and is often used as a pho-

tocatalyst, due to its high surface area and reactivity with light.

• Brookite TiO2 has an orthorhombic crystal structure and is the least common form

of TiO2. It is less stable than rutile or anatase but can be synthesized under specific

conditions.

All forms of TiO2 are composed of titanium and oxygen atoms arranged in a crystal lattice

structure. The variations in crystal shape and concentration of the polymorphs result in

differences in their physio-chemical properties, which signifies their importance for various

industries.

In our project, we have synthesized TiO2 in Anatase and Rutile polymorphs. The

detailed study of polymorphs, synthesis, and their application as dielectric material is
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mentioned in Chapter 5. The below Figure 3.1 depicts the synthesized TiO2 in powder

form.

Figure 3.1: Bulk TiO2 in powder form.

3.1.2 Sodium Chloride (NaCl)

In different chemical applications, such as capacitors, batteries, and the electrochemical

industry, electrolytic solutions, and the solid-electrolyte interface are crucial. Since Na is

vastly available in a variety of forms (such as sea salt and rock salt), it is a cost-effective

substance. Na is an alkali metal in Group 1 of the periodic table, just like Li.

TiO2 serves as a filler in the ionic matrix of NaCl in our work, and Chapter 5 places

a lot of attention on the research of the composite systems’ dielectric characteristics. For

potential use in ionic storage systems, the composite systems TiO2(x)NaCl were also

characterised by XRD, FTIR, and FESEM analyses. Sodium chloride [99.5% AR/ACS

(NaCl)] from Loba Chemie Pvt. Ltd. is shown in powder form in Figure 3.2 below.



Chapter III. Materials and Methodology 56

Figure 3.2: NaCl from Loba Chemie in powder form.

3.1.3 Nickel Cobalt Ferrite (NiCoFe2O4)

Nickel cobalt ferrite (NiCoFe2O4) is a type of spinel ferrite with a chemical composition of

Ni1−xCoxFe2O4, where x is the ratio of nickel to cobalt, and for the sake of uniformity, its

value is 0.5. NiCoFe2O4 possesses significant characteristics of high magneto-crystalline

isotropy and high resistivity. Moreover, their fascinating properties make them ideal for

diverse applications, such as magnetic data storage, microwave devices, magnetic sensors,

and others. The below Figure 3.3 depicts the synthesized Ni0.5Co0.5Fe2O4 in powder form.
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Figure 3.3: Bulk Ni0.5Co0.5Fe2O4 in powder form.

3.1.4 Polyaniline (PANI)

Polyaniline is a conductive polymer that belongs to the family of organic semiconductors.

It is a synthetic polymer made by the polymerization of aniline, (an aromatic amine).

Polyaniline can exist in several different forms, including emeraldine base, emeraldine salt,

pernigraniline base, pernigraniline salt, and lucoemeraldine, which differ in their physical

and electronic properties, depending on the synthesis.

One of the unique properties of polyaniline is its tunable electrical conductivity. De-

pending on the doping level, it can exhibit either metallic or semiconducting behavior.

This property makes it useful for a variety of applications, such as in electronic devices,

sensors, and batteries.

Polyaniline is also known for its environmental stability, biocompatibility, and ease

of processing. It can be easily synthesized through chemical or electrochemical polymer-

ization methods, and its structure can be tailored to meet the requirements of potential

applications in energy storage, such as in supercapacitors and batteries, due to its high

specific capacitance and charge-discharge efficiency.
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In our system, polyaniline (PANI) has been synthesized in a stable form. Among all

the forms of PANI, the Emeraldine base is regarded to be more stable at room temperature,

and the fact that upon doping with acid (protonation), Emeraldine base becomes highly

electrically conducting, known as Emeraldine Salt. Therefore, to improve the dielectric

properties of PANI, we have synthesized PANI of emeraldine base (EB) via de-doping of

emeraldine salt (ES), where electrical conductivity is found to be reduced in the order of

10−8 S m−1 at room temperature. The below Figure 3.4 depicts the synthesized PANI

(Emeraldine Base) in powder form.

Figure 3.4: Bulk PANI (Emeraldine Base) in powder form.
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3.2 Methodology

The methodology or synthesis process plays a vital role in the production of spinel fer-

rite, polyaniline (PANI), and spinel ferrite-PANI nanocomposite (NC). Various well-known

properties of the spinel ferrite viz. structural, morphological, magnetic, and dielectric were

highly influenced by the methodology utilized. However, these above properties also have

a greater impact on the composition, type of dopant used, and sintering temperature of the

prepared material. For the preparation of the PANI, an appropriate selection of dopant,

oxidant, temperature, and synthesis techniques is required. For preparing the NC (spinel

ferrite-PANI) a facile and quick synthesis procedure should be chosen for excellent entan-

glement of PANI with spinel ferrite nanoparticles (NPs). Furthermore, for the dielectric

electrode preparation, the material relies heavily on the type of the conducting substrate,

binder, and the substance’s surface. As per our ability and extent, the best synthesis tech-

niques for the synthesis of our materials are, sol-gel auto combustion, chemical oxidative

polymerization (COP), and physical blending, which have been employed for the synthesis

of the spinel ferrite, PANI, and spinel ferrite-PANI NC respectively. The detailed proce-

dures for the preparation of the materials by these above-selected techniques along with

the properties are mentioned one by one below.

3.2.1 Synthesis of Spinel ferrite

Figure 3.5 illustrated a variety of techniques are available to synthesize spinel ferrite, in-

cluding hydrothermal, sol-gel, co-precipitation, ceramic, microwave, solid-state, and spray

pyrolysis.

The sol-gel method is preferred over the other methods mentioned above due to its

low cost, formulation of products with nanosized structures, homogeneity, formulation

of thin films, mass production, reduction of the crystallization temperature, formulation

of products with porous structures, minimal time required for product synthesis, and
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Figure 3.5: Techniques for Spinel ferrite synthesis.

formulation of immaculate products. Furthermore, this process is environmentally friendly

because it uses water extracted from distillation as a solvent in the sol-gel [144].

3.2.1.1 Sol-Gel Auto Combustion Method

The wet chemical process known as the sol-gel auto-combustion method is the most widely

used and simple approach for the creation of nanoparticles. It is mainly used for metal

oxide synthesis. The popularity and wide acceptance of this method are attributed to its

great advantages over other methods of synthesis such as the hydrothermal method, ce-

ramic method, solid-state reaction method, and co-precipitation method. The advantages

of the sol-gel process include regulated porosity and particle size, low operating temper-

atures, a minimal amount of costly supplies needed, high homogeneity, and the ability to

synthesize thin films. The beginning of this process as depicted in Figure 3.6 is to convert

monomers or starting material into a colloidal solution (sol) which acts as a precursor for

the further formation of a gel [145].
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Figure 3.6: Schematic of Sol-gel auto-combustion for the synthesis NPs.

[146]

The raw material such as metal nitrates or alkoxides is usually dissolved in a liquid

medium such as ethylene glycol, distilled water, or a suitable acid to form a “sol” which is

succeeded by aging and then heating of the sol to get what is named as ”gel”, further dry-

ing or heating the gel at higher temperatures evaporate the liquid medium and transform

the gel into a “precursor”. A sol is a colloid suspended in a liquid, however, a gel is a sus-

pension that maintains its shape, thus the name ”sol-gel”. The hydrolysis, condensation,

and polymerization of monomers produce particles and particle agglomeration, followed

mostly by the creation of a network that spreads across the liquid media, resulting in the

formulation of a gel using the sol-gel auto-combustion method. Hydrolysis is a chemical

breakdown of a compound when reacts with water whereas condensation is the conversion

of a gas or vapor into liquid.

3.2.2 Sample Preparation NiCoFe2O4 (NCF)

Figure 3.7 illustrated, the sol-gel auto-combustion method for the synthesis of NCF spinel

ferrites. AR-grade chemicals are employed in this method of production.
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Figure 3.7: The detailed synthesis of NiCoFe2O4 (NCF) spinel ferrites via sol-
gel auto-combustion method.

3.2.3 Synthesis of Polymer (Polyaniline)

As shown in Figure 3.8, the polyaniline (PANI) synthesis methods revealed by various

research groups can be categorized as: (a) with oxidant and (b) without oxidant. The first

part involves interfacial polymerization, enzymatic polymerization, solid-state polymer-

ization, chemical oxidative polymerization (COP), microemulsion polymerization, plasma

polymerization, electrospinning technique, and ultrasonic irradiation, while the latter part

involves only electrochemical polymerization [147].
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Figure 3.8: Different routes for synthesis of PANI

Because of its advantages and widespread use among the aforementioned procedures,

chemical oxidative polymerization (COP) is suggested. [148][149][150]:

• The COP is a facile synthesis technique that yields immaculate PANI in bulk

amounts.

• In COP the starting material used was cost-effective.

• The COP controls the growth and alignment of the PANI nanofibers.

• The COP will take less than 1 h to complete the polymerization of PANI.

• In the COP technique, the oxidant part could be cycled.

• The dosage of the oxidant utilised in the COP is extremely low due to its decreased

molecular weight.

• Unlike other synthesis techniques, the PANI prepared by the COP technique can be

deposited on both the conducting as well as non-conducting substrates.
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• The PANI prepared by the COP technique doesn’t require the nasty or toxic solvent

for the preparation of PANI ink which is to be loaded on conducting substrate surface

by utilizing spin or dip coating.

3.2.4 Sample Preparation Polyaniline (PANI) by Chemical

Oxidative Polymerization (COP)

Polyaniline (PANI) is produced in an aqueous environment utilizing the dopants (HCl) and

an oxidant (APS) in chemical oxidation polymerization (COP) [150][151]. The oxidant

might remove a proton from the aniline monomer at this stage without forming a bond

with the final product.

The monomer [aniline], oxidant [K3(Fe(CN)6, (NH4)2S2O8, Ce(SO4)2, H2O2, NaVO3,

KIO3, K2Cr2O7], and dopant [HCl, H2SO4] are involved for the chemical production of

PANI. The most widely utilized and facile technique for the production of the PANI is the

COP. In this technique, the monomer of aniline acts as a neutralizer by interacting with the

doping reagent. The polymerization phenomenon occurs at different temperatures when

the oxidizing reagent is added drop by drop to the aforementioned (aniline+HCl) solution.

After 3 h, the PANI polymerization is pretty much under completion, and the resulting

PANI is still in aqueous form. The PANI residues are collected by filtering the PANI

solution, which is then washed repeatedly with distilled water to obtain a pristine PANI.

The resulting PANI residue is then rinsed with acetone to render the colorless filtrate and

ensure that all non-reactive elements are eliminated. The final PANI is emeraldine salt

(ES) with a slime-green colour which is unstable in nature [152]. As a result, the ES state

transforms to the emeraldine base (EB) state of PANI at ambient temperature, which itself

is inherently stable, enabling these precipitates to reach equilibrium by dedoping with an

adequate quantity of ammonia (NH4OH) [153]. Figure 3.9 depicts the detailed synthesis of

polyaniline (ES & EB) utilizing the chemical oxidative polymerization method,
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Figure 3.9: Chemical oxidative polymerization method for preparation of
polyaniline.

3.2.5 Synthesis of Spinel Ferrite (NCF)-Polyaniline (PANI)

Nanocomposite

In situ, polymerization and physical blending, also known as direct compounding, are

the two main approaches used by scientists to create polymer PANI-based nanocomposite

materials [154].

Depending on the kind of nanoparticles and polymeric matrix utilized, in addition to

the desired qualities for the end product, a suitable approach has been implemented. Since

it requires little effort, little time, and minimal expenses, the physical blending method

is frequently employed to create PANI-based nanocomposite materials. In addition, com-

pared to the in situ polymerization process, it is much more difficult to achieve a suitable

dispersion of the nanomaterials in the PANI matrix when using the blending method.
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3.2.5.1 Physical Blending Method

Physical Blending, sometimes known as direct compounding, is considered to be a facile

and quick procedure to produce polymer nanocomposites (NCs). The solution, emulsion,

melt, mechanical, and physical are the commonly known blending procedures, as illustrated

in Figure 3.10. These blending procedures deal with the direct insertion of nanoparticles

(NPs) into the polymer matrix in the required proportion. The preforms of polymers and

NPs are prepared separately in this case before being blended together to produce the

NCs. Aside from the benefits, there are also drawbacks to this procedure, as it results in

non-uniform dissemination of NPs inside the polymer matrix owing to NPs agglomeration

[155]. Regardless of the drawbacks mentioned above, the blending procedures continue to

be utilized for the production of polymer NCs.

3.2.6 Sample Preparation of Hybrid (NCF-PANI) Nanocom-

posite

Recently, many polymer-ceramic composites have been successfully prepared, for the con-

struction of traditional high-dielectric-constant polymer-ceramic nanocomposites. A great
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Figure 3.10: Blending method for synthesis of the hybrid nanocomposite.

challenge during the preparation of such polymer-ceramic composite films is how to homo-

geneously disperse fillers in the polymer matrix, which is responsible for the final properties

of the composite.

The present work reports the preparation of hybrid composites xNCF:(1-x)PANI via

one of the ternary blend preparation methods known as physical blending. Additionally, it

is also expected that combining two components with different degradation characteristics

would alter the original characteristics of the components. Thus, the composites here are

prepared by fine grinding and homogenous mixing of NCF ferrite in the polymer PANI

matrix via mortar and pestle. Additionally, followed by mechanically pressing the samples

using the cold-press technique via KBr mechanical press instrument. The xNCF:(1x)PANI

nanocomposites are prepared with respective weight fractions (wt.) of x = 0, 0.1, 0.3, 0.5,

0.7, and 1, where x is the NCF ferrite in the polymer matrix of PANI, as can be seen in

the Figure 3.11.



Figure 3.11: Synthesis of xNCF:(1-x)PANI Nanocomposite via Physical blend-
ing method.

After the synthesis of hybrid nanocomposites, the nanocomposites as electrodes are

fabricated. These electrodes are created using Ted Pella, Inc.’s Pelco conductive silver

paint, which serves as the connection for the instrumentation. Figure 3.12 represents one

of the working electrodes for the dielectric study.

68
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Figure 3.12: Fabrication of working electrode for xNCF:(1-x)PANI (x = 0.3)
nanocomposite.
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Chapter 4

Physiochemical Characterization

Techniques of Materials

4.1 X-Ray Diffraction (XRD)

One of the best methods for figuring out the materials’ structure is the XRD process.

The chemical substance may be recognized by XRD based on its crystal structure, and

multiple phases of the same molecule can also be detected [156][157][158]. X-rays are

electromagnetic radiation beams with short wavelengths and high energy. When a high-

speed electron via a high-voltage acceleration field collides with a target (metal), X-rays

are created. The kinetic energy of moving electrons transforms into X-ray radiation as a

result of their fast deceleration.
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Figure 4.1: (a) Schematic representation for the generation of X-rays, and (b)
concept diagram explaining the generation of Kα and Kβ X-rays. (c) The complete
schematic representation for the X-ray generation and diffracted rays’ detection

during the XRD experiment.

The X-rays wavelength radiation (λ in nm) can be related to the accelerating voltage

of the electrons (V) by the following Equation 4.1 [157],

λ = (1.2398 ∗ 103)/V (4.1)

An X-ray tube (XRT) is needed in order to produce X-rays. Figure 4.1a illustrates the

basic construction of an XRT, which consists of a stream of accelerated electrons and

two metal electrodes in a vacuum. The application of a very high voltage between these

two electrodes rapidly hit the fast-moving electron on the metal target (copper, iron,

molybdenum, chromium). The windows of the XRT allow the X-rays that are created at

the collision site to pass through. Although the XRT produces X-rays with a variety of

wavelengths, only monochromatic X-ray radiation is necessary for the XRD methods. By

removing other radiations from the spectrum using a nickel filter, monochromatic radiation

is created.
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Figure 4.2b provides an illustration of the fundamentals of characteristic X-ray pro-

duction. A vacancy is generated when an incoming electron with sufficient energy knocks

an electron from an atom’s inner shell into a higher state, filling it with an electron from

the outer shell. Radiation with a distinctive wavelength that is in the X-ray energy range

is emitted as a result of the transition of electrons from a higher energy shell to a lower

energy shell. The highly intense Cu Kα radiation is widely used to characterize the sam-

ples. The crystal structure and phase detection of material are identified by determining

the d spacing, and the obtained peaks are recognized by matching the ICCD (Interna-

tional Centre for Diffraction Data) database, also known as (JCPDS) Joint Committee on

Powder Diffraction Standards.

Bragg’s law governs the fundamental rule of X-ray diffraction in the crystalline struc-

ture, where λ is the source’s wavelength, d is the interlayer spacing, n is an integer (order

of diffraction), and θ is the incident angle. Bragg’s law is given by Equation 4.2 [159][160]:

2dsinθ = nλ (4.2)

Using Scherrer’s formula and equation 4.3, it is possible to determine the sample’s crys-

tallite size from the full width at half maximum (FWHM) of the strongest diffraction line.

[161]:

D = (Kλ)/β cos θ (4.3)

Here, D is grain size, β is FWHM of the peak in radians, θ is Bragg’s angle, and K is

constant. The ’K’ value range varies from 0.89 to 1.39, but it is most commonly very close

to 1.
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4.2 Fourier Transform Infrared Spectroscopy (FTIR)

In order to determine the covalent bonds and functional group information of the pre-

pared samples, Fourier-Transform Infrared Spectroscopy (FTIR) is an effective analytic

technique. The spontaneous orientation of the dipole moment in materials is studied by

the non-destructive tool using infrared spectroscopy that can provide information about

inter-atomic forces within the crystal lattice. There are six different ways an organic/i-

norganic compound can vibrate: symmetrical and anti-symmetrical stretching, wagging,

rocking, scissoring, and twisting [162]. FTIR spectrometer; of Perkin Elmer company is

used for characterization, as shown in Figure 4.2.

Figure 4.2: Schematic representation of FTIR spectrometer.

[163]

The infrared vibrational frequencies and inter-atomic forces are correlated, so it is

used to investigate functional groups in the material. According to the Planck-Einstein

relation, energy transfer between different energy states of molecules can be written as the

following Equation:

∆E = hv (4.4)

Here ∆E, h, and v represent the change in energy, Planck constant, and frequency respec-

tively. The positive ∆E means the molecule absorbs energy; when ∆E is negative, it emits
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energy in the form of radiation, and thus emission spectrum is obtained. When Equation

(4.4) is satisfied, an absorption spectrum is obtained, which is particular to a molecule

under investigation. The spectrum is normally presented as an intensity plot versus fre-

quency and absorption peaks obtain when Equation (4.4) is satisfied. A spectrum close to

a visible region (comparatively small portion) is used for spectroscopic investigations. This

portion incorporates UV-VIS and IR regions (10 nm to 1 mm). The different absorption

spectra can be observed from atoms and molecules, because of the nature of energy levels

in transition. The transition of electrons between orbitals of atoms takes place due to the

absorption of energy. However, the atoms vibrate in a molecule and it moves due to the

absorption of energy [164]. A few transition energies such as rotational, vibrational, and

electronic are possible to measure. Usually, translational energy can be ignored, since it is

sufficiently small. The vibrational spectrum is believed to be a unique physical character-

istic of molecules. Therefore, the IR spectrum is supposed to be a fingerprint for material

identification [165].

4.3 X-ray Photoelectron Spectroscopy (XPS)

An analytical method used to determine a sample’s chemical composition and electronic

structure is called X-ray photoelectron spectroscopy (XPS). It works by bombarding a

sample with X-rays, which causes the electrons in the outermost shell (the valence elec-

trons) of the atoms in the sample to be emitted. These emitted electrons are analyzed to

determine their kinetic energy and angle of emission, from which the sample’s chemical

composition and electronic structure can be inferred [166][167]. The working principle of

XPS is based on the photoelectric effect, which is the phenomenon in which electrons are

emitted from a material when it is irradiated with electromagnetic radiation [168]. In

the case of XPS, the electromagnetic radiation used is X-rays. When the X-rays interact

with the sample, they cause the valence electrons to be emitted, and these electrons are

collected and analyzed.
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The kinetic energy (K.E) of the emitted electrons is related to the binding energy of

the electrons in the sample, which can be used to identify the elements present in the

sample and the chemical state of the atoms. The emission angle is also used to identify

the location of the atoms within the sample. This is achieved by exposing the sample to

mono-energetic Al kα X-rays, which induces photoelectron emission from the surface. An

electron energy analyzer is then utilized to measure the energy of the produced photoelec-

trons. The resulting binding energy-dependent intensity plot makes it possible to ascertain

the surface’s chemical state, elemental breakdown, and quantities of elements. [169]. Ad-

ditionally, the kinetic energy of the emitted photoelectrons can be used to determine their

binding energy and identify elements present in the sample. Different components of the

XPS instrument are shown in Figure 4.3a.

Figure 4.3: (a) Schematic illustration shows the XPS measurements’ instrumen-
tal arrangement. (b) Various sample properties identification using XPS measure-

ments.
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The key findings of XPS measurements are displayed schematically in Figure 4.3b.

The main advantages include determining the material’s chemical state by observing slight

shifts in the elemental binding energy, known as chemical shifts, caused by differences in

the chemical environment of the elements in compounds. The semi-empirical formula for

the material under investigation can also be predicted based on the findings.

