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ABSTRACT

Nano sized NiygCo2MnyFe,.<O4 ferrites with varies compositions (x = 0.05 and 0.1) are
successfully synthesized by Sol-gel auto combustion method. The structure, morphology,
chemical composition, electrical, dielectric and magnetic properties of these synthesized
samples are investigated using x-ray powder diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive X-Ray spectroscopy (EDS), Fourier transform infrared
(FT-IR) spectroscopy, impedance analyzer (IR) as well as Electron spin resonance
spectroscopy (ESR). The XRD analysis confirms the phase purity of the synthesized ferrites.
It also reveals the formation of spinel structure for both prepared powder ferrites. The lattice
parameter and the crystal size of are identified to be 8.538 A and 58.23 nm, respectively for
Nio.sC0g.2Mno osFe1 0504 ferrite material; and 8.561 A and 59.14 nm, respectively for
NipgCog2Mng 1Fe; 9Oy ferrite material. The average crystallite size calculated using Debye—

Scherer equation also confirms the nano crystalline nature of the samples.

EDS patterns confirm the compositional formation of the synthesized samples, i.e., both
compounds show the presence of Ni, Co, Mn, Fe and O elements. FT-IR spectra analysis
shows the appearance of two strong bands, which are responsible for the formation of cubic
spinel structures in both ferrites. From the electrical conductivity study, two different
regions, which are frequency independent and dependent regions, are clearly identified. The
variation of dielectric properties with frequency shows the polarization behavior of both
ferrites. ESR study shows that both ferrite materials possess soft magnetization behavior at
room temperature. The magnetization curves of both samples show weak ferromagnetic

behavior, with slender hysteresis.



CHAPTER ONE
INTRODUCTION

1.1 Background of the study

Spinel ferrites are a very important group of magnetic materials due to their remarkable
electrical and magnetic properties and wide practical application to information storage
system, Ferrofluid technology, magnetocaloric refrigeration, catalysis, and medical
diagnostics [1]. Spinel ferrites have the general formula of MFe,O4, where M usually
represents one or more than one of the divalent transition metals Mn, Fe, Co, Ni, Cu, Zn, or
other metals [2]. Among the spinel ferrites, the inverse type is particularly interesting due to
its high magnetocrystalline anisotropy, high saturation magnetization, and unique magnetic

structure [3].

Nowadays the synthesis of spinel ferrite nanoparticles has been intensively studied, because
of their remarkable electrical and magnetic properties and wide practical application to
information storage system [3]. These properties are dependent on chemical composition and
microstructural characteristics, which can be controlled in the fabrication and synthesis
processes. The principal role of the preparation conditions on the morphological and
structural features of the ferrites have been discussed in several papers. Various methods of
synthesizing spinel cobalt ferrite nanoparticles have been reported, such as solid-state

reaction method, co-precipitation, hydrothermal and sol-gel methods [4].

Recently, a sol-gel auto-combustion method has attracted much attention due to its valuable
advantages such as homogeneous reactant distribution and low processing temperature. The
products obtained by this method exhibits high crystalline quality, enhanced homogeneity,
better control for size, shape, and degree of agglomeration of the resulting nanocrystals,

simple compositional control uniform shape [4].

The structure, morphology, electrical and magnetic properties of both samples are studied
using x-ray powder diffraction (XRD), scanning electron microscopy (SEM), energy
dispersive X-Ray spectroscopy (EDS), Fourier transform infrared (FT-IR) spectroscopy,

impedance analyzer as well as Electron spin resonance spectroscopy.



1.2 Statement of the problem

Nickel ferrite (NiFe;O,) is an inverse spinel in which half of the ferric ions fill the tetrahedral
sites and the rest occupy the octahedral sites. NiFe;Oy is used in applications including high
density magnetic recording media, magnetic refrigeration, magnetic liquids, microwave
absorber, and repulsive suspension for levitated railway systems. NiFe,O4 exhibits unusual

physical and chemical properties when its size is reduced into the Nano level.

It is well known that the physical properties, such as the structure, electrical, dielectric and
magnetic properties of the ferrite nanomaterials are strongly dependent on the method of
preparation. To date a broad variety of techniques are successfully developed for synthesis of
nanocrystalline ferrites such as sol-gel, co-precipitation, solid-state reaction and others. In
view of the above, this research work focuses on the synthesis of Mn-substituted
NipgCogMnyFe,«O4 nanoparticles ferrites by sol-gel auto-combustion method and study of
their structural, electrical, dielectric, and magnetic properties to determine any possible
change in their physical properties due to substitution effect. To our knowledge,
nanocrystalline  spinels  NiggCo0g2MngosFe19504 and  NiggCooMngiFe1 90,4  ferrites
synthesized by sol-gel auto-combustion have not been yet reported.

1.3 Objectives

1.3.1 General objective

The general objective of this research work was to study the synthesis and characterizations
of NiggCop.MnyFe,xO4 (Where x = 0.05, 0.1) nanocrystalline powder material synthesized
by a sol-gel auto-combustion method.

1.3.2 Specific objectives

e To synthesize NipgCog2MnyFe,«O4 (Where x = 0.05 and 0.1) nanocrystalline powder
materials by sol-gel auto-combustion method.

e To characterize NiggCop2MnyFe,xO4 (Where x = 0.05, 0.1) ferrites using XRD, FT-
IR, SEM, EDS, CIS and ESR techniques.

e To study the structure, electrical, dielectric and magnetic properties of
NipgC0p2MnyFe,.xO4 (Where x = 0.05, 0.1) nanoferrite materials.

e To estimate the lattice parameters, crystal volume, crystal size, ac conductivity, and

dielectric constants of the synthesized samples.



1.4 Significance of the study

From the literature survey, it is concluded that structure, electrical and magnetic properties of
NiFe,O, ferrites are largely dependent on the particle size. The particle size can be brought to
Nano scale by using appropriate synthesis method. In some cases, substituted cations also
contribute in reducing the particle size. This will help in reducing the calcination and
sintering temperature so that particle growth can be suppressed to keep within the Nano
scale. Therefore, it is very interesting to study the effect of cations substitutions on structure,
electrical and magnetic properties of NiFe,O, system for fundamental research to broaden the
idea of physical mechanism behind the cause NipgCog2MnyFe,«O4 (Where x = 0.05, 0.1). We
hope that this study can provide strong scientific information for further study of the

materials and similar materials.
1.5 Scope of the present work

NiFe,O,4 exhibits unusual physical and chemical properties while the size is reduced to the
Nano level. While various synthesis methods have been studied, an effective approach to
synthesize ferrite powders with the desired characterization at a reasonable cost is still
lacking. And due to the fact that synthesis processes and the characterization are closely
related, and also that the fundamental mechanisms are not fully understood, a constancy of
the relation between the characterization and their performance is still lacking. Thus, the
scope of this study is to study the synthesis and characterizations of NipgC0g,MnyFe;<O4
(where x = 0.05, 0.1) nanocrystalline