4.4 Field Emission Scanning Electron Microscopy

(FESEM)

Field-emission scanning electron microscopy (FESEM) is an analytical characterization

that uses a beam of electrons to create detailed images of a sample’s surface [170]. This

scanning electron microscopy (SEM) type utilizes a field emission gun as the electron

source. The electron gun uses an electric field to emit a highly focused beam of electrons,

which is then directed onto the sample surface. The sample emits secondary electrons (SEs)

from the surface whenever the beam of electrons encounters it. These SEs are collected

and used to create a representation of the sample’s surface. The sample’s arrangement,

framework, and primary electron beam’s energy all affect how many SEs are released. As

the electrons are focused on a small area, the resolution of the images obtained is high,

and the details of the sample surface can be seen clearly. It is used to study materials’

microstructure, morphology, and composition at high resolution [171].
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Figure 4.4: (a) FESEM column showing the different components, and (b) the
findings of FESEM measurements are shown pictorially.

The schematic representation of the different components of the FESEM instrument

is shown in Figure 4.4a. The gun produces a beam of electrons in order to focus on the

sample, where the aperture and condenser lens are employed. The objective lens further

aligns the broadness of the beam on the sample. The scanning coils are used for rastering

the sample area. The sample findings like morphology, topography, particle size, and

shape, and for microporous materials, the porosity can be seen visually by the FESEM

images (Figure 4.4b). Thus, FESEM is a powerful analytical technique that utilizes a

beam of electrons to create detailed images of a sample’s surface. It is based on how the

sample and the electron source interact, and it uses the secondary electrons emitted from

the sample surface to create an image. The electron beam is highly focused, resulting in

the images’ high resolution. It can be used to study materials’ microstructure, morphology,

and composition at high resolution.
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4.5 Energy dispersive X-ray spectroscopy (EDS)

As previously discussed, when electrons interact with a solid, they generate a variety of

indications, including secondary electrons (SEs) and X-rays, and back-scattered electrons

(BSEs), which are characteristic of the atoms in the host framework. Among these signals,

X-rays are used to detect and quantify the elements present in the sample for composi-

tional analysis. It is worth noting that the signals created by how electrons interact with

substances, such as X-rays, SEs, and backscattered electrons (BSEs), provide valuable

information [172]. The X-ray signals, in particular, are used for elemental analysis and

quantification. The EDS measurements allow identifying the different elements in the sam-

ple under investigation, their chemical composition, and their distribution in the different

parts of the sample. Figure 4.5a briefly depicts the working of the EDS measurements.

Figure 4.5: (a) The schematic description for the working of the EDAX setup.
(b) The graphical representation displays the interaction volume of incident elec-

trons.
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Figure 4.5b shows the sample’s interaction volume with the incident electron beam.

The generation of Auger electrons occurs at the surface’s uppermost 3-5 nm, whereas the

emission of secondary electrons is observed at a slightly more profound level of 50 nm.

Furthermore, backscattered electrons are emitted from a depth of approximately 500 nm.

The characteristic and continuous X-rays are generated from the deeper regions in the 1-2

µm [173][174]. It is essential to note that EDS has certain limitations in terms of sensitivity.

One of the limitations is that when an element’s concentration in the sample is inadequate,

the X-rays’ energy may not be enough to accurately establish the element’s composition,

thus making it challenging to detect elements that are present in small concentrations.

Additionally, EDS is not typically effective for elements with atomic numbers that are too

low, such as hydrogen and helium, which have only one shell (n=1) and lack core electrons

that can be removed to produce X-ray emission. This makes it challenging to detect

these elements using EDS. Furthermore, elements like lithium and beryllium, which have

atomic numbers that are too low, may not emit enough energy for EDS to measure them

accurately. Thus, it may be challenging to test for their presence using this technique.

4.6 High-Resolution Transmission Electron Microscopy

(HRTEM)

HRTEM is a powerful technique for the characterization of materials at the nanoscale. It is

based on the transmission of a highly-coherent electron beam through a thin sample, which

is then projected onto a detector, typically a CCD camera or a film. The high-resolution

capability of HRTEM is achieved by using electron lenses with high numerical apertures,

which result in a minimal probe size and a high electron wavelength. One of the main

advantages of HRTEM is its ability to provide atomic-scale imaging and structural infor-

mation. The high resolution of the technique allows for the identification of crystal lattice

planes and the determination of crystal structures and defects [175][176]. Additionally,
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HRTEM can be used to study materials’ composition and chemical bonding and samples’

electronic structure and properties. Various components of the HRTEM instrument are

shown in Figure 4.6a. Further, the different findings of HRTEM are pictorially represented

in Figure 4.6b. The HRTEM provides highly detailed and accurate information about the

samples under investigation.

HRTEM can also be combined with other techniques, such as electron energy loss

spectroscopy (EELS), to provide complementary information about the samples. EELS

can be used to analyze the chemical composition of samples, while the scanning TEM

(STEM) mode helps in contrast imaging and elemental mappings at the atomic scale

[177][178][179].

Figure 4.6: (a) Schematic diagram of HRTEM instrumentation showing different
lens and detectors arrangement. (b) HRTEM allows for the investigation of various
properties of samples, such as crystal structure, lattice defects, and composition,

at a high level of resolution.
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Despite its many advantages, HRTEM also has some limitations. One of the main

limitations is that the samples must be thin, typically less than 100 nm, in order to obtain

high-resolution images. This can be challenging for certain types of samples, such as

thick films or powders. Additionally, HRTEM requires the use of highly-coherent electron

sources, which can be costly and difficult to maintain.

4.7 Superconducting Quantum Interference De-

vice (SQUID)

(SQUID) Magnetometer is used by the Quantum Design MPMS3 to track minute varia-

tions in magnetic flux and as a result, learn about the magnetic characteristics of samples.

It monitors the sample’s magnetic moment and has a very high sensitivity for magnetic

measurements. The magnetization and magnetic susceptibility may be calculated from

this. DC analysis and vibrating sample magnetometry (VSM) were included in MPMS3.

The SQUID magnetometer may be used for a variety of tasks, such as measuring

minute amounts of paramagnetic ions, characterising various magnetic materials, and

counting unpaired electrons quantitatively in samples. In important fields including high-

temperature superconductivity, biology, and magnetic recording media, the MPMS3 offers

solutions for a special class of sensitive magnetic measurements. The modular MPMS3

design incorporates an advanced computer operating system, a high-field superconducting

magnet bore-mounted temperature control device, and a SQUID detecting system. Pri-

vately developed software that runs within the user-friendly MS Windows environment

enables complete automation of all system settings while regulating measurements, facili-

tating rapid and simple data gathering and analysis. Following are the specifications of the

SQUID instrument, Maximum Sample Size should be 9 mm, High homogeneity magnet

configuration should be ± 7.0 Tesla, Field Uniformity can be 0.01% over 4 cm, Maximum

sensitivity of the instrument is in the range of 10−8 emu, Temperature Range should be
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1.8 – 400 K, Sample Requirements should be around 20 to 40 mg in powder form. The

snapshot of the MPMS3 Quantum Design, which uses a Superconducting Quantum Inter-

ference Device (SQUID) Magnetometer at IIT Roorkee, can be seen in Figure 4.7.

Figure 4.7: Quantum Design MPMS3 (SQUID) Superconducting Quantum In-
terference Device Magnetometer at IIT Roorkee
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4.8 Impedance Spectroscopy

The most accurate method for determining a material’s resistance and capacitance qualities

is called impedance spectroscopy, and it involves applying a sinusoidal AC excitation signal

that ranges from 2 to 10 mV. You may create an impedance spectrum by changing the

frequency across a predetermined range. It is also used to investigate how temperature

and frequency affect dielectric reactions. By measuring the in- and out-of-phase current

responses, the capacitance and resistance of the system may be determined. One of the

most used techniques for evaluating electrodes for energy storage applications is impedance

spectroscopy (IS).

In our project, Impedance spectroscopy is used to analyze the electrical behavior to

distinguish between the contributions of the grains, grain boundaries, and electrodes to

the overall conductivity of the materials (Chapter 7).

4.8.1 4 K CCR for zero Field resistivity, Dielectric, and P-E

loop measurement

The following instrument is used both for the study of the dielectric and ferroelectric

properties, below room temperature by keeping it in a closed cyclic refrigerator (4 K

CCR).

For the study of electrical measurements, the flat surfaces of pellets acted as elec-

trodes, where the conductive silver paste was applied on both faces of polymer-ceramic

samples, and further kept for air drying. Temperature and frequency-dependent dielectric

measurements are performed for nanocomposites via 4 K CCR (closed cyclic refrigera-

tor) instrument at temperature and frequency ranges of 5 K to 300 K and 100 Hz to 1

MHz respectively. The temperature and frequency-dependent (P–E) hysteresis loops are

measured using a cryocooler model SRDK-205 circuit via 4 K CCR at 5 K-300 K and
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50 Hz-250 Hz respectively. The preferred mode of sample used in the instrument is in

the form of pellets and thin films. Figure 4.8, shows the instrument at UGC-DAE CSR

Kolkata, for CCR measurement of zero-field resistivity at 4 K, dielectric, and P-E loop

analysis.

Figure 4.8: 4 K CCR for zero Field resistivity, Dielectric, and P-E loop mea-
surements at UGC-DAE CSR Kolkata
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4.9 Instrumentation

The weight proportion of the metallic component was changed to create a collection of

composite samples. The range of the weight (wt.) fractions (x) is 0 to 1, or 0 to 100 %.

The formula for the metallic component’s weight fraction is provided as wt. fraction =

(mx)/[mx + m(1-x)]. Here, m represents the powder’s overall mass. The photos of

every piece of experimental equipment are displayed below.

4.9.1 Mortar and Pestle

Laboratory mortar and pestle are a pair of tools used to finely crush and grind substances

into a powder or paste. A porcelain mortar and pestle set are sufficient for most laboratory

applications, as unglazed porcelain is hard enough to crush most materials while being

resistant to high temperatures. For labs concerned with contamination, an agate mortar

and pestle set is preferred, as polished agate is an economical material with low porosity.

Figure 4.9, represents the used agate mortar and pestle in the laboratory.

Figure 4.9: The agate mortar and pestle used for fine grinding of powders.

4.9.2 Cold Press Die-set

The powder is compressed into the desired number of pellets using pressure in the dry

pellet pressing die-set. A cold press die-set with a 12 mm diameter has been employed in
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our project. Moreover, to grind the desired materials into the correct granularity of powder

(from millimeters to microns), the use of methods such as powder processing, ball milling,

sol-gel process, etc, in combination with agate mortar and pestle sets are preferred. Figure

4.10, represents the used Cold Press Dye-set (diameter of 12 mm) in the laboratory.

Figure 4.10: Cold Press Dye-set of 12 mm diameter.



4.9.3 KBr Press

It is a small hydraulic press that is efficient at producing pressure in the range of Tons.

It has a variety of ranges that can make pellets of specimens for characterizations. Figure

4.11, represents the KBr press.

Figure 4.11: KBr press instrument

87
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Chapter 5

Influence of TiO2 as a

reinforcement in a NaCl matrix

Abstract

Energy storage in sustainable nanotechnologies is increasingly being done with high-

dielectric capacitors. When TiO2 is used as a filler in the NaCl bulk matrix, we see a

significant increase in the dielectric constant by 3 orders at frequency 1 kHz with just a

mild loss. The TiO2 nanoparticles are produced using the sol-gel method and then added to

the ionic matrix of NaCl, which is denoted as TiO2(x)NaCl, in variable weight percentages

x. With different fractions of TiO2 and a frequency range below 25 kHz, characteristics

like dissipation loss, dielectric constant, and ac conductivity are measured. The initial

dielectric peak at x = 50 is caused by percolation-type behavior, which is indicated by

a steady rise in the dielectric constant as filler concentration at low frequency increases.

For x<45, it is discovered that the dielectric loss is approximately 1, whereas it tends to

rise with a higher filler fraction. Additionally, as shown by the AC conductivity test, the

frequency-dependent polarisation in this composite system also explains the hopping-type

behavior of mobile charge carriers provided by TiO2. X-ray diffraction and field emission

scanning electron microscopy are also employed to characterize the materials in order to
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study their structure and shape. Overall, TiO2 inclusion significantly enhances the ionic

matrix’s dielectric behavior at low frequency, qualifying it as a super dielectric material

(SDM).

5.1 Introduction

Green technology is currently a rapidly growing field aiming to improve our surround-

ings by making us less dependent on non-renewable energy resources as they are furiously

consumed at a faster rate than ever [180][181][182]. Large volumetric capacitors are one

such green device that is used in a multitude of applications such as renewable energy

as energy storage sources. Earlier, it had been widely observed that storage devices like

Memory chips which use just a single capacitor to represent 1 or 0 illustrate the unsus-

tainable approach to green technology. Since millions of capacitors tend to occupy at least

a few tenths of a square m of the total area, the situation has been alarming considering

the growing demand for miniature devices in form of ICs (Integrated circuits). This has

left us with no other alternative rather by putting billions of transistors on 1mm∗1mm

chip responsible for the functioning of nearly all modern devices from an automobile to

supercomputers. Given the above, storage devices with efficient storage and low power

consumption and losses should be considered.

Capacitors being one of them, with large volumetric capacitance or High-K dielectric

materials can be a prominent as well as effective way out. Capacitors on other hand can

prove detrimental to the whole gadget if the size is shrunk below a limiting thickness. On

reducing the thickness, capacitors are either likely to suffer from charge leakage or prone

to shorting between electrodes, thus devaluing the actual storage ability of a capacitor.

The development of super-capacitors or double-layered capacitors and other traditional

approaches have so far raised the volumetric capacitance to 102 cm3, thus making it an

average performer among energy storage devices [3]. Moreover, the electrolyte in the

electrolytic capacitors tends to degrade or evaporate with time and does not make it
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compatible with an AC power source as well. The other unconventional approach to

increase the capacitance is by improving the magnitude of a material’s dielectric constant

itself rather than tweaking the geometrical cross-sectional area or the distance between

the plates. Following the equation (1) of parallel plate configuration, we know that,

C = κϵ0
A

d
(5.1)

where κ is the dielectric constant, ϵ0 is the free space permittivity, A is the cross-sectional

area and d is the distance between the plates. Therefore, it becomes evident from equation

(5.1) that, the material’s dielectric constant has a direct relationship with the capacitor’s

capacitance C, which assures the only solution left, is to develop higher-k materials to

enable the capacitor dielectric to maintain a robust thickness while still providing sufficient

charge storage with a continuously shrinking area [20].

In optoelectronics and storage devices, transition metal oxides have a wide range of ap-

plications that have been extensively studied by numerous researchers for about 30 years.

In the last ten years, titanium dioxide (TiO2) became the most well-known and widely

used of all the transition metal oxides. The fact lies in the production of (TiO2) titanium

dioxide, because of its common nontoxicity, chemical stability, availability, polymorphism,

optoelectronics as well as high photocatalytic properties, low cost, and as high dielectric

constant (κ) value material. Since titanium dioxide (TiO2) is polymorphous in nature,

it has different dielectric constant (κ) values for its polymorphs (Anatase, Brookite, and

Rutile), where rutile being the most thermodynamically stable phase is studied widely.

Due to its high dielectric constant, titanium dioxide in the form of rutile can be used

as a filler in hybrid (or organic-inorganic) composites as well as low-temperature cofired

ceramics (LTCC) [183] [184] [185]. The dielectric constants of the components—polymer

matrix, ionic matrix, and inorganic filler—which make up a composite material deter-

mine its dielectric characteristics. As a result, TiO2 nanoparticles in rutile form having a

nanoscale size, low dispersity, and high values of dielectric permittivity are essential for use

in present electronics [186]. Numerous authors have reported on the improvement in the
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dielectric properties and the study of composites using TiO2 as filler in organic/ionic ma-

trix, organic-organic matrix, and organic-inorganic matrix. Researchers investigated the

structural, ionic conduction, morphological, and dielectric polarization with an increase

in nano-filler concentration of TiO2 [187] [188]. By improving sodium chloride (NaCl) by

functionalizing it with two of the oxides, Marie Bermeo et al. demonstrated their work

for hygroscopic materials. He analyzed that NaCl-TiO2 and NaCl-SiO2 exhibited fasci-

nating hydrophilic properties, compared to the individual NaCl [189]. S. Devikala, et.al

worked on the corrosion resistant behavior of the polyvinyl alcohol/TiO2 composites in the

vicinity of NaCl matrix for the prevention of corrosion in marine structures from the sea-

water [190]. Given the above-mentioned literature in this field, diverse research has been

conducted on the NaCl-TiO2 composite along with other organic-inorganic blends in the

composite system. Yet, no valid report is available on the dielectric study of TiO2(x)NaCl

composite system (x is the varying weight percentage in the ionic matrix) for the possible

applications in ionic storage systems.

In this work, an optimized method for the production of titanium dioxide (TiO2) has

been preferred. Nanostructured TiO2 can be produced by various wet chemistry methods

like precipitation, thermohydrolysis, sol-gel, and hydrothermal route processes. Here sol-

gel being the most convenient process has been used for the synthesis of TiO2, which

acts as a filler in the ionic matrix of NaCl. Further research is done on the composite

system’s dielectric properties in order to determine potential applications in ionic storage

systems. From the Group-1 elements (the alkali metals), Lithium has been potentially used

as well as exploited for energy storage devices. Recently, scientists have created lithium-

metal batteries which are more stable, powerful, and long-lasting, they can even charge an

electric car in a few minutes. However, the increasing demand has led to the degradation of

lithium resources, which has compelled scientists to rethink the feasibility and availability

of Li [191]. Na is the most abundant alkali metal present in the Earth’s crust. Also, it

exists in a variety of forms (such as sea salt and rock salt). Therefore, it is thought to be

a suitable candidate close to Li in Group 1 of the periodic table. The composite system
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TiO2(x)NaCl was further characterized using XRD, FTIR, and FESEM. Along with the

study of the samples’ dielectric properties, the samples’ structure and morphology were

also examined.

5.2 Experimental

5.2.1 Titanium dioxide (TiO2) nanoparticles

Titanium (IV) isopropoxide (97 %, Ti (CH(CH3)2), Ethanol (96 % (CH3CH2OH)) were

preferred by Sigma-Aldrich, whereas Sodium chloride (99.5 % AR/ACS (NaCl)) and Hy-

drochloric acid (37 % AR) from Loba Chemie Pvt. Ltd. were used. The usage of all

reagents was unpurified and they were all commercially available.

Using a sol-gel method, titanium (IV) isopropoxide (TTIP) was dissolved in 100

% ethanol and stirred using a magnetic stirrer for at least 30 minutes to form the nanopar-

ticles of titanium dioxide, maintaining the temperature range from 60-80 oC of the solution.

The pH value of the solution was measured at 6 using litmus paper. In the next step, a

mixture of hydrochloric acid (HCl) and distilled water, while maintaining a pH value of 1,

has been added to the (TTIP + ethanol) solution dropwise under constant stirring. The

concentration of hydrochloric acid (HCl) was 0.5 M and Table 5.1, illustrates the amount

of other materials used. After 2 hours of vigorous swirling at 80 oC using a magnetic

stirrer, a homogeneous solution was produced. A sol was created and aged for 24 hours to

produce the gel-like structure. The structure’s pale pink color denotes its acidic nature.

The gel was centrifuged for 15 min. at 100 rpm to separate out the nanoparticles, and

it was then dried for 30 min. at 80 oC to completely evaporate the water and organic

material. To produce the necessary TiO2 nanoparticles, the residual powder was calcined

in the muffle furnace at 450 oC for three hours.
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Table 5.1. Materials in molar concentration (M).

S.No. Materials Concentration (M)

1) TTIP 1

2) Ethanol 4

3) Distilled water 10

4) HCl 0.5

5.2.2 TiO2(x)NaCl nanocomposites

Once the synthesis of TiO2 nanoparticles has been completed, the TiO2(x)NaCl nanocom-

posites were prepared by mechanical blending via mortar pestle and, the KBr mechanical

press instrument. The pure Sodium chloride (99.5 % AR/ACS (NaCl)) and TiO2 nanopar-

ticles synthesized, was used with varying weight percentage xTiO2 for the formation of

composites. Further, all the composites prepared with varying weight percentages (%)

TiO2 (x= 0, 10, 50, 80, 100) were taken into consideration for analysis and investigation.

5.3 Results and Discussion

5.3.1 X-Ray Diffraction (XRD)

The XRD patterns for powdered samples NaCl, TiO2 nanoparticles, and the composite

TiO2(x)NaCl are shown in Figure 5.1. The powdered samples were analyzed using Cu-

Kα X-rays of wavelength (λ) = 1.5406 Å for confirming the presence of TiO2 and NaCl

crystal structures. Figure 5.1 (A) represents the NaCl (Halite) crystal structure in the

cubic system, with a face-centered lattice fcc (space group Fm3m) typically for (111), and

lattice parameter ao = 5.64 Å as confirmed from the literature [192] and in agreement with

the JCPDS card no. 01-070-2509 NaCl (Halite). The strong diffraction peaks appeared

at 2θ with 31.68o, 45.15o, 66.17o, corresponds to the crystal planes of (200), (220), and
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Figure 5.1: (A) The XRD structure of NaCl (Halite), (B) The XRD structure
of TiO2 (Anatase), (C) The XRD pattern of TiO2(x)NaCl composite; where x

(%)=50.

(400) respectively, which is in agreement with the reported literature [193] for the NaCl

(Halite) sample. The XRD pattern of TiO2 (Anatase) is represented in Figure 5.1 (B). The

experimental XRD pattern for TiO2 (Anatase) is in agreement with the JCPDS card no.

21-1272 (TiO2 Anatase) [194] and literature [195]. The peaks that appeared at 2θ confirm

the presence of TiO2 nanoparticles in the anatase phase at the calcinated temperature 450

oC.

The peaks at 2θ with 25.31o, 37.77o,48.11o, 53.99o, 55.07o, 62.53o, 68.96o value cor-

responds to the crystal planes of (101) (004) (200) (105) (211) (204) (116) respectively,

indicating purely the TiO2 (Anatase) nanoparticles at temperature 450 oC. Akarsu, et.al

confirms the XRD pattern with similar 2θ values and crystal planes for the pure anatase
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form of TiO2 nanoparticles [195]. The XRD pattern for the nano-composite TiO2NaCl;

x (%) = 50 is shown in the Figure 5.1 (C), confirming the presence of both TiO2 as

well as NaCl samples. The phase composition of the nano-composite TiO2(x)NaCl is also

mentioned. The peaks for the composite system are confirmed from the JCPDS card

no.86-0148; TiO2 (Rutile) and 01-070-2509; NaCl (Halite), annealed at the temperature

700 oC appeared at 2θ with 27.45o, 31.63o, 36.16o, 39.12o, 41.33o, 43.99o, 45.45o, 54.36o,

56.49o, 62.63o, 64.17o, 66.35o, and 69.07o values, which corresponds to the crystal planes

along with the phase composition mentioned in the Table 5.2.

Table 5.2. Phase composition of the composite annealed at 700 oC.

S.No. Crystal Planes 2θ (Degree) Phase composition

1) (110) 27.45 Rutile

2) (200) 31.63 Halite

3) (101) 36.16 Rutile

4) (200) 39.12 Rutile

5) (111) 41.33 Rutile

6) (210) 43.99 Rutile

7) (220) 45.45 Halite

8) (211) 54.36 Rutile

9) (220) 56.49 Rutile

10) (002) 62.63 Rutile

11) (221) 64.17 Rutile

12) (400) 66.35 Halite

13) (301) 69.07 Rutile

Given the above, it is clearly seen that the phase transition of TiO2 from the anatase

phase to the rutile phase takes place when annealed at the higher temperature. The anatase

to rutile change could be influenced by several factors including particle size, particle shape,

and the presence of 112 facets [196]. Here, the anatase to rutile percentage decreased when
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a higher temperature than 500 oC is provided, as seen in the data pattern of the XRD

composite in Figure 5.1 (C), annealed at 700 oC. Therefore, the phase change at higher

temperatures is one of the reasons for the new peaks appearing in the XRD structure of the

composite. Also, it is observed for the anatase phase Figure 5.2 (B), the peaks are quite

wide which indicates incomplete crystallization because it has an amorphous component

[197]. But as soon as the higher temperature is provided (above 500 oC), the crystallinity

of TiO2 was improved along with the phase change from anatase to rutile, obtaining

the sharper peaks, indicating the significance of the temperature parameter for phase

transformation of TiO2 nanoparticles. Nevertheless, the same cannot be illustrated for the

ionic matrix of NaCl (Halite) in the composite system, since the phase change for NaCl

(Halite) occurs at or above 800 oC. Sol-gel microencapsulation of high-temperature phase

change materials (PCMs) utilizing molten salts was the technique utilized by Arconada et

al. for analyzing their work [198]. NaCl is a well-known phase change material because its

melting point (800 oC) enables it to operate using novel thermodynamic cycles at a higher

temperature than common molten salts like NaNO3. Hence, NaCl (Halite) did not show

any phase transformation (no new peaks), whereas TiO2 did transform into a rutile phase

for the composite system, when annealed for higher temperatures.

5.3.2 The Field Emission Scanning Electron Microscopy

(FESEM)

Figure 5.2, illustrates the morphology of the synthesized (a) TiO2 nanoparticles, and (b)

TiO2(x)NaCl nanocomposite at x (%) = 50, further annealed at 700 oC for 1 hour. Figure

5.2 (a) presents the images of TiO2 nanoparticles calcined at 700 oC, which illustrates the

regular, even size (100 nm) of the particles. The result confirms the width of the rutile peak

diffraction from XRD, indicating the bigger crystalline size at 700 oC. As demonstrated in

Figure 5.2 (a), the effects of heat treatment on the particle size of TiO2 nanoparticles are

explained by the tendency of the particle size to rise with an increase in the calcination
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Figure 5.2: FESEM images at 700 oC (a) TiO2 Nanoparticles, (b) TiO2(x)NaCl
Nanocomposite; x (%) = 50.

temperature. The literature provides evidence that while the calcination temperature has

no effect on the nanoparticles’ morphology, which retains its atypical spherical forms after

calcination, [199] it does have an impact on their particle size. Figure 5.2 (b) represents

the TiO2(x)NaCl nanocomposite; x (%) = 50, annealed at 700 oC, which illustrates the

presence of TiO2 nanoparticles around the ionic matrix of NaCl, with much smaller in size.

Here the morphology of NaCl nanoparticles illustrates the presence of cubic structures and

is well crystallized. On the contrary, inhomogeneous morphology can be seen for TiO2

nanoparticles in the nanocomposite system.

5.3.3 Dielectric Analysis

5.3.3.1 Effective dielectric Constant vs Frequency

The dielectric study illustrates the relaxation behavior of TiO2 filler in an ionic matrix.

Using a precision LCR meter (SM6019) at 300 K with test frequencies standard 100 Hz

to 25 kHz in 11 steps, and an additional user-defined, from 500 possible frequencies be-

tween 100 Hz and 25 kHz, parameters such as real parts and imaginary parts of dielectric

permittivity, and Ac conductivity are measured. An internal bias voltage of 2 V and ac

supply of 230 V was applied throughout the dielectric measurement. Figure 5.3, represents
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Figure 5.3: Room temperature Dielectric constant (κ) as the function of oscil-
lating frequencies for x concentrations of TiO2(x)NaCl.

the logarithmic variation of the dielectric constant (K) of TiO2(x)NaCl, where x (%) =

0, 10, 50, 80, and 100 for the composite system, as a function of frequency at 300 K. In

this instance, TiO2 is introduced as an additive (filler) to the NaCl ionic matrix. It is

observed that with an increase in filler concentration, the effective dielectric constant first

increases and then decreases significantly when x > 80. Interestingly, the enhancement

of dielectric behavior for the varying concentrations of (x) for TiO2(x)NaCl composite is

noticed near the percolation threshold x > 50. The effective dielectric value for the varying

concentrations of (x) for TiO2(x)NaCl composite is calculated using Equation (5.1).

At 300K and frequencies between 102 and 105 Hz, the theoretical static value of the

dielectric constant is determined to be 5.9 for NaCl crystals [200]. Whereas the measured

value of the dielectric constant in the frequency range of 100 Hz to 25 kHz for Pure NaCl is

found to be ∼ 21 for low-frequency values, and for higher frequencies it tends to saturate,

approaching ∼ 6 dielectric value. This accounts for the reason, why Pure NaCl has a

larger dielectric constant for smaller values, as dipolar polarisation is present due to the

broken inversion symmetry [201]. From the graph, it is also observed that on adding the

higher nanofiller TiO2 concentration, the dielectric value for x (%) = 50 and 80 increases
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abruptly from 104 to 105 for lower value frequencies and slowly decreases with increase

in frequency. This can be stated as, for the lower value frequencies, dipoles begin to lag

behind since the weak dependence of dielectric constant leads to a slight decrease in the

(κ) value for low frequencies. On the contrary, for the higher value frequencies dipoles

can no longer follow the field [202] due to weak dipolar interaction and saturates. Higher

permittivity values at low regions can be understood by the development and buildup

of charges at the interfaces between the composite system (space charge polarization) or

at the grain boundaries between NaCl and TiO2 [203], known as Maxwell-Wegner effect

[204][205]. The space charge zones in this phenomenon, also known as the Non-Debye type

of behavioral patterns, are explained by ion diffusion with relation to frequency [203].

5.3.3.2 Dielectric Loss vs Frequency

Figure 5.4, shows the imaginary part of the dielectric permittivity as a function of oscillat-

ing frequency at 300 K. The imaginary part of the dielectric permittivity for TiO2(x)NaCl,

Figure 5.4: Room temperature Dielectric Loss as a function of oscillating fre-
quencies for various concentrations of TiO2(x)NaCl.

x (%) = 10, 50 80 composite is approximately less than 1 for low frequencies and ap-

proaches ∼ 1 for higher frequencies. For Pure NaCl, the dielectric loss is observed to be
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almost 0 for both low and high frequency, which is due to the fewer conduction molecules

present in the ionic compound (Pure NaCl). Whereas at the lower frequencies for Pure

TiO2, the loss increases with an increase in frequency, followed by a peak at a higher

frequency regime, indicating the hopping-type behavior of conduction molecules.

5.3.3.3 Percolation assisted Dielectric constant

The effect on real part and imaginary part of dielectric permittivity of composite via the

addition of TiO2 nanofiller in the ionic matrix of NaCl is further analyzed with respect

to wt. fraction (%) of filler concentration for specific frequencies at room temperature

300 K, as illustrated in Figure 5.5. With the increase of nano-filler TiO2 concentration,

Figure 5.5: Percolation assisted Dielectric constant at 300 K.

the real part of dielectric permittivity (κ) is found to increase significantly. When TiO2

is introduced as a filler to the NaCl bulk matrix, a significant increase in the dielectric

constant of 3 order magnitude at 1 kHz with minimal loss. The initial dielectric peak

at x (%) = 50 is explained by percolation-type behavior, as seen by the steadily rising
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permittivity at low-frequency regions. When the filler fraction increases, the dielectric

loss typically increases and is found to be approximately 1 for x < 50. Additionally, the

further increase in (κ) in relation to filler concentration (x < 80) causes an acceleration

of the space charge region, which results in an increase in equivalent capacitance [206].

This supports the second dielectric constant peak exhibited in Figure 5.5. This illustrates

that the concentration 50 > x <80 of TiO2 nanofiller with respect to frequencies has the

maximum number of micro capacitors, with a moderate amount of losses. Additionally,

the TiO2-contributed frequency-dependent polarisation in this composite system explains

the hopping-type behavior of mobile charge carriers. To shed more light on the carrier

dynamics, ac conductivity measurement is also performed in the same ambient condition.

5.3.3.4 A.C conductivity

The effect of TiO2 nanofiller concentration in the TiO2(x)NaCl nanocomposite for the

varying concentration of x (%) = 0, 10, 50, 80, 100 is further verified by temperature-

dependent measurement of AC conductivity 300 K as shown in Figure 5.6. The variation

Figure 5.6: Room temperature Ac conductivity vs frequency for a varying con-
centration of x (%) TiO2.
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of Ac conductivity (σ) with frequency is calculated using, σac = ϵrϵoωtanδ.

Where ϵo is the permittivity of the free space, ϵr is the dielectric constant of the

sample, tanδ is the dielectric loss and ω is the angular frequency (ω = 2πf). The AC

conductivity of pure TiO2 (green line) is higher than that of pure NaCl (black line) in all

frequency regimes, as can be seen from the logarithmic plot of Figure 5.6. Furthermore,

pure TiO2 exhibits strong frequency dependence throughout the whole frequency range,

in contrast to the conductivity of TiO2, which is found to be frequency independent.

Charge conductivity is observed to increase when filler content (x) increases since TiO2 at

300 K contributes more charge carriers. The existence of hopping-type conductivity across

conducting zones is also implied by a steady increase in charge conductivity with frequency

[187]. The highest conductivity of charge carriers is shown at x = 80, further supporting

the subsequent peak of the permittivity, after which the system percolates classically.

5.4 Conclusion

TiO2 nanoparticles and TiO2(x)NaCl nanocomposite with varying concentration of x (%)

= 0, 10, 50, 80, 100 have been successfully synthesized using sol-gel process and mechanical

blending technique respectively. The effect of TiO2 nanofiller in the bulk matrix of ionic

compound NaCl, on the morphological, structural, and dielectric polarization, along with

the effect of ac conductivity was studied. The XRD pattern confirms the presence of (A)

NaCl (Halite), (B) TiO2 (Anatase), and (C) TiO2(x)NaCl for concentration x (%) = 50 at

their respective temperatures (300 K, 723.15 K, and 973.15 K) and phases. The dielectric

studies for the varying concentrations of TiO2(x)NaCl nanocomposite reveal the rise in the

real permittivity, with a moderate rise in loss with the increase in nanofiller concentration

of TiO2. Particularly, TiO2(x)NaCl nanocomposite for a higher concentration of nanofiller

TiO2, x > 50 tends to have the high dielectric value (κ) >104 for low frequencies regions

at temperature 300 K with moderate dielectric losses < 1. An increase in a greater

concentration of x is seen to cause a discernible change in ac conductivity. Hence, the
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conductivity rises swiftly with increasing frequency for higher concentrations of x. Overall,

TiO2 incorporation as a nanofiller enhances the characteristics of ionic storage devices, self-

heating sensors, volatile organic compound (VOC) sensors, etc.



Chapter 6

The Structural, Morphological,

and Dielectric Analysis of Ni-Co

Ferrites

Abstract

In the current investigation, Pechini’s approach was used to develop nickel-substituted

cobalt ferrite nanoparticles. At annealing temperatures of about 1000 oC, the presence

of single-phased nanoparticles appears, and with an increase in annealing temperature at

1150 oC, the crystallinity nature further improves. With rising annealing temperatures, it

becomes apparent that the average crystallite size improves. XRD investigation indicated

that the strain in the crystalline particles decreases with increasing temperatures. FESEM

images of nanoparticles reveal a cuboidal form with significant size. A pure single phase

of the necessary elements is present in grown nanoparticles, as further evidenced by the

EDAX spectrum. Impedance spectroscopy was used to examine the dielectric character-

istics. Different annealed temperatures were studied for frequencies ranging 100 Hz to 1

MHz at room temperature. According to the correlated barrier hopping (CBH) model and

104
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the Maxwell-Wagner two-layer model for space charge theory, the frequency-dependent di-

electric characteristics vary as the annealing temperature rises.

6.1 Introduction

Over the past few decades, there has been an increase in studies towards the formation

and characterization of ferrites with nanoscale dimensions, and a variety of novel techno-

logical uses for these materials have been found. The large range of possible technological

uses for ferrites has been increased by the ability to precisely control their structural,

magnetic, optical, chemical, and electrical properties by judiciously selecting the synthesis

parameters [207][208][209]. Due to their environmentally friendly synthesis and wide range

of uses, ferrites CuFe2O4, CoFe2O4, ZnFe2O4, NiFe2O4, and MnFe2O4 have received a lot

of interest [210][211] [212][213][209], as NiFe2O4 and CoFe2O4 are grown in spinel cate-

gory crystal structures, that has been represented by (Fe3+) [Ni2+Fe3+]O4, and (Fe3+)

[Co2+Fe3+]O4 respectively [100][101]. Recently, nanoparticles (NPs) of cobalt ferrites-

based materials have gained tremendous interest due to their important conducting and

insulating properties. Cobalt ferrites can be employed for applications such as strain sen-

sors and actuators as they have higher magnetostriction values [102]. The small Co2+ ion

that occupies the tetrahedral site in CoFe2O4 lowers the lattice constant, which makes

it easier for electrons to move between Fe3+ and Fe2+ and serves as an origin of charge

carrier, improving CoFe2O4’s dielectric behavior [214]. Lower dielectric constant values

were reported for CoFe2O4 NPs compared to bulk CoFe2O4 synthesized via the sol-gel

process investigated by Gopalan et al. [103]. Similarly, nickel ferrite is likewise an ideal

choice for purposes involving the spinel ferrite family. Nickel ferrite has a high Curie

temperature, high saturation magnetization, high electrical resistivity, low eddy current,

and low dielectric losses [104][105]. Additionally, the dielectric structure of NiFe2O4 in-

cludes grains and grain boundaries with varying conductivity [106]. Electrical conduction

and dielectric polarisation are ensured by the electron exchange between Fe2+ and Fe3+
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ions and the hole exchange between Ni3+ and Ni2+ ions. Lower polarization occurs at

high frequencies because the electron/hole hopping frequency does not match the applied

electric field [106]. The investigation of the reports suggests that mixed ferrite has out-

standing features and is comparatively stable based on the final stoichiometry and type

of compositions’ cation. Nanocrystalline mixed Ni-Co ferrites’ electrical, dielectric, and

magnetic properties were recently documented by a handful of research groups [97][98][99].

The structural and dielectric characteristics of NPs of Co(0.5−x)NixZn0.5Fe2O4 (x = 0 to

0.3) were examined by Kumar et al.[215], via the co-precipitation approach. Sawal et

al. [216] compared the influence on the structural and magnetic characteristics of nano-

sized as prepared Ni0.5Co0.5Fe2O4 ferrite and its sintered counterpart. Various researchers

have reported their work on the specific stoichiometric Ni0.5Co0.5Fe2O4 NPs using mul-

tiple dry and wet chemical synthesis methods and the temperature variation concerning

different sintered samples. However, information regarding the formation of stoichiomet-

ric Ni0.5Co0.5Fe2O4 nanoparticles in a pure phase of the spinel system and the influence

on morphological, dielectric, and structural studies due to annealing temperature have

remained scarce till today.

The current study seeks to investigate the Ni0.5Co0.5Fe2O4 synthesis by using the

simple and affordable method of sol-gel auto-combustion that results in the production of

nano-powders with absolute purity and homogeneity. Along with the influence of sintering

at different temperatures on the synthesized NPs for obtaining the desired single-phase

system. Ferrite as a single-phase system was obtained at a temperature around 1000 oC.

The fundamental goal of the work is to obtain various sizes NPs and investigate how they

affect the dielectric characteristics using impedance spectroscopy for various storage device

applications. On the contrary, there is a fair amount of exploration in understanding and

synthesizing new materials, that paves the way for research in areas where the influence of

magnetic field on dielectric properties eventually gains a rich flavor of physics for materials,

such as Magneto-dielectrics.



Chapter VI. 107

6.2 Experimental

Analytical grades of materials were used to synthesize NCF [Ni0.5Co0.5Fe2O4] spinel ferrite

NPs. Nickel (II) Nitrate Hexahydrate, 98+ % [Ni(NO3)2.6H2O], Cobalt (II) Nitrate Hex-

ahydrate, 98 % [Co(NO3)2.6H2O], Ferric (III) Nitrate Nonahydrate, 98 % [Fe(NO3)3.9H2O],

Citric Acid Anhydrous, 99.5 % [C6H8O7] and Ammonium Hydroxide [NH4OH], 25 % So-

lution from Loba Chemie Pvt. Ltd. were used.

The dielectric and AC measurements have been performed using an impedance an-

alyzer (FRA32M) in the 100 Hz to 1 MHz range (Potentiostat Galvanostat, by NOVA

software). The characteristics via. Impedance spectroscopy provides powerful techniques

for understanding energy conversion and storage studies. A Perkin Elmer Spectrum two

device was used to measure the main transmission bands found in the FTIR. X-ray diffrac-

tion (XRD; Bruker) with Cu-Kα (λ= 1.5406 Å) radiation analyzed the structural char-

acteristics of the samples. Using Field Effect Scanning Electron Microscopy (FE-SEM),

Energy Dispersive X-ray Analysis (EDAX), and an Au sputter coater (FE-SEM; JEOL

JSM-7610F Plus EDAX; OXFORD EDAX LN2 free, Au Coater; JEOL Smart Coater),

the surface morphology of the samples was examined.

6.2.1 Material synthesis

Pechini’s method, commonly known as the sol-gel auto-combustion route, was employed

to synthesize nickel-cobalt ferrite [Ni0.5Co0.5Fe2O4] utilizing fuel as citric acid. The desired

concentration of metal nitrates viz, [Co(NO3)2.6H2O], [Ni(NO3)2.6H2O], and [Fe(NO3)3.9H2O].

Here citric acid was utilized as a reducer and (all AR grades) as an oxidant. Metal ni-

trates and citric acid were considered to be in a 1:1 ratio. All metal nitrates and fuel in

fixed stoichiometric quantities were weighed, mixed, and dissolved in 100 ml of double-

distilled water along with heat and continue stirring on a hot magnetic stirrer to obtain a

homogenous solution. In order to keep the pH level at 7, the solution was also vigorously
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Figure 6.1: Schematic illustration of the sol-gel auto-combustion procedure for
synthesized material.

stirred simultaneously with a drop-by-drop liquid ammonium hydroxide [NH4OH] solu-

tion. This homogenous mixture was then heated with continuous stirring, transforming

the solution into xerogel. The flammable xerogel is heated until it ignites and undergoes

auto-combustion, resulting in the formation of dark-colored, fluffy, powdered nanoscale

ferrites. The unburned carbonaceous particles were evaporated from the burnt powder

by calcining it for 4 hrs at 850 oC in the muffle furnace after being homogenized through

grinding. The unheated powder was further sintered above 1000 oC for 4-5 hours to obtain

the pure single-phase ferrite NPs. The sintered powder ferrite was then pressed into pellets

via cold-pressed method using a suitable binder and pre-sintering the obtained pellets at

600 oC for 4 hours to evaporate the binder material for the efficient study of the ferrites.

The schematic representation of the synthesis process is shown in Figure 6.1. Equation

(6.1) can be used to explain the most probable reaction that will take place during the

combustion reaction.

0.5Ni(NO3)2.6H2O + 0.5Co(NO3)2.6H2O + 2Fe(NO3)3.9H2O + xC6H8O7 −→

Ni0.5Co0.5Fe2O4+6xCO2+(4x+21)H2O+7NO2 (6.1)
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6.3 Results and Discussion

6.3.1 Structural analysis

XRD and FTIR characterizations were used to investigate whether annealing temperatures

influenced the structural characteristics of the prepared samples. Room temperature XRD

results of all samples were recorded in the 2 θ range of 10o – 70o with Cu-Kα radiation

(λ = 1.5405 Å). The XRD patterns of Ni0.5Co0.5Fe2O4 (at 850 oC, 1050 oC, and 1150

oC) respectively are shown in Figure 6.2(a). The X-ray diffraction lines corresponding to

NiFe2O4 and CoFe2O4 attributes to (111) and (220) particularly, followed by (311), (222),

(400), (422), (511), and (440) crystal planes, as confirmed with standard JCPDF values

(74-2081 and 79-1744) respectively. However, on sintering the ferrite initially at 850 oC,

ferrite formation with magnetite as secondary phases occurs α-Fe2O3 as confirmed from

the JCPDF card no. (39-1346). The formation of α-Fe2O3 at temperature 850 oC occurred

most likely as a result of extra iron atoms in the reaction mixture that were not involved

in the final ferrite’s production. The excess Fe3+ cations in the reaction mixture will

produce α-Fe2O3 as a secondary phase in Ni0.5Co0.5Fe2O4 ferrite if a portion of the Ni2+

cations is reduced to nickel or a proportion of the Co2+ cations, is reduced to cobalt [99].

As the sintering temperature is increased above 1000 oC particularly, peaks tend to get

sharper and less rounded as crystallinity rises, indicating a successful synthesis of a single-

phase spinel structure with cubic symmetry (Fd-3m space group) [217]. The crystallite

sizes and lattice constant (a0) for the highest diffraction peak (311) are estimated utilizing

Debye Scherrer’s formula, equation [6.2], which confirms the nanocrystalline nature of the

incorporated samples as reported in TABLE 6.1.

D = Kλ/βcosθ (6.2)

where ’K’ is the Scherrer’s constant, ’λ’ is the X-ray’s wavelength, ’β’ is the full width at

half maxima ’θ’ is Bragg’s angle. The average crystallite sizes (D) with different sintering
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temperatures for the samples increased from 48.4 nm at (850 oC) to 71.3 nm at (1150

oC). This is demonstrated by the fact that enhanced crystallinity and an inactive surface

layer of crystals caused the strength of diffraction peaks to increase at high annealing

temperatures. In contrast, the processes of coalescence were enhanced, which enabled

the growth in particle size [218]. In order to control crystallinity and crystallite size, the

annealing temperature is therefore extremely important. Further, values of lattice strain

inside the samples exhibited by distinct annealing temperatures can be evaluated using

(W-H) the Williamson-Hall relation, from equations (6.3), reported in TABLE 6.1.

ε = β/4tanθ (6.3)

where ε’ is the strain-induced inside the samples, ’β’ is the full width at half maximum

of diffraction peaks, and ’θ’ is Bragg’s angle.
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Table 6.1. The lattice constant (a0), interlayer spacing (d), unit cell volume (V), lattice

strain (ε), FWHM (β), and Crystallite size (D) of Ni0.5Co0.5Fe2O4 samples for the most

intense peak (311) of XRD reflection.

Sintering temperature (oC) d (Å) a0 (Å) V (Å)3 D (nm) β ε

850 2.517 8.349 582.07 48.4 0.172 0.00234

1050 2.515 8.350 582.09 68.3 0.122 0.00166

1150 2.524 8.372 586.83 71.3 0.117 0.00159

Figure 6.2: Structural confirmation for as-synthesized material for different an-
nealing temperature. (a) XRD patterns of Ni0.5Co0.5Fe2O4, (b) FTIR spectra of

Ni0.5Co0.5Fe2O4 samples.

Ni0.5Co0.5Fe2O4 ferrites FTIR spectra were examined at varying annealed tempera-

tures in the range of 4000 - 400 cm−1. In order to analyze the variation caused by the

temperature difference, Figure 6.2(b) illustrates the FTIR spectra of all the ferrites that

were made similarly but annealed at various temperatures. The absorption bands between

(600-400 cm−1) are attributed to the vibrations of stretching at the tetrahedral and oc-

tahedral locations. Each spectrum shows two distinct absorption bands that are typically

found in cubic spinel ferrites and are located between (601-593) cm−1 and below 402 cm−1,

indicating the cubic spinel structures for ferrites [219]. The frequency band at ∼ 400 cm−1

is related to cation-anion bond (MB-O) vibrations that stretch at octahedral sites of the

ferrite samples, while the absorption band at ∼ 600 cm−1 is caused by cation-anion bond

(MA-O) vibrations that stretch at tetrahedral sites [220].
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6.3.2 Morphological Analysis

The FESEM images investigated the ferrites’ physical texture, morphology, and particle

size. The FESEM microscope and their particle size histogram for all the samples, are

shown in Figure 6.3. All of the scans showed that the samples feature cuboidal-shaped

grains that are nanosized, non-uniform, and inhomogeneous with a significant level of

amalgamation and agglomeration. This agglomeration in the samples may be caused due

to the unavailability of surfactant during synthesis and due to the magnetic interaction

between the NPs [221]. Therefore, it is evident from FESEM micrographs that the grains

of the synthesized spinel ferrites are at the nanoscale with vivid pores, which certainly

makes it beneficial for gas sensing applications due to the significant specific surface area

of the smaller grains. Due to the production of a large number of gases during burning,

which can partially prevent NP agglomeration and lead to porous materials, the nanosized

nature of particles can be attributed [222]. The presence of gaps and pores in samples

could be explained by the release of gases during burning, including (CO2, NO2, H2O,

etc.) [223][224]. Further, with the rise in the annealing temperature, particle size tends

to increase, which corresponds to the fact that, on sintering, the NPs coalesce, resulting

in higher particle sizes in the agglomerates. The corresponding histograms obtained from

the FESEM pictures approached nearly depicting the highest average particle size for the

different annealed ferrites at 850 oC to 1150 oC, obtained in the vicinity of ∼ 59 to 316

nm respectively as can be seen from Figure 6.3 (a-c). The average particle size for all the

samples was calculated from the histogram estimated from the FESEM micrograph using

ImageJ software, and the values were reported in TABLE 6.2.
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Table 6.2. Particle size from FESEM micrographs of the Ni0.5Co0.5Fe2O4 samples.

Sintering temperature (oC) Particle size (nm)

850 59.13

1050 237.03

1150 316

It was observed from the table that the particle size calculated from the FESEM mi-

crograph using ImageJ software was not the same as the crystallite size determined by

Debye-Scherrer formulas utilizing the XRD spectrum, as reported in TABLE 6.1. The

XRD spectrum showed that the crystallite size was significantly less than the particle size

inferred from the FESEM image. This revealed that the samples’ particle size and crys-

tallite size are entirely different from each other. Thus, two or more crystallites or grains

combined to form particles result in larger particle sizes, as evidenced by FESEM im-

ages. Further, the elemental composition were obtained for all the samples by the EDAX

Figure 6.3: Morphological investigations for as-synthesized material for different
annealing temperature. (a) FESEM image of Ni0.5Co0.5Fe2O4 at 850 oC, (b) FE-
SEM image of Ni0.5Co0.5Fe2O4 at 1050 oC, (c) FESEM image of Ni0.5Co0.5Fe2O4

at 1150 oC.

spectra, as shown in Figure 6.4 (a). All the samples confirm the constituent sample’s

composition and stoichiometric ratio. The EDAX spectra of Ni0.5Co0.5Fe2O4 spinel ferrite

confirm Ni, Co, Fe, and O elements and some impurity elements such as Zn and Mn at

(850 oC) low annealing temperature. Additionally, during the preparation of the sample,

an impurity element like carbon might have been accidentally deposited on the surface.
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Figure 6.4 (b), shows the elemental mapping of the Ni0.5Co0.5Fe2O4 spinel ferrite for 1150

oC temperature, which confirms the presence of Ni, Fe, Co, and O elements and their

equal distribution in the respective spinel ferrite purely. Therefore, with the increase in

the annealing temperature, it is evident that particle size tends to increase with sintering,

which corresponds to the fact that, merging NPs agglomerates with greater particle sizes,

resulting in a purely single phase of ferrites.

Figure 6.4: (a) EDAX spectra of Ni0.5Co0.5Fe2O4 for different annealing tem-
perature, (b) Elemental mapping images of Ni0.5Co0.5Fe2O4 at 1150 oC.

6.3.3 Dielectric Analysis

The impedance spectroscopy was utilized to study the dielectric properties and AC conduc-

tivity. Specifically, the dielectric constant (ϵ’), dielectric loss ( tan δ) and AC conductivity

(σac) was estimated from complex impedance data using impedance spectroscopy for any

material; as shown in equations (6.4) and (6.5) respectively, that provides insightful data

on polarization behavior, dielectric relaxation, and conduction mechanisms.
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ε′ = t/(ωAϵo) ∗ Z”/(Z ′2 + Z”2), ε” = t/(ωAϵo) ∗ Z ′/(Z ′2 + Z”2), tan δ = ε”/ε′ (6.4)

Figure 6.5(a) depicts the frequency-dependent fluctuation of the dielectric constant at

various annealing temperatures. As can be observed, the dielectric constant increases

at all temperatures in the low-frequency area but drops sharply as the frequency rises.

The electric dipole’s inability to adapt to changes in the applied AC electric field is the

cause, which is why the dielectric constant drops as the frequency rises. Additionally, the

Maxwell-Wagner (MW) phenomenon for interfacial polarisation with Koop’s phenomenon

explains the real permittivity (ε′) with respect to frequency [104][225][226]. This concept

proposes that the dielectric materials are composed of a significant quantity of thin grain

borders (grain boundaries) separating well-conducting grains with low conductivity. This

method results in larger permittivity and significant polarization. Here, it can also be

seen that the magnitude of the dielectric constant drops as the annealing temperature

rises from 30k at 850 oC to 15k at 1150 oC for 100 Hz. This is evident in Figure 6.5(a),

since the size of the particle decreases from 71.3 nm (at 1150 oC)- 48.4 nm (at 850 oC),

the dielectric permittivity rises. Therefore, the correlated barrier hopping (CBH) model

can explain the improvement of the dielectric characteristics as the particle size decreases

[227]. This model shows how the ions or charges can leap across an anisotropic barrier

(or potential well) that separates them from one another. The particle’s size decreases to

48.4 nm, resulting in a single-domain, despite a reduction in the number of domains. For

the barrier to be removed and the dielectric permittivity to be increased, the presence of

a weak field is essential [228].

The dielectric losses (tan δ) as a function of frequency at various annealing tempera-

tures are shown in the inset of Figure 6.5(a). The value of tan δ is high at lower frequencies

and rapidly declines as the frequency rises. Here, the dielectric losses show the same pat-

tern as the dielectric constant, except for 1050 oC of annealed temperature for ferrite. At

low frequencies, it displays the highest loss tangent value, which is 63.9. Due to the high
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Figure 6.5: Dielectric analysis for as-synthesized material for different annealing
temperatures. (a) Dielectric permittivity vs Frequency of Ni0.5Co0.5Fe2O4, (b)

Frequency-dependent AC conductivity of Ni0.5Co0.5Fe2O4 samples.

resistivity of the material’s grain boundaries, which make the exchange of electrons be-

tween Fe3+ and Fe2+ ions more energy-intensive, the high value of a loss and its tangent is

attributable to these factors. The idea of the conduction mechanism within the ferrites at

higher frequencies is provided by higher values, where a small amount of energy is needed

for electron exchange between Fe ions, leading to a small amount of energy loss and a low

value of electrical resistivity. Additionally, the variation of AC conductivity as a function

of frequency, as shown in Figure 6.5(b), is further estimated by equation (6.5), which is

necessary to comprehend the conduction mechanism and type of polarons responsible for

conduction.

σac = t/A ∗ Z ′/(Z ′2 + Z”2) (6.5)

As can be observed, the frequency has a linear effect on the AC conductivity. The ex-

change of electrons between ions of the same element with differing valences causes the

conductivity to rise. The conductive grains become more active upon application of the ac

field, hence enhancing the hopping between Fe2+ and Fe3+ ions and raising the hopping

conduction. Following this, conductivity was observed to rise gradually on a regular ba-

sis [229][230][231]. Moreover, the variation in AC conductivity to annealing temperature
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is because of the correlated barrier hopping (CBH) mechanism [227]. Further, complex

impedance spectroscopy also allows for the investigation of the real and imaginary compo-

nents of complex impedance in addition to the investigation of dielectric characteristics.

The separation of grain, grain boundary, and electrode characteristics is ensured using

complex impedance spectroscopy. When the electrical processes inside the system are

modeled in terms of their equivalent circuit, it also provides insight into their ability to

relate to the sample [232]. Therefore, It is evident to study the dielectric properties which

are further used in energy storage devices, since the grain boundaries between these struc-

tures consist of well-conducting grains [233][234][235]

6.4 Conclusion

The Pechini technique uses citric acid as fuel and has been used to create nickel-cobalt fer-

rite powders. The nano-crystalline nature of the nickel-cobalt ferrite particles is confirmed

by the characterization techniques, such as XRD and FESEM. The highest particle size

of ferrite is ∼ 71 nm at an annealing temperature of 1150 oC. Also, the pure single phase

of ferrites was observed at a high annealing temperature (1150 oC). Due to the annealing

temperature, the real permittivity appears to be variable. The maximum permittivity

(D.C) is obtained to be ∼ 15k at 1150 oC. Therefore, of all the reports available in the

literature, the high annealing temperature at 1150 oC is promoted to be one of the most

suitable temperatures for the effective analysis of (Ni-Co) ferrite NPs.
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Complex impedance and electric

modulus analysis of

nickel-substituted cobalt ferrite

Abstract

This article describes the successful production of spinel ferrite Ni0.5Co0.5Fe2O4 sam-

ples by employing the sol-gel auto-combustion technique. XRD was used to validate the

crystal structure of inverse spinel ferrite in all Ni0.5Co0.5Fe2O4 samples. Here, it is dis-

covered that there is an inverse relationship between the computed theoretical density

(Dx) and the crystallize size (D). As the sintering temperature increases from 850 oC to

1150 oC, crystallize size (D) increases. At 1150 oC, the ideal sintering temperature, XPS

verifies the existence of a single phase in samples. EDAX and FESEM both confirm the

modification in morphology and elemental composition of Ni0.5Co0.5Fe2O4. Furthermore,

TEM reveals an even distribution of cuboidal shape grains with an average grain size of

about 84 nm for the Ni0.5Co0.5Fe2O4 sample at an optimized temperature of 1150 oC.

Additionally, the SAED pattern indicates an even distribution of bright spots, confirming

118



Chapter VII. 119

a significant amount of crystallization and a single-phase formation. A relaxation phe-

nomenon with a non-Debye-type origin emanating from grain boundaries is also revealed

by Complex Impedance and Modulus Spectroscopy. Space charge polarization is observed

in frequency-dependent complex impedance and modulus examinations as the sintering

temperature rises. It is proposed that the compound’s enhanced dielectric properties re-

veal substantial results of sintering the compound at the required temperature, which is

beneficial for magnetodielectric materials, spintronic devices, sensors, and other applica-

tions.

7.1 Introduction

Spinel ferrites are highly significant due to their remarkable magnetic and dielectric proper-

ties [236]. The materials have a wide variety of functional uses in the area of transformers,

microwave devices, electrical sensors, and information storage media [236][237][238]. The

single spinel ferrite crystallographic unit cell has eight formulae units of AFe2O4 (where

A is one or more divalent metal cations such as Ni2+, Co2+, Mn2+, Mg2+. Metal (diva-

lent or trivalent) cation presence at lattice sites has been investigated using crystal field

theory [239], resulting in many types of crystal arrangements such as inverse, normal, or

mixed. Furthermore, these cations have a significant impact on their capability to mod-

ify chemical, structural, magnetic, optical, and electrical characteristics. In addition,

the presence of metal (divalent or trivalent) cations in these tetrahedral and octahedral

sites is affected by a number of important factors, including elemental composition, pH

effects, preparation method, sintering time, and sintering temperature [240][241][242][243].

The sintering temperature has a considerable influence on the many structural parame-

ters such as crystallinity, density, phase, crystallite size, porosity, and so on, which en-

hances the physicochemical characteristics. Additionally, the ferrite’s magnetic porosity

makes it suitable for a variety of applications, including supercapacitors, sensing appli-

cations, memory-based technology, solar cells, corrosion protection coatings, and many
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more [244][245][246]. Several other groups have pointed out the significance of sintering

temperatures [247]. Here, the increase in sintering temperature corresponds to an increase

in particle grain size along with the saturation magnetism values of the mixed ferrite.

Brajesh Nandan et al. investigated the impact of sintering on the magnetic and structural

and characteristics of Ni0.5Co0.5Fe2O4 ferrites [218]. Furthermore, Iqbal et al. emphasized

the investigation of the impact of reaction time and temperature on the appearance of L-

cysteine surface-capped chalcocite (Cu2S) snowflakes, dendrites, and nano-leaves, as well

as the visible-light photodegradation of the methyl orange dye [248].

Further, the diverse versatility of ferrites can also be achieved by selecting an efficient

and convenient synthesis method. Several techniques, including the hydrothermal method,

microwave combustion, co-precipitation method, solid-state reaction, spray pyrolysis, and

sol–gel auto-combustion, can be used to develop spinel nano ferrites [249][250][251][252][253].

The method of preparation has a large influence on structural parameters such as mor-

phology, size, chemical homogeneity, and surface state. Of the various methods available

for spinel ferrites synthesis, the sol–gel auto-combustion method proves to be the most

cost-effective and convenient one. The low cost of this approach contributes to its cost-

effectiveness, the quick and bulk availability of the precursors used for synthesizing ferrites

[254]. Furthermore, this method has been regarded as a convenient chemical route because

it provides numerous advantages such as improved reactant mixing with massive chemical

homogeneity in the product and lowering the crystallization temperature [255][256]. In

addition, the use of distilled water as a solvent leads to this methodology being clean and

environmentally friendly from a natural standpoint [144].

Among the numerous spinel ferrites, the Ni-Co ferrites have been widely employed

due to their attractive and wide scopes [97][98][99]. The CoFe2O4 has an inverse structure

in which the small Co2+ ion occupying the tetrahedral site reduces the lattice constant,

allowing electron hopping between Fe3+ and Fe2+ ions and acting as a charge carrier

source, strengthening the dielectric behavior of CoFe2O4 [214]. NiFe2O4 also exhibits

a dielectric structure with distinct conducting grains and grain boundaries. The electron
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exchange between Fe2+ and Fe3+ ions, as well as the hole exchange between Ni3+ and Ni2+

ions, ensures electrical conduction and dielectric polarization, useful for various electrical

applications [106]. Moreover, in our system nickel as a dopant is chosen because it is a

soft ferrite with high magneto-crystalline isotropy while maintaining high resistivity [106],

whereas cobalt ferrite as a host material is a hard ferrite with high magneto-crystalline

anisotropy, high coercivity, and moderate saturation magnetization [214]. Further, at this

particular stoichiometric concentration x = 0.5, the cationic distribution is found to be

uniform and yields a narrow crystalline grains size distribution that makes our mixed

ferrite chemically and mechanically stable.

In addition, (CIS) is a crucial method for identifying the source of the conducting

process and the electrical characteristics of ferrite ceramics in terms of microstructure

and composition by observing the contributions from grains, grain borders, or electrodes

[257]. It also includes resistive (real component) and reactive (imaginary component) data

which contributions to conductivity under applied fields. The macroscopic bulk materi-

als are most convenient for complex (CIS) characterization, especially for a conventional

parallel-plate capacitor (RC) measurement geometry, where RC is the measured resistance

and capacitance, respectively, that allows quick characterization of the resistive and ca-

pacitive properties of different areas in the sample. Furthermore, the complex impedance

analysis can provide basic information about the dielectric characteristics of materials,

since dielectric characteristics provide fundamental information about the materials [258].

As a result, the report containing complex dielectric analysis has already been published

previously [229].

Further, such diverse properties exhibited by Ni-Co-ferrite encouraged us to explore

the system in our work. The current study describes the effective synthesis of Ni0.5Co0.5Fe2O4

by employing the sol-gel auto-combustion process, which results in the formation of grains

with absolute single-phase and homogeneity at the optimized sintering temperature of

1150 oC. However, to the utmost of our understanding, the research due to the impact of

sintering temperature on the impedance and modulus properties using complex impedance
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spectroscopy for mixed ferrite Ni0.5Co0.5Fe2O4 is not available in the literature till today.

The detailed complex impedance formalism and frequency-dependent relaxation procedure

at room temperature with respect to various sintering temperatures such as 850 oC, 1050

oC, and 1150 oC have been reported in this paper. Ferrite as a single-phase system is

obtained at a temperature above 1000 oC. Therefore, the findings demonstrate that the

synthesized Ni-Co ferrite exhibits unique features making our sample a suitable choice for

their scope in magnetic, optoelectronic, and electric devices such as microwave absorption

applications, inductors, sensors, developing magnetodielectric materials, and many more.

Moreover, the transition of polycrystalline ferrites to single-phase ferrite along with rising

grain size due to the influence of sintering temperature is uniquely fascinating to analyze.

7.2 Experimental

X-ray diffraction (XRD; Bruker) with Cu-Kα (λ= 1.5406 A°) was used to evaluate the

structural properties of heat-treated materials. FESEM in conjunction with EDAX was

used to examine the surface morphology of the samples (FE-SEM; JEOL JSM-7610F Plus

EDAX; OXFORD EDAX LN2 free). TEM (JEOL JEM 2100 Plus) confirms the form

and size of grains as determined by XRD and FESEM images. XPS (Thermo Scientific

NEXA Surface analyzer) via Avantage Data system software was utilized to analyze the

chemical states. For the study of electrical measurements, the flat surfaces of pellets

acted as electrodes, where the conductive silver paste was applied on both faces of ceramic

samples and were air dried. The complex impedance measurements were performed with an

impedance analyzer (FRA32M) in frequencies ranging from 100 Hz to 1 MHz (Potentiostat

Galvano stat, using NOVA software).
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7.2.1 Synthesis of Ni-Co ferrite

The successful synthesis of spinel ferrite (Ni0.5Co0.5Fe2O4) powders by using the sol–gel

auto-combustion route, also known as Pechini’s method have been reported. The aqueous

solution of metal salts and iron is prepared homogeneously in distilled water with required

stoichiometric proportions, under continuous magnetic stirring. To maintain a molar ratio

of 1:1, the pulverized citric acid is introduced to the salt solution with cations. The solution

was maintained at a pH of 7 by adding ammonium hydroxide in droplet form at 90 oC to

95 oC for 2 h under continuous magnetic stirring. Due to excessive heating, surplus water

evaporates and the liquid is turned into xerogel. Further, the xerogel is dried over a hot

plate at 100 oC for 1–2 h, which leads to an auto-combustion process, converting xerogel

into brown fluffy powder forming the nanoparticles. Pre-sintering was done at 100 oC for

48 h, in order to evaporate any excess moisture. By then, a pre-sintered powder sample

was further sintered at different temperatures such as 850 oC, 1050 oC, and 1150 oC.

Furthermore, the sintering temperature and heating rate of the Ni0.5Co0.5Fe2O4 sample

are kept constant at 12 oC per min for at least 4 hrs, respectively, to obtain the high

crystalline and single-phase ferrite. The synthesis technique is depicted schematically in

Figure 7.1. The required stoichiometric reaction occurring during the combustion synthesis

is explained in Equation (7.1).

0.5Ni(NO3)2.6H2O + 0.5Co(NO3)2.6H2O + 2Fe(NO3)3.9H2O + 3C6H8O7 −→

Ni0.5Co0.5Fe2O4+18CO2+36H2O+6NO2 (7.1)
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Figure 7.1: The scheme illustrates the synthesis procedure of the Ni-Co ferrites.

7.3 Results and Discussion

7.3.1 Phase and Structural analysis

Figure 7.2: a) The XRD of Ni0.5Co0.5Fe2O4 ferrite samples for all sintering
temperatures, b) Density (Dx) vs sintering temperature (oC).
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Figure 7.2a depicts the XRD scans of samples of Ni0.5Co0.5Fe2O4 sintered at temper-

atures of 850 oC, 1050 oC, and 1150 oC. The crystallite size (D) and theoretical density

(Dx) is estimated from the following Equation (7.2).

D(311) = kλ/(βcosθ), Dx = ZM/NAVcell (7.2)

Here, (Dx) is the theoretical density, NA is Avogadro’s number (6.023 * 1023), M is

molecular weight, Z is the number of molecules per unit cell, and Vcell is cell volume. For

the most intense diffraction peak (311) the crystallite size (D) was determined. Here, λ

is the X-ray’s wavelength of the radiation, K is a constant (K = 0.9), θ is the Bragg’s

angle, and β is the full width at half maxima (FWHM). The sharp XRD spectra for

the sintered samples reveal that the crystallinity increases, eliminating the extra impurity

peaks such as α-Fe2O3 with increasing sintering temperature. The majority of diffraction

peaks correspond to the spinel structure as confirmed from standard JCPDS values 74-

2081 and 79-1744 having cubic Fd-3m space group [259][260]. The peak intensity of the

samples sintered at 1050 oC and 1150 oC is found to be higher than the sample at 850

oC. This is due to the fact that when the sintering temperature rises, the diffraction

peaks narrow and sharpen, suggesting an increase in the crystallinity and particle size of

the samples. Furthermore, as reported by Trentler et al. [261], the sharp intensity of

diffraction peaks is due to an inactive surface layer of crystals/the presence of high surface

and bulk mobility in a solid phase, due to the higher orientation of atoms in the crystal

structure. Furthermore, the enhanced crystalline nature of sintered samples corresponds

to the improvement in coalescence processes due to nuclei size enlargement, enabling a

rise in particle size and thus increasing peak intensity at higher sintering temperatures

[262]. The detailed investigation and explanation of the structural properties with respect

to the sintering temperature of the as-deposited samples can be confirmed from previously

published work [229].
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Table 7.1. The structural characteristics of Ni0.5Co0.5Fe2O4 samples at various sintering

temperatures.

Sintering temperature (oC) 2θ(o) a0 (Å) V (Å)3 D (nm) Dx(g/cm
3)

850 35.63 8.34 582.07 48 5.35

1050 35.63 8.35 582.18 68 5.34

1150 35.53 8.37 586.37 71 5.31

The structural parameters as calculated are tabulated in Table 7.1. It shows the values

of X-ray density (Dx) that decline from 5.35 to 5.31 g/cm3 as the sintering temperature

increases from 850 oC to 1150 oC, the variation is illustrated in Figure 7.2b, This variance

is ascribed to an increase in volume because heat energy provides a force that forces grain

boundaries to form across pores during the sintering process, causing the pore volume to

contract and the materials to become denser. Further, the heating rate throughout all

the sintering temperatures is used at 12 oC per min. The high heating rate would entrap

the gas inside the material and produces intragranular pores [263]. Moreover, the density

for the Ni0.5Co0.5Fe2O4 sample at 1150 oC drops to 5.31 g/cm3, resulting in increased

grain size contrary to lower sintering temperatures. This eventually leads to an increase in

intergranular spacing due to which porosity also increases. Therefore, at higher sintering

temperatures, the density gets decreased, resulting in increased intragranular porosity due

to discontinuous grain growth [264]. This implies that the sintering temperature has a

significant impact on the crystallinity, crystallite size, and density of the materials.



Chapter VII. 127

Figure 7.3: The deconvoluted XPS spectra of a) Full scan, b) C 1s, c) O 1s,
d) Fe 2p, e) Co 2p, and f) Ni 2p XPS spectrum at 1150 oC of ‘as synthesized’

Ni0.5Co0.5Fe2O4 samples
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The XPS spectra in Fig. 3 confirm the oxidation states of all the components of

the synthesized Ni0.5Co0.5Fe2O4 samples at all sintering temperatures, i.e., 850 oC, 1050

oC, and 1150 oC. The full XPS scan (Figure 7.3a) of Ni0.5Co0.5Fe2O4 spectra and the

deconvoluted core level XPS scans of Co 2p, Ni 2p, O 1s, Fe 2p, and C 1s of the prepared

sample Ni0.5Co0.5Fe2O4 at 1150 oC are pictorially illustrated in Figure 7.3. The existence

of all desired components Co, Fe, Ni, and O are purely observed at the highest sintering

temperature of 1150 oC. Charge correction calibration for the complete spectrum data

was performed using a constant value of 284.8 eV for the carbon 1s peak [265]. The

two broader auger peaks OKL and CKL, which appeared in the whole scan spectrum as

well, were visible at higher binding energies of 998.9 eV and 1200 eV, respectively. These

peaks are generated by the detection of auger electrons which are generally produced by

auto-ionization. Generally, the binding energy assigned to the auger transition may be

due to the “shake-up” and “shake-off” contribution to the auger peaks. These processes

of shake-off and shake-up feature incomplete electronic transitions. Given that there is

a limited probability that a charged particle (after photoionization) will remain left in a

particular excited energy state a few eV above its initial state due to ion excitation by

the outgoing photoelectron, this reduces the kinetic energy of the emitted photoelectron

and is visible as a ”shake-up” peak at higher binding energy than the main line [266].

Similarly, where more than one electron is ejected at the time of photoionization, it may

result in broad structures or contribute to the inelastic background in a spectrum resulting

in shake-off events. Here, the appearance of auger peaks (as seen in Figure 7.3a), on

the higher-binding (low-kinetic) energy side identifies it as a “shake-up” rather than a

“shake-off” charge process [267]. Further, the curve-fitting approach adopted for various

deconvoluted scans such as Fe 2p3/2 and Co 2p3/2 following the calculated components

and their intensity ratio is in accord with the curve-fitting data reported in the literature,

which provides enough evidence of the presence of desired elements [268]. This means that

heat treatment is important in determining the formation of a single phase of as-prepared

material Ni0.5Co0.5Fe2O4 samples.
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The binding energy of the Ni 2p3/2 peak (Figure 7.3f) is 854.9 eV, while the peak

for Ni 2p1/2 is 872.5 eV [269]. At 795.5 eV and 780 eV, respectively, the typical binding

energy peaks for Co 2p1/2 and Co 2p3/2 are detected from Figure 7.3e [270], establishing

the existence of cobalt in the + 2 oxidation state. The presence of Co in the + 2 oxidation

state is also supported by satellite peaks at binding energies of 786.8 and 802.7 eV. The

high-resolution XPS peaks (Figure 7.3d) at 725.4 eV and 710.2 eV correspond to the Fe

2p1/2 and Fe 2p3/2, respectively. In addition, a satellite peak with a binding energy of 716.8

eV is seen. A satellite peak for Fe 2p1/2 was seen, which is characteristic of Fe in a trivalent

oxidation state [265][45]. Figure 7.3c shows that the binding energy of the oxygen species

corresponding to O 1s is 529.7 eV, which is attributable to lattice oxygen. The greater

binding energy (531.3 eV) peak, on the other hand, is attributable to lower coordinated

lattice oxygen, demonstrating structural defects [271][272]. The entire spectrum data set

had been optimized for charge correction for the carbon 1s peak, which had a consistent

value of 284.8 eV throughout [273].

7.3.2 Morphological and Elemental Analysis

Figure 7.4: FESEM micrograph of Ni0.5Co0.5Fe2O4 samples at various sintering
temperatures

Figure 7.4 depicts the FESEMmicrographs for Ni0.5Co0.5Fe2O4 samples at all sintering

temperatures 850 oC, 1050 oC, and 1150 oC. The results obtained at a low sintering tem-

perature 850 oC, yield non-uniform coalesced globular grains of a few hundred nanometers

that indicate the incomplete formation of grains. As the sintering temperature increases,
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the morphology transforms into segregated cuboidal-shaped grains with distinct edges.

This is due to the presence of non-homogeneous grains at low temperatures. Moreover,

these effects are much more reliable for spinel ferrites, as it is worth noting that the heat

treatment caused the particles to aggregate as a function of the sintering temperature.

Therefore, on increasing the sintering temperature, the homogeneity of grains increases.

Agglomeration rises as particle size grows due to magnetic interactions between nanopar-

ticles [274][275]. Thus, the morphology transforms into segregated cuboidal-shaped grains

at the highest sintering temperature. The FESEM images are further analyzed using

ImageJ software that calculates the average particle size of about 59 nm, 237 nm, and

316 nm for the respective sintering temperatures 850 oC, 1050 oC, and 1150 oC. There-

fore, on sintering the nanoparticles merge and agglomerate which facilitates an increase

in particle size. The particles join together and enlarging of particle size occurs due to

increasing sintering temperature at 1150 oC. Further, the porous nature avowed by the

FESEM micrographs may find its applicability in energy storage devices viz. batteries and

supercapacitors [275].
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Figure 7.5: a) EDAX spectra of Ni0.5Co0.5Fe2O4 samples at sintering temper-
atures 850 oC and 1150 oC, b) Elemental mapping images of Ni0.5Co0.5Fe2O4

samples at 1150 oC.

Table 7.2. Elemental analysis, experimental and theoretical values of atomic % of

Ni0.5Co0.5Fe2O4 samples at different sintering temperatures
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Fig. 7.5a depicts the EDAX spectrum of Ni0.5Co0.5Fe2O4 samples at 850 oC and 1150

oC. Figure 7.5b displays elemental mapping for the Ni-Co ferrite sample at the highest

sintering temperature of 1150 oC, which demonstrates the presence of the desired elements

Fe, Co, Ni, C, and O. The experimental and theoretical values of the atomic percent (at.

%) of Ni-Co spinel ferrite for all sintering temperatures, are reported in Table 7.2. The

observed data show a minor difference between the experimental and theoretical atomic

percent (at. %). This could be attributed to the nano ferrites’ surface crystallographic

flaw, as well as the presence of foreign components such as carbon [276][277]. The exper-

imental values acquired from EDAX scans are nearly in agreement with the theoretical

compositional analysis (Figure 7.5b), as it affirms the presence of a single-phase ferrite

system due to the impact of sintering temperature. Therefore, on increasing the sintering

temperature to 1150 oC, impurities are removed and single-phase grains of the spinel sys-

tem are confirmed.
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Figure 7.6: a) TEMmicrographs of Ni0.5Co0.5Fe2O4 nanoparticles at 1150
oC, b)

The average grain size (nm) distribution of scans, c) High-resolution TEM pictures
demonstrating the arrangement of single direction-oriented planes, d) The SAED
pattern suggesting the formation of a single-phase of as-prepared Ni0.5Co0.5Fe2O4

sample at 1150 oC.

The insight details of the Ni0.5Co0.5Fe2O4 ferrite samples are further inspected by

Transmission electron microscopy (TEM). Here the optimized Ni0.5Co0.5Fe2O4 ferrite sam-

ple at the optimal sintering temperature of 1150 oC is considered. Figure 7.6a shows the

TEM micrographs that are used to evaluate the morphology and size of the studied sam-

ples. Although, due to the high agglomeration of grains, the individual grain size is not

visible in the TEM images. Here, the TEM technique provides information from a very

narrow portion of the sample. In our case, about 500 nm area of the sample was stud-

ied for average grain size distribution. The number of particles in this area is about 18,

which are then analyzed for average size histogram via ImageJ software, as illustrated in

Figure 7.6b. In contrast, some of the particle sizes and shapes are visible, and based on

apparent particle size and shape; the agglomerated particles were measured [278]. Thus,
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the TEM results obtained support the XRD predicted size. Figure 7.6c illustrates the

well-defined and uniform lattice fringes obtained from high-resolution TEM images that

show the single-direction oriented planes, suggesting the formation of a single-phase of

Ni0.5Co0.5Fe2O4 sample at the highest sintering temperature. The SAED pattern as dis-

played in Figure 7.6d, shows the bright spots’ regular distribution, confirming once more

the substantial amount of crystallisation and single-phase production. This confirms the

influence of sintering at the highest temperature, as the SAED pattern corresponds to

the ferrite sample’s single-phase crystalline structure, similar to results obtained for other

ferrite samples [279][280].

7.3.3 Complex Impedance analysis

Impedance spectroscopy is used to analyze the electrical behavior of materials to iden-

tify the impact of grains, grain boundaries, and electrodes on overall conductivity. Fig-

ure 7.7a,b displays the variance in the real and imaginary parts of the evaluated fer-

rites’ complex impedance (Z*) for all the sintering temperatures with respect to frequen-

cies. Similar literature on impedance spectroscopy had also been studied earlier, for sev-

eral distinct types of samples such as manganite of Gd0.95Ca0.05MnO3 [281], crystals of

PbxCo1−xC4H2O6.nH2O [282] and bulk ferrite of ZnxCo1−xFeAlO4 [283], and many more

[284].

As seen below, both the resistive and reactive impedance components are included

in the complex impedance (Z*) which is given as, Z* = Z’ - jZ” [285]. The horizontal

element of the complex impedance is given by Z’ = |Z ∗ |cosθ, which is used to denote the

resistive component, and the imaginary part is supplied by Z” = Z” = |Z ∗ |sinθ, which is

used to denote the reactive (capacitive) component. Grain and grain boundaries entangled

with dielectric and electric modulus properties, on the other hand, are in agreement with

Equation (7.3), since these two components integrate the impedance effects of resistance



Chapter VII. 135

and capacitance.

tanδ = (ϵ”/ϵ′) = (Z”/Z ′) = (M”/M) (7.3)

Figure 7.7a depicts the variation in the real component of complex impedance (Z’) with

regard to the frequency of the studied ferrites for all sintering temperatures. At low-

frequency regions, Z’ has a higher value with dispersed behavior and remains constant up

to 104 Hz, after which the Z’ drops continuously at higher frequencies. The relaxation

frequency can also be observed where Z’ tends to drop and shift to a higher frequency

side. This decrease in Z’ values is mostly due to a rise in charge carrier mobility and

a drop in trapped charge density [285]. Further Figure 7.7a, illustrates that with an

increase in sintering temperature, Z’ increases which subsequently confirms the decrease

in conductivity of the sintered ferrites [229].

Figure 7.7: a) Z’ vs Frequency, b) Z” vs Frequency, and c) Nyquist plots of
Ni0.5Co0.5Fe2O4 samples at all sintering temperatures.

Figure 7.7b depicts a change in the complex impedance’s imaginary component (Z”)

for Ni0.5Co0.5Fe2O4 samples for all sintering temperatures. The spectra explicitly char-

acterize the location and strength of the relaxation peak, which is observed to vary with

sintering temperature. Since the maximum values of Z” shift to the low-frequency side

with increasing sintering temperature. This peak shift corresponds to non-Debye relax-

ations [257][286]. This pattern of behavior demonstrates the existence of a relaxation effect

in the ferrites, confirming the non-Debye type of relaxation in the system as the center of

all peaks doesn’t exist at the same frequency for all sintering temperatures. Therefore, it

is evident that Z”max rises with an increase in temperature, which reveals the rise in the
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resistance of sintered ferrite samples. As a result, for all spectra, the elongation of position

and strength of the relaxation peak for ferrites change for different sintering temperatures.

Moreover, at low sintering temperatures, a significant broadening of peaks can be ob-

served. In contrast, the impedance curves appear to merge for all compositions and the

broadening of the peak decreases, suggesting the temperature-dependent relaxation pro-

cess in the ferrites. Along with the peak broadening, the height of the relaxation peaks

is also affected. The peak height of the relaxation peaks increases as the sintering tem-

perature rises, showing an increase in resistive characteristics. Furthermore, emphasises

the significance of space-charge polarisation, which is only considered significant when the

conductivity of the grains and grain boundaries differ by significant magnitudes. [286].

In addition, the Nyquist impedance plots for Ni0.5Co0.5Fe2O4 samples (Figure 7.7c)

has been fitted via ZSimDemo 3.20d software at room temperature for all sintering tem-

peratures at a frequency range of 100 Hz-1 MHz. The graphs depict the overall response

of an RC circuit with a parallel-connected resistor and capacitor, which illustrates the con-

tribution of grain and grain boundary resistance [287]. The plot shows semicircular arcs

as it starts at the origin and makes an intercept on the real axis with a distinct radius for

all the sintering temperatures. The diameter of the semicircle arcs increases with increas-

ing sintering temperature, which is due to an increase in grain resistance [288]. Also, an

abrupt increase of the diameter at an optimal sintering temperature of 1150 oC indicates

the minimal contribution to electrical conductivity from grains, as the grain size tends to

increase and the size of grain boundaries decreases. However, the fall of grain boundary

resistance suggests less hopping of mobile charge carriers aiding the material to behave

as a weak semiconductor. Similar behavior of impedance spectra with a single semicircle

was observed for other cases of nanocrystalline ferrites [289][290]. The primary cause of

semicircle arc separation is considered to be a variation in relaxation time. Further, to

shed more light on the transport behavior, complex modulus spectroscopy is studied on

the grown sintered samples.
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7.3.4 Complex Modulus analysis

As a result of differing relaxation time constants, complex modulus spectroscopy provides

an alternate strategy for exploring the electrical properties of the material particularly

the relaxation time and ion/carrier hopping rate [291]. The comparison of modulus spec-

troscopy to impedance spectroscopy lies over the advantage, in terms of grain boundary

conduction and electrode polarization discrimination. The complex dielectric modulus can

be represented by, M*= M′-jM′′ where M′ and M′′ is the real component and imaginary

component of the dielectric modulus. The complex dielectric modulus is defined as the

reciprocal of complex permittivity and is calculated using Equation 7.4,

M ′ = ϵ′/(ϵ′2 + ϵ′′2),M ′′ = ϵ′′/(ϵ′2 + ϵ′′2) (7.4)

Figure 7.8a illustrates that both the real (M’) component and imaginary (M′′) com-

ponent of the modulus are frequency-dependent, which has significance in studying the

relaxation process of the materials. Figure 7.8a further shows that M’ responds effectively

to high-frequency zones, with the largest value of M’ at 1150 oC. This suggests that at

high frequencies, ϵ′ has a lower value [229]. The inadequate strength of the restorative

force, as well as the release of space charge polarization near the grain boundary, aid

in the saturation of the force. This occurrence happens at higher frequencies while also

ensuring the materials’ frequency-independent electrical characteristics [292][293]. Figure

7.8b illustrates the frequency-dependent M′′. The hopping mechanism appears to show

peaking behavior since it clearly describes the charge carrier shift. The charge carriers

clearly contribute to the switching process that covers vast distances at low frequencies,

illustrated in the above image. Charge carriers, on the other hand, travel small distances

at higher frequencies, indicating polarisation relaxation [292][293].

Further, Figure 7.8c clearly illustrates the complex modulus spectra of M′′ vs M′, (also

known as Nyquist plot) drawn at all sintering temperatures for Ni-Co ferrite samples. This
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Figure 7.8: a) M’ vs Frequency, b) M′′ vs Frequency, and c) Complex Modulus
plots of Ni0.5Co0.5Fe2O4 samples at all sintering temperatures.

separation is expected to be caused by the grain and grain boundaries [294][295]. The non-

overlapping semicircular pattern indicates a non-Debye type relaxation.

Figure 7.9: a) Variation of Z′′ and M′′ versus frequency of Ni0.5Co0.5Fe2O4

sample sintered temperature at 1150 oC.

Additionally, Figure 7.9 illustrates the variation of Z′′ and M′′ versus frequency com-

bined plots of Ni0.5Co0.5Fe2O4 samples at 1150 oC. Similar combined plots for other tem-

peratures reveal a similar pattern, except the fact that the difference between the two

peak frequencies increases as the sintering temperature rises. As a result, the two peaks

(Z′′ and M′′) are distinct, confirming the non-Debye type relaxation behavior.
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7.4 Conclusion

The sol-gel auto-combustion process has been employed to effectively synthesize spinel fer-

rite Ni0.5Co0.5Fe2O4 nanoparticles with variable sintering temperatures. Scherrer’s equa-

tion evaluates the crystallite size (D) (48.4 –71.3 nm) in the nano-size range. With in-

creased sintering temperature, the X-ray density (Dx) was estimated to drop from 5.35-

5.31 g/cm3. The microstructural insights via XPS spectra of the ferrite confirm the poly-

crystalline nature (low temperature) to the high crystalline single-phase (high tempera-

ture) at 1150 oC by showcasing the desired states of oxidation of every component included

in the original samples. FESEM images exhibit a change in morphology from non-uniform

coalesced globular grains (850 oC) to cuboidal-shaped particles (1150 oC), due to an in-

crease in agglomeration with increased sintering temperature. Further, EDAX scans deter-

mined the elemental composition of prepared samples, where the observed values indicate

the change between the experimental and theoretical values of the atomic percent (at.

%) of as-synthesized samples for all sintering temperatures. Additionally, TEM images

verify the morphology of cuboidal shape grains having a grain size (average) of about 84

nm for optimized Ni0.5Co0.5Fe2O4 sample at 1150 oC. Further, the high-resolution TEM

images illustrate the single-direction oriented planes, followed by SAED patterns affirming

the single-phase formation of the as-prepared samples at the high sintering temperature.

Impedance and modulus spectroscopy were employed to evaluate the electrical response of

the materials, which revealed the impact of grain boundaries and grains due to the influ-

ence of sintering temperature in the Ni0.5Co0.5Fe2O4 samples. The Nyquist plot estimated

by the complex impedance spectroscopy demonstrates the rise of resistive properties with

increasing sintering temperature. Owing to the presence of uneven semicircular arcs in

complex modulus spectra the synthesized samples exhibit the non-Debye type of relaxation

behavior. Thus, the synthesized Ni0.5Co0.5Fe2O4 ferrite at 1150 oC is regarded to be an

optimized sintering temperature which can be an ideal candidate material for developing

magneto-dielectrics, microwave devices, transformers, etc.
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Multiferroic Magnetoelectric

Coupling in hybrid nanocomposite

system

Abstract

Different compositions of nanocomposite lead-free multiferroic devices have been fabri-

cated via the combination of piezoelectric polyaniline (PANI) and magnetostrictive Ni0.5Co0.5Fe2O4

(NCF) by changing the NCF weight fraction. The current work reports the synthesis of

xNCF:(1-x)PANI hybrid composite systems prepared via the physical blending method.

X-ray powder diffraction (XRD) exhibits the presence of both; a polymeric amorphous

phase of PANI (matrix) and a crystalline phase of inverse spinel ferrite NCF (filler) in

the composites. EDAX and FESEM are used to investigate the microstructure and el-

emental composition of the samples, respectively. Here, frequency-dependent dielectric

permittivity exhibits percolation-type behavior where permittivity (ϵ′) attains a peak at

a critical weight fraction (x = 0.3). The magnetic characteristics of the composite at the

140
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specific stoichiometric concentration (x = 0.3) exhibit a significant increase in magneti-

zation saturation (Ms) of 75.22 emu g−1, while maintaining the soft ferromagnetism in

the nanocomposite system. The switching behavior of electrical polarization in composite

systems exhibits strong temperature dependence with a ferroelectric loop that appears to

persist at even low temperatures (5 K). The remnant electrical polarization (Pr) appears

to decline as the concentration of ferrite (NCF) increases. Hence, a synthesized composite

system at the high electric field exhibits both ferroelectric and ferromagnetic characteris-

tics without significant conductive losses making it suitable for potential multiferroic and

capacitor applications.

8.1 Introduction

In recent years, hybrid (polymer/metal) nanocomposites have significantly emerged as

prominent materials that merge optical, mechanical, and dielectric properties of poly-

mers (organic) with magnetic characteristics as well as the high electrical conductivity

of metallic (inorganic) inclusions. This configuration offers efficient performance and at-

tractive usage of these materials for various energy storage, sensing applications, etc.

[296][297][298][299][300][301]. To date, polymer components such as polyethylene, polypropy-

lene, polyimide, and polystyrene blended with ceramics, carbon, and inorganic fillers in-

cluding BaTiO3, MgO, Al2O3, CaCu3Ti4O12 shown to have the high dielectric break-

down of polymers and the high dielectric permittivity of the fillers exerting synergistic

impacts. Additionally, various researchers have reported that the incorporation of metals

into intrinsically conducting polymers (ICPs) has improved electron transfer via a direct

or mediated method, leading to increased conductivity and stability [302][275][303]. Re-

gardless of the type of filling in polymer nanocomposites, the size, aspect ratio, and shape

of fillers are extremely significant in evaluating the intraparticle surface interaction medi-

ated range of dielectric permittivity [304][305][258]. Polymer-based hybrid nanocomposites
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are possibly developed by merging functional ceramic materials with polymers possess-

ing magnetostrictive and piezoelectric characteristics, which further paves the research

flow toward clean energy materials [306]. Moreover, fascinating phenomena have evolved

when polymer-based multiferroic hybrid nanocomposites are taken into consideration and

have further deepened the urge to understand the coupling between ferroelectricity and

ferromagnetism at room temperature in these synthetic heterostructures [307][308].

Although the Maxwell-Wagner capacitor model, consisting of two leaky capacitors con-

nected in series, has the potential to explain the multiferroic hybrid nanocomposite systems

with heterogeneous structures [309], the mechanism for a true magnetodielectric response

remains debatable. A disordered system with an appropriate blend of magnetic nanopar-

ticles, insulating polymeric host matrix, and nanogranular structures can exhibit dielectric

and magnetic properties. So far, in most of the reported polymer-based nanocomposite

systems, PVDF or its derivatives have been used as polymer matrix since it exhibits good

ferroelectric properties. The origin of ferroelectricity in PVDF arises from the switching

of large ferroelectric domains induced by an applied electric field. Despite having a large

dielectric permittivity resulting in the best energy density, the system has a large energy

loss caused by electric conduction and broad ferroelectric hysteresis, generating unwanted

heating and poor charging efficiency. To counteract the problem, various innovative ap-

proaches like layer-structured composites and surface-modified nanofillers have been used

to optimize the molecular structure of the ferroelectric polymer. Although these tech-

niques have helped ferroelectrics convert into relaxors and have diminished the remnant

polarization to a certain limit, the polarization of PVDF depends on the interfacial cou-

pling between the nanofillers and ferroelectric polymer. This limitation has urged us to

explore new polymeric materials with better dielectric features that remain competitive

in providing frequency-independent energy density.

In recent years, polyaniline (PANI), a polymer with unique properties has received

enormous attention from various researchers in the field of science and nanotechnology.

Due to its remarkable environmental stability, electrochemical activity, facile synthesis,
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and good thermal resistance, PANI has the tendency to be synthesized and easily doped

by different acids and dopants in any organic solvents or even in aqueous media. PANI

usually occurs in three distinct forms depending on the oxidation and reduction process

during synthesis. To date, in most of the PANI-based nanocomposite systems, PANI with

high conductivity of around 10−4 Sm−1 is used which yields large permittivity of around

102, but a considerable dielectric loss of 101 order at room temperature [310]. Various

other research groups studied the effect of a polymer matrix including ceramic fillings

[311] [312] . In order to improve the dielectric response in the hybrid nanocomposite, we

have synthesized PANI of emeraldine base (EB) whose electrical conductivity is found to

be in the order of 10−8 S m−1 at room temperature. As PANI is very sensitive to doping,

applying silver paste as electrodes on the surface can modify the electrical properties.

Polymers at the interface of conducting electrodes need a thorough investigation, which

has been lacking in most of the literature.

The current study seeks to evaluate the dielectric property of insulating PANI in the

presence of different weight fractions of ferromagnetic ceramic NCF. Though Ni0.5Co0.5Fe2O4

(NCF) is discovered to be a significant magnetic substance with high magneto-crystalline

isotropy and high resistivity. In our composite system, at room temperature, NCF is fer-

romagnetic in behavior with a transition temperature of around 310 K and also exhibits

novel multiferroic properties at room temperature.To the finest of our ability, such fea-

tures have yet to be mentioned in the literature. Moreover, the purpose of introducing

the magnetic ceramic fillers into the polymer host matrix is to increase the interaction be-

tween magnetic and dielectric particles which in turn can affect the charge dynamics that

leads to lower charge leakage and enhance the charge density. In the context of the above

discussion, we have synthesized and characterized flexible xNCF:(1-x)PANI nanocompos-

ites. The composites’ microstructural, magnetic, structural, dielectric, and ferroelectric

characteristics are investigated across broad temperature and magnetic limits of 5-300 K

and ± 3 T respectively.
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8.2 Experimental

The chemicals and reagents used in the preparation were of analytical grade. Nitrates of

Nickel, Cobalt, Iron (III), and Citric acid were purchased from Loba Chemie Pvt. Ltd.

and utilized for the preparation of Ferrites. Ammonium persulfate (APS), Hydrochloric

acid (37 %) (HCl), Ammonium Hydroxide (25 %) (NH4OH) solution, and Aniline were

purchased from Merck | Germany-Sigma-Aldrich, further used in the preparation of fine

powders of Polyaniline. Distilled water was used throughout the preparation process. The

connections between the electrodes were created using Ted Pella, Inc.’s Pelco conductive

silver paint.

The hybrid composites xNCF:(1-x)PANI are characterized by various techniques. X-

ray Diffraction (XRD; Bruker) with Cu-Kα (λ= 1.5406 Å) radiation analyzed the struc-

tural characteristics of the nanocomposites for 2θ ranging between 10o to 70o. The

microstructure and elemental composition are studied via Field Emission Scanning Mi-

croscopy (FESEM; JEOL JSM-7610F, Au Coater; JEOL Smart Coater, plus Energy Dis-

persive X-ray Analysis (EDAX; OXFORD). For the study of electrical measurements, the

flat surfaces of pellets acted as electrodes, where the polymer-ceramic samples on both sides

were coated with conductive silver paste, which was further kept for air drying. Tempera-

ture and frequency-dependent dielectric measurements are performed for xNi0.5Co0.5Fe2O4:(1-

x)PANI samples via 4 K CCR (closed cyclic refrigerator) instrument at temperature and

frequency ranges of 5 K to 300 K and 100 Hz to 1 MHz respectively. The temperature

and frequency-dependent (P-E) hysteresis loops are measured using a cryocooler model

SRDK-205 circuit via 4 K CCR at 5 K-300 K and 50 Hz-250 Hz respectively. Room tem-

perature magnetization measurements are made on a Lakeshore Applied Research (Model

EZ9) vibrating sample magnetometer (VSM). Additionally, the magnetization hysteresis

(M-H) and (M-T) loops are evaluated using a superconducting quantum interference de-

vice (SQUID) under magnetic fields in the range of -3 T to +3 T at a temperature range

of 5 K-350 K
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8.2.1 Polyaniline (PANI) Nanoparticles

In situ, chemical oxidative polymerization of aniline, ammonia persulphate (APS), and

hydrochloric acid (HCl) were used in order to produce polyaniline (PANI). The oxidant

monomer with 1.5 M of Aniline was dissolved in 0.1 M of HCl (2.09 mL) in 500 mL of

distilled water in the container for homogenous stirring. The reaction mixture had been

stored at an ambient temperature, and the precooled solution of APS (16 gms) in 500

ml distilled water was dissolved separately, which was further titrated over a period of 1

minute after the continuous stirring of 1 hr. The homogenous mixture of both reactions

was allowed to proceed for 5-6 hrs and kept overnight for polymerization. It was then

filtered using vacuum filtrate, washed with distilled water, and acetone, and followed by

air drying for at least 36 hours. The dark-colored polymer powder obtained is green in

color, confirming the synthesis of the Emeraldine salt form of Polyaniline (ES-PANI).

Further, the synthesized ES- PANI along with 500 mL of distilled water and 1 M solutions

of NH4OH was kept under stirring at least for 7-8 hrs. The pH of 11 was maintained at

ambient temperature, followed by the overnight resting of the solution. Hence, obtaining

the dark blue colored Emeraldine base form of polyaniline (EB-PANI), was then thoroughly

washed with distilled water, and acetone, followed by 250 mL of methanol, to remove the

unreacted impurities and oligomers in the obtained polymer PANI. The obtained powder

was heated overnight at 50 oC and further crushed using the mortar and pestle to obtain

the fine PANI nanoparticles.

8.2.2 Ni0.5Co0.5Fe2O4 (NCF) Nanoparticles

Synthesis of Ni0.5Co0.5Fe2O4 (NCF) is carried by one of the wet chemical methods known

as, Pechini’s process. The desired concentration of metal nitrates, Co(NO3)2.6H2O, Ni(NO3)2.6H2O

with 0.5 wt. percent and Fe(NO3)2.9H2O, (all AR grades) were employed as oxidizers,

While citric acid was used as a fuel that acts as a reducing agent. To maintain a molar

ratio of 1:1, the pulverized citric acid is introduced to the salt solution with cations. To
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formulate a homogeneous solution, all metal nitrates and fuel were weighed, combined,

heated continuously, and stirred in a hot magnetic stirrer in 100 ml of double-distilled

water. A liquid ammonium hydroxide (NH4OH) solution was also added to the mixture

and agitated well to keep the pH level at 7. This homogenous mixture was further heated

with continuous stirring, transforming the solution into xerogel. Heating the flammable

xerogel until it ignites causes auto combustion, which results in the formation of fluffy,

dark-colored powdered ferrites at the nanoscale. The charred powder was blended through

grinding and then calcinated using a muffle furnace in the presence of air at 1150 oC for 4

hours to evaporate any unburnt carbonaceous particles [28]. The dark-colored and fluffy

powder is the obtained NCF nanoparticles.

The efficient production of spinel ferrite (Ni0.5Co0.5Fe2O4) powders via the sol–gel

auto-combustion route, also known as Pechini’s method have been reported. The aqueous

solution of metal salts and iron is prepared homogeneously in distilled water with required

stoichiometric proportions, under continuous magnetic stirring. To maintain a molar ratio

of 1:1, the pulverized citric acid is introduced to the salt solution with cations. The

solution’s pH was maintained at 7 by adding ammonium hydroxide in droplet form at 90

oC to 95 oC for 2 h under continuous magnetic stirring. Due to excessive heating, surplus

water evaporates and the liquid is turned into xerogel. Further, the xerogel is dried over

a hot plate at 100 oC for 1–2 h, which leads to an auto-combustion process, converting

xerogel into brown fluffy powder forming the nanoparticles. Pre-sintering was done at 100

oC for 48 h, in order to evaporate any excess moisture. By then, a pre-sintered powder

sample was further sintered at different temperatures such as 850 oC, 1050 oC, and 1150 oC.

Furthermore, the sintering temperature and heating rate of the Ni0.5Co0.5Fe2O4 sample

are kept constant at 12 oC per min for at least 4 hrs, respectively, to obtain the high

crystalline and single-phase ferrite. The synthesis technique is depicted schematically in

Figure 7.1. The required stoichiometric reaction occurring during the combustion synthesis

is explained in Equation (7.1).
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8.2.3 xNCF:(1-x)PANI Nanocomposite

The preparation of composites xNCF:(1-x)PANI was carried out via one of the ternary

blend preparation methods known as physical blending. There are four different ways

to prepare ternary blends: physical blending, surface-initiated polymerization, multi-

branched PANI ternary composite, and thermos-responsive organic composite from steri-

cally stabilized PANI. Out of all these, physical blending is the most simple, convenient,

cost-effective, and composition-controlled method. Additionally, it is also expected that

combining two components with different degradation characteristics would alter the orig-

inal characteristics of the components. Thus, the composites here are prepared by fine

grinding and homogenous mixing of NCF ferrite in the polymer PANI matrix via mortar

and pestle. Additionally, followed by mechanically pressing the samples using the cold-

press technique via KBr mechanical press instrument. The xNCF:(1-x)PANI nanocom-

posites are prepared with respective weight fractions (wt.) of x = 0, 0.1, 0.3, 0.5, 0.7, and

1, where x is the NCF ferrite in the polymer matrix of PANI (Figure 8.1).
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Figure 8.1: Synthesis of xNCF:(1-x)PANI Nanocomposite.

8.3 Results and Discussion

8.3.1 X-Ray Diffraction (XRD) Analysis

Figure 8.2 represents the XRD images of weight fraction dependent xNCF:(1-x) PANI

samples for x = 0, 0.3, and 1 respectively. The XRD spectrum for pure PANI (x=0)

indicates the appearance of a broad diffraction peak with an intense hump from 19o to

24o, thus confirming the emeraldine base form, an intermediate stable state of PANI

polymer [313][152]. Also, the broad diffraction peak of PANI doesn’t show any sharp peak

characteristics indicating the impurity-free amorphous nature of the polymer. On the other

hand, the XRD pattern of NCF ferrite (x=1) displays an inverse spinel crystal structure

having diffraction peaks at 2θ values 18.46o, 30.25o, 35.58o, 37.33o, 43.29o, 53.73o, 57.24o,

62.86o ascribed to the diffraction planes of (111), (220), (311), (222), (400), (422), (511)

and (440) respectively. The peaks and intensities for ferrites are matched and indexed

using JCPDS diffraction data cards 74-2081 and 79-1744 [259][314]. There is no trace of
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any intermediate phases such as α-Fe2O3 found, which again confirms the homogeneity

and purity of NCF ferrites.

Figure 8.2: XRD patterns of NCF, PANI, and xNCF:(1-x)PANI nanocomposite.

The XRD spectrum for xNCF:(1-x)PANI composite (x=0.3) shows the dominant and

highly crystalline diffraction peaks of NCF ferrite, eventually showing the variation in

intensity. This shows that as composite formation takes place, it overshadows the broad

peak of bulk matrix PANI and the peaks are more likely to appear as NCF ferrite. This

behavior also confirms that the composite formation affects the interactions among par-

ticles, indicating a change in the amorphous nature of PANI as a result of its interaction

with ferrite [312][315]. Further, the crystallite size (D) was calculated from the most in-

tense peak of the diffraction plane (311) through the Debye-Scherrer formula, and the

peak crystallinity of all samples by using Equation (8.1) and (8.2) respectively. Here θ

represents Bragg’s angle, β is the full width at half maxima (FWHM), λ is the X-ray

radiation’s wavelength, and K is a constant (K=0.9).

D = Kλ/(βcosθ), (8.1)

Crystallinity = (AreaofCrystallinePeaks/AreaofAllPeaks) ∗ 100 (8.2)
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Eventually, this interparticle interaction resulted in a crystallite decrease in size from

57 nm of as-prepared NCF (x= 1) to 51 nm for composite system x= 0.3 (Table 8.1). This

overall decrease in crystallite size of a composite system along with a decrease in peak

crystallinity is caused by the inclusion of NCF ferrite, which changes the PANI skeleton

rings. Here the intensity and estimated peak crystallinity decrease, as it is found to be

approximately 84 % for a pure sample of NCF (x= 1) which then reduces to 75 % for

a composite system (x= 0.3). This overall decrease is attributed due to the PANI being

absorbed by the strong adhesive force on the NCF surface [315].

Table 8.1. The structural parameters of NCF, PANI, and xNCF:(1-x)PANI

nanocomposite.

Sample Nature 2θ(o) D (nm) Crystallinity (%)

NCF Crystalline 35.6 57 84

xNCF:(1-x)PANI Crystalline 35.6 51 75

PANI Amorphous 20.0 25 50

8.3.2 Field Emission Scanning Electron Microscope (FE-

SEM) and Energy Dispersive X-ray (EDAX) Analysis

Figure 8.3, displays the FESEM micrographs of xNCF:(1-x)PANI samples. Figure 8.3a

displays the PANI (x= 0) microstructures which represent the large globular irregular

structure of average size 10 µm. The inset shows a magnified image of a single grain of

PANI where sticky agglomerated flakes are seen to be separated by grain boundaries. The

obtained microstructure is in accord with other research groups [316][317]. The morphol-

ogy of the NCF ferrites (Figure 8.3b) has segregated cuboidal-shaped grains with defined

edges [229]. This separation of grains is due to electrostatic interactions between grains

[221]. The crystallite size of the dispersed NCF ferrites is 57.43 nm, whereas the average
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grain size is found to be 316 nm and is estimated by using ImageJ software. Further,

Figure 8.3c displays a noticeable change for the composite system x= 0.3, which demon-

strates the ferrites’ uneven dispersion in the polymer matrix at the interface between NCF

ferrite and PANI polymer [318]. Small magnetic filler nanoparticles grouped together in

the composite system may lead to the onset of percolation at a critical fraction where a

second-order jump can be expected in dielectric permittivity.

Figure 8.3: FESEM micrographs of (a) PANI, (b) NCF, (c) xNCF:(1-x)PANI;
x=0.3 nanocomposite, and (d) EDAX scan of x = 0.3 nanocomposite.

Further, Figure 8.3d illustrates the energy dispersive X-ray analysis (EDAX) study for

composite systems (x=0.3). The elements Co, Fe, Ni, O, C, and N are all confirmed by the

EDAX spectrum. The presence of N, C, and O elements, which represent the emeraldine

base form of the PANI polymer in a composite system, in addition to the elements Co, Ni,

Fe, and O, serve as an indicative measure of NCF spinel ferrite.
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8.3.3 Dielectric Analysis

Figure 8.4, shows the dielectric analysis of xNCF:(1-x)PANI samples with respect to a

temperature ranging from 5 K to 300 K at 30 kHz. Figure 8.4a displays the temperature-

dependent dielectric permittivity for samples x= 0, 0.1, 0.3, 0.5, 0.7, and 1. For pure PANI

sample (x= 0), exhibits a higher dielectric constant with a structural phase transition of

the first order at 150 K. The sudden rise could be due to PANI emeraldine base’s (EB) glass

transition temperature (Tg), which is in accord with the literature present for polymer

ceramic composite systems [319][320]. Further, for the compositions (x= 0.1, 0.5, and

0.7), the dielectric permittivity is found to decrease significantly between a wide range

of temperatures, 5-300 K with a positive slope appearing beyond 200 K. This attributes

to the fact that on increasing the NCF ferrite concentration, strong competition arises

in between magnetic NCF particles and the terminal amide group of non-magnetic PANI

that leads to the decrease in electrical polarization [319]. Whereas for the composite

system (x= 0.3), it is observed that dielectric permittivity has significantly increased by

a factor of 10 in magnitude which is primarily caused by the polymer matrix’s divergence

in cluster size. Hence, the variation of permittivity in the composite systems resembles

percolation-type behavior where permittivity attains a peak at critical weight fraction (x=

0.3) at 30 kHz. Additionally, the sharp rise in the real dielectric permittivity as observed

in PANI is found to shift towards the high-temperature regions with increasing NCF ferrite

concentration. This observation indicates that the Tg of composites has increased because

the chain mobility of PANI is constrained by the interfacial interaction between nanofiller

and polymer matrix [321].

The temperature-dependent deviations of tangent loss for the prepared sample are de-

picted in Figure 8.4b. The increased tangent loss peak can be observed for PANI (x= 0) at

Tg of 150 K and eventually drops off as the temperature rises. In contrast, the composite

systems’ tangent loss peaks (x= 0.1, 0.3, 0.5, and 0.7) are more noticeable at temperatures
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Figure 8.4: Dielectric analysis of xNCF:(1-x)PANI samples, (a) ϵ′ vs T (K), (b)
Tanδ vs T (K), (c) σ (Sm−1) vs T (K), (d) Room temperature permittivity ϵ′ vs

Freq. (Hz) of samples.

above 150 K, and as a result, the tendency for losses to continue escalates, as the tempera-

ture rises. The increased loss peaks and their shifts suggest a thermally activated dielectric

relaxation process that results in a harmonicity in the polarization mechanism [322][323].

The temperature dependence of the AC conductivity of the samples is illustrated in Fig-

ure 8.4c. The incorporation of NCF ferrite has the same influence on the conductivity

properties, as compared to the real dielectric permittivity. As temperature rises above 150

K, it is seen that the AC conductivity also does, following a pattern observable in many

polymer ceramic composites [324]. This is primarily caused by the composite systems’

ability to generate thermally active charge carriers as the temperature rises.

Figure 8.4d shows the frequency-dependent variation of dielectric permittivity (ϵ′)

of as-prepared xNCF:(1-x)PANI samples, ranging from 100 Hz to 1 MHz at 300 K. For

PANI (x=0), the dielectric permittivity is found to be one order less the value when PANI
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is cycled through low temperature (5 K) to high temperature (300 K). This significant

change is considered to be due to the diffusion of silver-paired complex ions from the

electrode-sample interfacial surface to a few atomic layers of PANI, thus giving rise to the

Maxwell-Wagner effect. The figure shows that for the composite systems, the value of ϵ′

drops as the frequency rises, whereas, for pure NCF and PANI, the behavior is practically

frequency-independent. In general, A material’s dielectric response to an external electric

field depends on the polarization effect that takes place within the matrix. The observed

result is the normal dielectric dispersion which is usually found in ferrites [325]. Given the

highest interfacial effect between an infinite cluster of NCF and dielectric PANI, among

all composite systems, (x= 0.3) exhibits a high value of real permittivity. Because the

relaxation mechanism is relatively slow in comparison to resonant electronic transitions in

NCF, pure polyaniline, and all other composites exhibit low real permittivity (ϵ′). Due to

this, it is relatively simple to pin the charge carriers at a close distance across the polymer

chain, leading to an increased conductivity with respect to increasing frequency [326].

Figure 8.5: Real permittivity (ϵ′) vs wt. fraction of NCF (x) samples at 300 K.

In addition, Figure 8.5 represents the room temperature variation of real permittivity

(ϵ′) vs the weight (wt.) fraction of NCF (x) in the polymer matrix at low (100 Hz) and

high frequency (30 kHz) respectively. It confirms that the measured dielectric permittivity

shows an instant increase, particularly for the composite system (x= 0.3) at room temper-

ature. This instant increase supports the percolation phenomenon since the curve seems
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to attain a peak at the percolation threshold [327][328][329][330]. Hence, dielectric per-

mittivity is also expected to follow a power law behavior near the threshold independent

of frequency.

8.3.4 Magnetic Analysis

The variation of the M-H curve is recorded for xNCF:(1-x)PANI samples at 300 K as shown

in Figure 8.6a,b. Figure 8.6a illustrates the M-H curve, which depicts the NCF nanopar-

ticles (blue line) having soft ferromagnetic behavior with magnetization saturation 14.18

emu g−1 and coercive field 391 Oe at room temperature (300 K). In addition, for the com-

posite system x= 0.3 (red line), the magnetization saturation and coercive field at room

temperature (300 K) have increased to 75.22 emu g−1 and 412 Oe respectively (Table 8.2).

Here, PANI (green line) exhibits diamagnetic-type behavior at room temperature. It can

be seen that the saturation magnetization Ms values of the investigated samples exhibit

unique contrasting differences. Here, the composite system at x= 0.3 exhibits strong ferro-

magnetic behavior, with a sharp hysteresis curve. Composites with agglomerated magnetic

fillers dispersed in a polymer matrix represent a complex system that is often influenced

by the interaction at the ferrite-polymer interface [331]. In addition, the reported values

of saturation magnetization were quite different from other groups. For instance, Ms is 35

emu g−1 for PANI/Fe3O4 (32 wt. % of Fe3O4) [332], Ms for (1-x)PVDF–xNFO (15 wt. %

of NiFe2O4) composite is 2.8 emu g−1 [333]. Clearly, the saturation magnetization (Ms)

of prepared xNCF:(1-x)PANI samples is much higher than other groups. This increase in

saturation magnetization (Ms) can be attributed due to the variation in the surface and

size of magnetic nanoparticles and thickness of the nanocomposite [332][333]. Meanwhile,

Ms values of the composite system (x= 0.3) fit well as the loops are normalized. It is

anticipated that the existence of the PANI and interfacial effects will alter the asymmetric

distribution of the magnetic ions and their spin orientation, particularly near interfaces,

and hence have an impact on the magnetic interactions [334].
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Figure 8.6: (a)Room temperature M-H curve of xNCF:(1-x)PANI samples, (b)
Magnetified view of M-H curves. Temperature-dependent M-T curves (ZFC–FCC)

of (c) NCF, and (d) x= 0.3 nanocomposite.

Table 8.2. Magnetic parameters of the hybrid composite xNCF:(1-x)PANI measured at

300 K. For comparison, values reported in the literature, corresponding to other

heterostructures, are also mentioned.

Sample Ms (emug−1) Ms (emug−1) Hc (Oe) S2 = Mr/Ms

NCF 14.18 1.80 391 0.13

xNCF:(1-x)PANI (30 % of xNCF) 75.22 20.22 412 0.26

PANI/Fe3O4 (32 % of Fe3O4),[44] 35.8 14.85 100 0.41
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Moreover, the specific morphology and distribution of NCF and PANI strongly influ-

ence the surface interactions of the magnetic nanoparticles. Defects can be repaired by the

PANI coating, and the ferrite surface is capable of remaining smooth, which eventually

weakens the defects caused by ferrite surfaces leading to an increase in coercivity [335].

Further investigations on the magnetic properties are yet to be carried out for a detailed

analysis. Hence, these types of composite materials filled with ferrite particles based on

polymer matrix materials are called bonded magnets which are of current research inter-

est due to their possible applications in EMI shielding materials, microwave absorption,

magnetic storage, and spintronics devices. Figure 8.6b shows a magnified view of the M-H

curve at room temperature affirming the presence of a hysteresis loop, which represents a

difference of coercive field for samples (x = 0.3) and (x= 1) respectively.

Figure 8.6c displays the temperature-dependent polarisation curves (M-T) of the NCF

nanoparticles in their as-prepared state and for the composite system (x= 0.3) (Figure

8.6d). In order to measure the field cool (FCC, black line), samples were cooled from 350

K to 5 K using a 200 Oe magnetic field, and data was collected as the samples were heated.

Similar procedures were used for the zero-field cool (ZFC, red line) measurement, with the

exception of adding the magnetic field during cooling. The interesting feature in the ZFC

curves of the NCF nanoparticles and composite system x= 0.3 is the shift of maxima to

a higher temperature (pink curves in Figure 8.6c, and 8.6d), which reflects the beginning

of the superparamagnetic to ferromagnetic transition. The blocking temperature (TB),

which is attributed to NCF nanoparticles at around 310 K and the composite system (x=

0.3) at about 340 K, is the temperature at which the peak in ZFC curves occurs [336].

The FCC curve of as-prepared NCF nanoparticles shows a concave pattern that changes

to convex type when the same NCF nanoparticles are used as fillers in a composite system

(x= 0.3) (black curves in Figure 8.6(c), and 8.6(d)). Thus, NCF is confirmed to be in the

superparamagnetic state, whereas the composite system (x= 0.3) exhibits non-negligible

inter-particle interactions in a ferromagnetic state at ambient temperature [337]. The

bifurcation between FCC and ZFC magnetization at higher temperatures in composite
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systems for as-prepared NCF also signifies that with the change in inter-particle separation,

the inter-particle interaction modifies which further increases the blocking temperature.

8.3.5 Ferroelectric Analysis

In general, ferroelectricity is linked to an empty outer shell of d electrons (known as d0

ness), whereas magnetic ordering typically requires unpaired d or f electrons, i.e., partially

filled [338]. Here, Figure 8.7a depicts the PANI electric-field-dependent polarization (P-E)

loop at room temperature, which displays a homogeneous hysteresis loop featuring a small

area and remnant polarization suitable for energy discharge and storage applications.

Figure 8.7b displays, the P-E hysteresis loop at the room temperature (300 K) of

xNCF:(1-x)PANI samples with different compositions. In order to plot the loops, an

electric field is used ranging from ± 0.2 kV cm−1. It is discovered that when ferrite

concentration increases, the composites’ coercive field, remanent polarization, and satu-

ration polarization all decrease. Similar to PVDF-based relaxor ferroelectric polymers,

ferroelectric domains have a ”critical size” below which macroscopic ferroelectric domains

will become unstable, [339] ferroelectric domains can emerge from nanodomains at high

electric fields. Ferroelectric domains can change back into nanodomains if the field is re-

moved. The energy density of the composite is determined by the difference between the

maximum and remanent polarisation, and nanodomains display substantially lower rema-

nent polarisation than ferroelectric domains do (as can be observed for pure NCF; x= 1).

From a structural perspective, this conversion of nanodomains to ferroelectric domains

is equivalent to the reversible change between polar and nonpolar conformations, which

causes remanent polarization [340][341].

The temperature-dependent P–E hysteresis loop is observed for the composite system

(x= 0.3) from 5 K to 300 K (Figure 8.7c). In accordance with the microstructural anal-

ysis by FESEM, the hysteresis measurements show that at low temperatures, the value

of remnant polarization (Pr) and saturation polarization (Ps) decreases, resulting in a
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Figure 8.7: P–E hysteresis loop at room temperature (a) PANI, (b) xNCF:(1-
x)PANI samples, (c) Temperature-dependant P–E hysteresis loop for nanocom-
posite (x= 0.3), and (d) Remnant Polarization Pr vs wt. fraction of NCF (x).

flattened loop that, in general, indicates compositional uniformity and inhomogeneity of

the grain size of the component phases (Figure 8.3c) [16][342]. Due to the symmetrical

distribution of the ferrite inclusion in a ferroelectric matrix, the analyzed composites had

lower coercivity than the pure PANI (Figure 8.7a). Further, Figure 8.7d represents the

temperature-dependent variation of remnant polarization Pr vs wt. fraction of NCF. The

plotted graph affirms the decrease in remnant polarization (Pr) with respect to the rise

in the concentration of ferrite, which is carefully scrutinized because of the robust para-

electric nature of NCF nanoparticles [343]. Therefore, the obtained investigations are in

concurrence with those from the literature for composites at similar conditions [339].

Hence, the presence of both ferroelectric and magnetic characteristics confirms the

multiferroic nature of xNCF:(1-x)PANI samples. In addition, this interaction between the

ferroelectric and magnetic domains is substantial for multiferroic applications, which can
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also be achieved by magnetoelectric (ME) or Magneto-dielectric (MD) coupling. The MD

coupling is achieved by evaluating the variation of the dielectric constant in the presence of

a magnetic field or vice versa. In addition, this coupling can also be achieved by-product

of the piezoelectric and magnetostriction characteristics present in ferroelectric and mag-

netic domains [344]. The preparation of xNCF:(1-x)PANI samples hold true justification

for Magnetodielectric materials, as these magneto-polymer composites due to their spe-

cific mechanical properties, good formability, and toughness (typical for polymers) allow

preparing the products for magnetic circuits of complicated shapes. In addition, these

novel materials’ fascinating multiferroic and magnetic characteristics have their use in

many special applications, such as for the implementation of low-profile coils for identi-

fication systems, sensors, contactless smart cards, magnetic field-controlled, and energy

storage devices [345].

8.4 Conclusion

The successful synthesis of xNCF:(1-x)PANI hybrid composites with different stoichio-

metric ratios (x = 0, 0.1, 0.3, 0.5, 0.7, and 1) are carried out via the physical blending

method. The XRD analysis confirms a decrease in crystallite size (57 nm to 51 nm) along

with the peak crystallinity (84 % to 75 %) for nanocomposite is a result of PANI being

absorbed on the NCF surface by the powerful adhesive force. The FESEM analysis shows

a noticeable change in the composite, exhibiting both NCF and PANI morphology as ir-

regular and aggregated globules structure. EDAX affirms the presence of homogenous and

single-phase NCF in the composite system. Temperature-dependent dielectric analysis of

xNCF:(1-x)PANI samples confirm the percolation type behavior of the threshold concen-

tration (x=0.3). Whereas, frequency-dependent variation exhibits dielectric permittivity

with low dielectric losses and low AC conductivity at 300 K. The magnetic characteristics

illustrated by M-H and M-T hysteresis loops exhibit strong ferromagnetic properties of

the composite, along with revealing the transition from the superparamagnetic phase of
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NCF to the ferromagnetic phase of composite (x=0.3). Further, ferroelectricity has been

observed for all the xNCF:(1-x)PANI samples, since with an increase in ferrite concentra-

tion, there is a decline in remnant polarisation Pr, coercivity, and saturation polarisation

Ps. Although ideal multiferroic properties have been observed for the sample (x=0.3).

Hence, the successful synthesis of xNCF:(1-x)EB-PANI multiferroic composites occurs as

a suitable option for magnetodielectric applications, magnetic field-controlled devices, mul-

tiferroics, and energy storage devices.



Chapter 9

Summary and Future Scope

The current study focuses on the sol-gel auto-combustion method for synthesizing Nickel-

Cobalt Ferrite powders with high efficiency utilizing citric acid as fuel. The nickel-cobalt

ferrite particles are nano-crystalline in nature, as demonstrated by the applied characteri-

zation techniques such as XRD and FESEM. At an annealed temperature of 1150 oC, the

average ferrite particle size is about ∼ 71 nm. Also, the pure single phase of ferrites was

observed at a high annealing temperature (1150 oC). Due to the annealing temperature,

the dielectric constant is observed to be variable, and the maximum dielectric constant is

obtained to be ∼ 15k at 1150 oC. Therefore, annealing at 1150 oC is promoted to be one

of the most suitable temperatures for the effective study of structural, morphological, and

dielectric analysis of (Ni-Co) ferrite NPs.

Due to the exceptional qualities of the obtained Ni0.5Co0.5Fe2O4 (spinel ferrite), nanopar-

ticles were successfully synthesised using the sol-gel auto-combustion method. Scherrer’s

equation evaluates the crystallite size (D) (48.4-71.3 nm) in the nano-size range. The

X-ray density (Dx) estimated a decrease from 5.35 g/cm3 to 5.31 g/cm3 with an increased

sintering temperature. The microstructural insights via XPS spectra of the ferrite confirm

the polycrystalline nature (low temperature) to the high crystalline single-phase (high

temperature) at 1150 oC by showcasing all the elements of the prepared samples are in

162
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the desired oxidation states. FESEM images exhibit a change in morphology from non-

uniform coalesced globular grains (850 oC) to cuboidal-shaped particles (1150 oC), due to

an increase in agglomeration with increased sintering temperature. The elemental compo-

sition of produced samples was also examined by EDAX scans; the observed values show

a slight difference between experimental and theoretical values of the atomic percent (at.

%) of as-synthesized samples for all sintering temperatures. Additionally, TEM images

verify the morphology of cuboidal shape grains having a grain size (average) of about 84

nm for optimized Ni0.5Co0.5Fe2O4 sample at 1150 oC. Further, the high-resolution TEM

images illustrate the single-direction oriented planes, followed by SAED patterns affirming

the development of a single-phase of the as-prepared samples at the high sintering temper-

ature. Impedance and modulus spectroscopy were used to analyze the materials’ electrical

response, and they were successful in determining how the Ni0.5Co0.5Fe2O4 samples’ con-

tributions from grains and grain boundaries were affected by the sintering temperature.

Complex impedance spectroscopy estimates the Nyquist plot, which displays how resistive

qualities grow as the sintering temperature rises. Owing to the presence of uneven semi-

circular arcs in complex modulus spectra the synthesized samples exhibit the non-Debye

type of relaxation behavior. Thus, the synthesized Ni0.5Co0.5Fe2O4 ferrite at 1150 oC is

regarded to be an optimized sintering temperature which can be an ideal candidate mate-

rial for developing magneto-dielectrics, microwave devices, transformers, etc.

Taking into consideration the findings of the above studies, The successful synthesis

of xNCF:(1-x)PANI hybrid composites with different stoichiometric ratios (x = 0, 0.1, 0.3,

0.5, 0.7, and 1) are carried out via the physical blending method. The XRD investiga-

tion indicates a decrease both in peak crystallinity (84 % to 75 %) and in crystallite size

(from 57 nm to 51 nm) of the nanocomposite, which results from PANI being absorbed

on the NCF surface by its powerful adhesive force. The FESEM analysis shows a notice-

able change in the composite, exhibiting both NCF and PANI morphology as irregular

and aggregated globules in structure. EDAX affirms the presence of homogenous and

single-phase NCF in the composite system. Temperature-dependent dielectric analysis
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of xNCF:(1-x)PANI samples confirm the percolation type behavior at the threshold con-

centration (x = 0.3). Whereas, at room temperature, the frequency-dependent variation

exhibits dielectric permittivity with low dielectric losses and a decrease in AC conductiv-

ity. The magnetic properties illustrated by the M-H and M-T hysteresis loops indicate

strong ferromagnetic characteristics and also reveal the shift from the superparamagnetic

behavior of NCF to the ferromagnetic phase of the composite system (x = 0.3). Fur-

ther, ferroelectricity has been observed for all the xNCF:(1-x)PANI samples, along with

a decline in remnant polarization Pr, coercivity, and saturation polarization Ps with an

increase in ferrite concentration. Therefore, ideal multiferroic properties have been ob-

served for the sample (x = 0.3). Therefore, the successful synthesis of xNCF:(1-x) PANI

multiferroic composites emerges as a suitable candidate for magnetodielectric applications,

multiferroics, magnetic field-controlled devices, and energy storage devices.

—————————————————
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Future Scope

• To avoid exploitation of ferroelectric polymers such as polyvinylidene fluoride (PVDF)

for energy storage applications, alternate options of the conducting polymers such

as Polypyrrole (PPy), polyvinyl acetate (PVA) along with other ferrites such as

hexaferrites may be explored for the fabrication of hybrid nanocomposites.

• The made composites can be used as an active electrode material for the fabrication

of energy harvesters that could erase the need for external peripherals in the potential

multiferroic industries.

• In addition, the substantial generation of multiferroicity can also be achieved without

coupling of magnetoelectric (ME) or Magneto-dielectric (MD) phenomenos, using

the materials such as (Chromates, aluminates and hexaferrites).

Hence, we hope the present work will provide the required impetus to a lot of future study.

We believe that the aforementioned aspects will provide researchers working in this field

more chances to look at cutting-edge hybrid nanocomposites for potential magnetic and

dielectric applications in the future.
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Romero. Macroencapsulation of sodium chloride as phase change materials for ther-

mal energy storage. Solar Energy, 167:1–9, 2018.



References 190

[199] Min Gu Kim, Jeong Min Kang, Ji Eun Lee, Kang Seok Kim, Kwang Ho Kim, Min

Cho, and Seung Geol Lee. Effects of calcination temperature on the phase composi-

tion, photocatalytic degradation, and virucidal activities of tio2 nanoparticles. ACS

omega, 6(16):10668–10678, 2021.

[200] A Subrahmanyam. Dielectric properties of nacl and kcl single crystals x-irradiated

under different dc fields. Physica Status Solidi. A, Applied Research, 69(2):773–778,

1982.

[201] S Kaur, O Amin, B Sharma, M Kalyan, N Kumari, R Sharma, and R Mukher-

jee. Frequency dependent conductivity in vanadium intercalated mnpse3 bulk single

crystal. Journal of Emerging Technologies and Innovative Research, 6:738–43, 2019.

[202] SV Ganesan, KK Mothilal, S Selvasekarapandian, and TK Ganesan. The effect of

titanium dioxide nano-filler on the conductivity, morphology and thermal stability

of poly (methyl methacrylate)—poly (styrene-co-acrylonitrile) based composite solid

polymer electrolytes. Journal of Materials Science: Materials in Electronics, 29(10):

8089–8099, 2018.

[203] L TianKhoon, N Ataollahi, NH Hassan, and A Ahmad. Studies of porous solid poly-

meric electrolytes based on poly (vinylidene fluoride) and poly (methyl methacrylate)

grafted natural rubber for applications in electrochemical devices. Journal of Solid

State Electrochemistry, 20:203–213, 2016.

[204] Rupam Mukherjee, Zhi-Feng Huang, and Boris Nadgorny. Multiple percolation

tunneling staircase in metal-semiconductor nanoparticle composites. Applied Physics

Letters, 105(17):173104, 2014.

[205] Arsalan Hashemi, Hannu-Pekka Komsa, Martti Puska, and Arkady V Krashenin-

nikov. Vibrational properties of metal phosphorus trichalcogenides from first-

principles calculations. The Journal of Physical Chemistry C, 121(48):27207–27217,

2017.



References 191

[206] S Ramesh and Ong Poh Ling. Effect of ethylene carbonate on the ionic conduction

in poly (vinylidenefluoride-hexafluoropropylene) based solid polymer electrolytes.

Polymer Chemistry, 1(5):702–707, 2010.

[207] Thomas Dippong, Erika Andrea Levei, and Oana Cadar. Recent advances in synthe-

sis and applications of mfe2o4 (m= co, cu, mn, ni, zn) nanoparticles. Nanomaterials,

11(6):1560, 2021.

[208] C Vidya, C Manjunatha, M Sudeep, S Ashoka, and MA Lourdu Antony Raj. Photo-

assisted mineralisation of titan yellow dye using zno nanorods synthesised via envi-

ronmental benign route. SN Applied Sciences, 2:1–15, 2020.

[209] Channegowda Manjunatha, B Abhishek, BW Shivaraj, S Ashoka, M Shashank, and

Ganganagappa Nagaraju. Engineering the m x zn 1- x o (m= al 3+, fe 3+, cr 3+)

nanoparticles for visible light-assisted catalytic mineralization of methylene blue dye

using taguchi design. Chemical Papers, 74:2719–2731, 2020.

[210] Rabia Ahmad, Iftikhar Hussain Gul, Muhammad Zarrar, Humaira Anwar, Muham-

mad Bilal Khan Niazi, and Azim Khan. Improved electrical properties of cadmium

substituted cobalt ferrites nano-particles for microwave application. Journal of mag-

netism and magnetic materials, 405:28–35, 2016.

[211] MT Farid, I Ahmad, Ss Aman, M Kanwal, G Murtaza, I Ali, I Ahmad, and M Ish-

faq. Structural, electrical and dielectric behavior of nixco1-xndyfe2-yo4 nano-ferrites

synthesized by sol-gel method. Digest Journal of Nanomaterials and Biostructures,

10(1):265–275, 2015.

[212] C Vidya, C Manjunatha, MN Chandraprabha, Megha Rajshekar, and Antony Raj

MAL. Hazard free green synthesis of zno nano-photo-catalyst using artocarpus het-

erophyllus leaf extract for the degradation of congo red dye in water treatment

applications. Journal of environmental chemical engineering, 5(4):3172–3180, 2017.



References 192

[213] M Jena, C Manjunatha, BW Shivaraj, G Nagaraju, S Ashoka, and MP Sham Aan.

Optimization of parameters for maximizing photocatalytic behaviour of zn1-xfexo

nanoparticles for methyl orange degradation using taguchi and grey relational anal-

ysis approach. Materials Today Chemistry, 12:187–199, 2019.

[214] Anuja B Naik, Pranav P Naik, Snehal S Hasolkar, and Diksha Naik. Structural,

magnetic and electrical properties along with antifungal activity & adsorption ability

of cobalt doped manganese ferrite nanoparticles synthesized using combustion route.

Ceramics International, 46(13):21046–21055, 2020.

[215] Gangatharan Sathishkumar, Chidambaram Venkataraju, Kandasamy Sivakumar,

et al. Synthesis, structural and dielectric studies of nickel substituted cobalt-zinc

ferrite. Materials Sciences and Applications, 1(1):19–24, 2010.

[216] Mangala U Sawal and VMS Verenkar. An insight into the nanosize and bulk ni 0.5

co 0.5 fe 2 o 4 ferrites through their comparative study: Structural and magnetic

investigations. Journal of Materials Science: Materials in Electronics, 32:21350–

21367, 2021.

[217] Fakher Hcini, Sobhi Hcini, Bandar Alzahrani, Sadok Zemni, and Mohamed Lamjed

Bouazizi. Effects of sintering temperature on structural, infrared, magnetic and

electrical properties of cd 0.5 zn 0.5 fecro 4 ferrites prepared by sol–gel route. Journal

of Materials Science: Materials in Electronics, 31:14986–14997, 2020.

[218] Brajesh Nandan and MC Bhatnagar. Effect of sintering treatment on structural and

magnetic properties of ni0. 5co0. 5fe2o4 ferrites. In AIP Conference Proceedings,

volume 1728, page 020506. AIP Publishing LLC, 2016.

[219] Alimohammad Mesbahinia, Mohammad Almasi-Kashi, Ali Ghasemi, and Abdolali

Ramezani. First order reversal curve analysis of cobalt-nickel ferrite. Journal of

Magnetism and Magnetic Materials, 473:161–168, 2019.



References 193

[220] KB Modi, SJ Shah, NB Pujara, TK Pathak, NH Vasoya, and IG Jhala. Infrared

spectral evolution, elastic, optical and thermodynamic properties study on mechan-

ically milled ni0. 5zn0. 5fe2o4 spinel ferrite. Journal of Molecular Structure, 1049:

250–262, 2013.

[221] PA Asogekar and VMS Verenkar. Structural and magnetic properties of nanosized

co sub (x) zn sub ((1-x)) fe sub (2) o sub (4)(x= 0.0, 0.5, 1.0) synthesized via

autocatalytic thermal decomposition of hydrazinated cobalt zinc ferrous succinate.

2019.

[222] Shahab Torkian, Ali Ghasemi, and Reza Shoja Razavi. Cation distribution and mag-

netic analysis of wideband microwave absorptive coxni1- xfe2o4 ferrites. Ceramics

International, 43(9):6987–6995, 2017.

[223] NM Deraz. Effects of magnesia addition on structural, morphological and magnetic

properties of nano-crystalline nickel ferrite system. Ceramics International, 38(1):

511–516, 2012.

[224] S Sendhilnathan et al. Enhancement in dielectric and magnetic properties of

mg2+ substituted highly porous super paramagnetic nickel ferrite nanoparticles with

williamson-hall plots mechanistic view. Ceramics International, 43(17):15447–15453,

2017.

[225] Marin Cernea, Pietro Galizia, Ioana Ciuchi, Gheorghe Aldica, Valentina Mihalache,

Lucian Diamandescu, and Carmen Galassi. Cofe2o4 magnetic ceramic derived from

gel and densified by spark plasma sintering. Journal of Alloys and Compounds, 656:

854–862, 2016.

[226] Khalid Mujasam Batoo and M-S Abd El-sadek. Electrical and magnetic transport

properties of ni–cu–mg ferrite nanoparticles prepared by sol–gel method. Journal of

alloys and compounds, 566:112–119, 2013.



References 194

[227] Deepshikha Rathore, Rajnish Kurchania, and RK Pandey. Structural, magnetic and

dielectric properties of ni1- x zn x fe2o4 (x= 0, 0.5 and 1) nanoparticles synthesized

by chemical co-precipitation method. Journal of nanoscience and nanotechnology,

13(3):1812–1819, 2013.

[228] B Sharma, R Sharma, S Kour, MD Sharma, O Amin, AR Maity, and R Mukherjee.

Fractional exponents of electrical and thermal conductivity of vanadium intercalated

layered 2h-nbs2 bulk crystal. Indian Journal of Physics, 96(5):1335–1339, 2022.

[229] Simrandeep Kour, Rupam Mukherjee, and Nitish Kumar. Synthesis of ni0. 5co0.

5fe2o4 ferrite and effect of annealing temperature on the structural, morphological

and dielectric analysis. ECS Transactions, 107(1):19791, 2022.

[230] Mathew George, Swapna S Nair, KA Malini, PA Joy, and MR Anantharaman. Fi-

nite size effects on the electrical properties of sol–gel synthesized cofe2o4 powders:

deviation from maxwell–wagner theory and evidence of surface polarization effects.

Journal of Physics D: Applied Physics, 40(6):1593, 2007.

[231] RC Kambale, PA Shaikh, CH Bhosale, KY Rajpure, and YD Kolekar. Dielec-

tric properties and complex impedance spectroscopy studies of mixed ni–co ferrites.

Smart materials and structures, 18(8):085014, 2009.

[232] JH Joshi, DK Kanchan, MJ Joshi, HO Jethva, and KD Parikh. Dielectric relaxation,

complex impedance and modulus spectroscopic studies of mix phase rod like cobalt

sulfide nanoparticles. Materials Research Bulletin, 93:63–73, 2017.

[233] RM Kershi and SH Aldirham. Transport and dielectric properties of nanocrystallite

cobalt ferrites: Correlation with cations distribution and crystallite size. Materials

Chemistry and Physics, 238:121902, 2019.

[234] A Sathiya Priya, D Geetha, and N Kavitha. Effect of al substitution on the struc-

tural, electric and impedance behavior of cobalt ferrite. Vacuum, 160:453–460, 2019.



References 195

[235] Sandeep Arya, Prerna Mahajan, Sarika Mahajan, Ajit Khosla, Ram Datt, Vinay

Gupta, Sheng-Joue Young, and Sai Kiran Oruganti. influence of processing pa-

rameters to control morphology and optical properties of sol-gel synthesized zno

nanoparticles. ECS Journal of Solid State Science and Technology, 10(2):023002,

2021.

[236] Kashif Ali, Ali Bahadur, Abdul Jabbar, Shahid Iqbal, Ijaz Ahmad, and Muham-

mad Imran Bashir. Synthesis, structural, dielectric and magnetic properties of

cufe2o4/mno2 nanocomposites. Journal of Magnetism and Magnetic Materials, 434:

30–36, 2017.

[237] A Bahadur, A Saeed, S Iqbal, M Shoaib, and I Ahmad. ur rahman, ms; bashir,

mi; yaseen, m.; hussain, w. morphological and magnetic properties of bafe12o19

nanoferrite: A promising microwave absorbing material. Ceram. Int, 43:7346–7350,

2017.

[238] Syed Tajammul Hussain, Syeda Rubina Gilani, Syed Danish Ali, and Humaira Safdar

Bhatti. Decoration of carbon nanotubes with magnetic ni1- xcoxfe2o4 nanoparticles

by microemulsion method. Journal of alloys and compounds, 544:99–104, 2012.

[239] James E Huheey, Ellen A Keiter, Richard L Keiter, and Okhil K Medhi. Inorganic

chemistry: principles of structure and reactivity. Pearson Education India, 2006.

[240] Talat Zeeshan, Safia Anjum, Salma Waseem, and Lubna Mustufa. Tailoring of

structural and magnetic properties by substitution of copper in cobalt chromium

ferrites. Ceramics International, 44(15):17709–17715, 2018.

[241] Charanjit Singh, Ankita Goyal, and Sonal Singhal. Nickel-doped cobalt ferrite

nanoparticles: efficient catalysts for the reduction of nitroaromatic compounds and

photo-oxidative degradation of toxic dyes. Nanoscale, 6(14):7959–7970, 2014.

[242] Mircea Stefanescu, Marius Bozdog, Cornelia Muntean, Oana Stefanescu, and Titus

Vlase. Synthesis and magnetic properties of co1- xznxfe2o4 (x= 0÷ 1) nanopowders



References 196

by thermal decomposition of co (ii), zn (ii) and fe (iii) carboxylates. Journal of

Magnetism and Magnetic Materials, 393:92–98, 2015.

[243] MA Willard, LK Kurihara, EE Carpenter, S Calvin, and VG Harris. Chemically

prepared magnetic nanoparticles. International materials reviews, 49(3-4):125–170,

2004.

[244] K Ali, AK Sarfraz, IM Mirza, A Bahadur, and S Iqbal. ul haq, a.(2015). preparation

of superparamagnetic maghemite (γ-fe2o3) nanoparticles by wet chemical route and

investigation of their magnetic and dielectric properties. Curr. Appl. Phys, 15:925–

929.

[245] S Iqbal, M Javed, SS Hassan, S Nadeem, A Akbar, MT Alotaibi, RM Alzhrani,

NS Awwad, HA Ibrahium, and A Mohyuddin. Binary [email protected]/[email pro-

tected] s-scheme heterojunction enriching spatial charge carrier separation for effi-

cient removal of organic pollutants under sunlight irradiation. Colloids Surfaces A

Physicochem. Eng. Asp, 636:128177, 2022.

[246] Muhammad Azam Qamar, Sammia Shahid, Mohsin Javed, Shahid Iqbal, Mudassar

Sher, Ali Bahadur, Murefah Mana AL-Anazy, A Laref, and Dongxiang Li. Designing

of highly active g-c3n4/ni-zno photocatalyst nanocomposite for the disinfection and

degradation of the organic dye under sunlight radiations. Colloids and Surfaces A:

Physicochemical and Engineering Aspects, 614:126176, 2021.

[247] PP Hankare, SD Jadhav, UB Sankpal, SS Chavan, KJWaghmare, and BK Chougule.

Synthesis, characterization and effect of sintering temperature on magnetic proper-

ties of mgni ferrite prepared by co-precipitation method. Journal of alloys and

compounds, 475(1-2):926–929, 2009.

[248] Shahid Iqbal, Ali Bahadur, Shoaib Anwer, Shahid Ali, Rana Muhammad Irfan, Hao

Li, Muhammad Shoaib, Muhammad Raheel, Tehseen Ali Anjum, and Muhammad

Zulqarnain. Effect of temperature and reaction time on the morphology of l-cysteine



References 197

surface capped chalcocite (cu2s) snowflakes dendrites nanoleaves and photodegra-

dation study of methyl orange dye under visible light. Colloids and Surfaces A:

Physicochemical and Engineering Aspects, 601:124984, 2020.

[249] Kedar Marathe and Prashant Doshi. Localization and tracking under extreme and

persistent sensory occlusion. In 2015 IEEE/RSJ International Conference on Intel-

ligent Robots and Systems (IROS), pages 2550–2555. IEEE, 2015.

[250] Chandana Rath, S Anand, RP Das, KK Sahu, SD Kulkarni, SK Date, and

NC Mishra. Dependence on cation distribution of particle size, lattice parameter,

and magnetic properties in nanosize mn–zn ferrite. Journal of Applied Physics, 91

(4):2211–2215, 2002.

[251] JM Yang and Fu-Su Yen. Evolution of intermediate phases in the synthesis of zinc

ferrite nanopowders prepared by the tartrate precursor method. Journal of alloys

and compounds, 450(1-2):387–394, 2008.

[252] EJW Verwey, PW Haayman, and FC Romeijn. Physical properties and cation ar-

rangement of oxides with spinel structures ii. electronic conductivity. The Journal

of Chemical Physics, 15(4):181–187, 1947.

[253] MM Rashad, RM Mohamed, and H El-Shall. Magnetic properties of nanocrystalline

sm-substituted cofe2o4 synthesized by citrate precursor method. Journal of Mate-

rials Processing Technology, 198(1-3):139–146, 2008.

[254] Lars Dörner, Claudia Cancellieri, Bastian Rheingans, Marc Walter, Ralf Kägi, Pa-
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kova. Structural, cation distribution, and magnetic properties of cofe 2 o 4 spinel

ferrite nanoparticles synthesized using a starch-assisted sol–gel auto-combustion

method. Journal of Superconductivity and Novel Magnetism, 28:1851–1861, 2015.

[272] SR Naik, AV Salker, SM Yusuf, and SS Meena. Influence of co2+ distribution

and spin–orbit coupling on the resultant magnetic properties of spinel cobalt ferrite

nanocrystals. Journal of alloys and compounds, 566:54–61, 2013.

[273] Florin Tudorache, Paul Dorin Popa, Marius Dobromir, and Felicia Iacomi. Studies

on the structure and gas sensing properties of nickel–cobalt ferrite thin films prepared

by spin coating. Materials Science and Engineering: B, 178(19):1334–1338, 2013.

[274] R Verma and A Chauhan. Neha; batoo, km; kumar, r.; hadhi, m.; raslan, eh effect

of calcination temperature on struc-tural and morphological properties of bismuth

ferrite nanoparticles. Ceram. Int, 47(3):3680–3691, 2021.

[275] Hamnesh Mahajan, Shammi Kumar, Anjori Sharma, Ibrahim Mohammed, Manisha

Thakur, Simrandeep Kour, Amarjeet Kaur, and Ajeet Kumar Srivastava. Struc-

tural, morphological, and electrochemical investigation of mn0. 3co0. 2zn0. 5fe2o4-

polyaniline nanocomposite for supercapacitor application. Journal of Materials Sci-

ence: Materials in Electronics, pages 1–14, 2022.

[276] Asmaa AH El-Bassuony. Enhancement of structural and electrical properties of

novelty nanoferrite materials. Journal of Materials Science: Materials in Electronics,

28(19):14489–14498, 2017.



References 201

[277] Asmaa AH El-Bassuony. A comparative study of physical properties of er and yb

nanophase ferrite for industrial application. Journal of Superconductivity and Novel

Magnetism, 31:2829–2840, 2018.

[278] Idza Riati Ibrahim, Mansor Hashim, Rodziah Nazlan, Ismayadi Ismail, Samikannu

Kanagesan, Wan Norailiana Wan Ab Rahman, Nor Hapishah Abdullah, Fadzi-

dah Mohd Idris, and Ghazaleh Bahmanrokh. A comparative study of different

sintering routes effects on evolving microstructure and b–h magnetic hysteresis in

mechanically-alloyed ni–zn ferrite, ni 0.3 zn 0.7 fe 2 o 4. Journal of Materials Sci-

ence: Materials in Electronics, 26:59–65, 2015.

[279] SR Gibin and P Sivagurunathan. Synthesis and characterization of nickel cobalt

ferrite (ni 1- x co x fe 2 o 4) nano particles by co-precipitation method with citrate

as chelating agent. Journal of Materials Science: Materials in Electronics, 28:1985–

1996, 2017.

[280] H Moradmard, S Farjami Shayesteh, P Tohidi, Z Abbas, and M Khaleghi. Structural,

magnetic and dielectric properties of magnesium doped nickel ferrite nanoparticles.

Journal of Alloys and Compounds, 650:116–122, 2015.

[281] JH Joshi, KP Dixit, MJ Joshi, and KD Parikh. Study on ac electrical properties of

pure and l-serine doped adp crystals. In AIP Conference Proceedings, volume 1728,

page 020219. AIP Publishing LLC, 2016.

[282] NH Vasoya, VK Lakhani, PU Sharma, KB Modi, Ravi Kumar, and HH Joshi. Study

on the electrical and dielectric behaviour of zn-substituted cobalt ferrialuminates.

Journal of Physics: Condensed Matter, 18(34):8063, 2006.

[283] Manish S Jayswal, DK Kanchan, Poonam Sharma, and Nirali Gondaliya. Relaxation

process in pbi2–ag2o–v2o5–b2o3 system: dielectric, ac conductivity and modulus

studies. Materials Science and Engineering: B, 178(11):775–784, 2013.



References 202

[284] S Yonatan Mulushoa, N Murali, Paulos Taddesse, A Ramakrishna, D Parajuli,

Khalid Mujasam Batoo, Ritesh Verma, Rajesh Kumar, YB Shankar Rao, Sajjad

Hussain, et al. Structural, dielectric and magnetic properties of nickel-chromium

substituted magnesium ferrites, mg1–xnixfe2-xcrxo4 (0 x 0.7). Inorganic Chemistry

Communications, 138:109289, 2022.

[285] A Kaushal, SM Olhero, Budhendra Singh, Duncan P Fagg, Igor Bdikin, and JMF

Ferreira. Impedance analysis of 0.5 ba (zr0. 2ti0. 8) o3–0.5 (ba0. 7ca0. 3) tio3

ceramics consolidated from micro-granules. Ceramics International, 40(7):10593–

10600, 2014.

[286] MM Rahman, N Hasan, MA Hoque, MB Hossen, and M Arifuzzaman. Structural,

dielectric, and electrical transport properties of al3+ substituted nanocrystalline ni-

cu spinel ferrites prepared through the sol–gel route. Results in Physics, 38:105610,

2022.

[287] Haitao Ye, Richard B Jackman, and Peter Hing. Spectroscopic impedance study of

nanocrystalline diamond films. Journal of applied physics, 94(12):7878–7882, 2003.
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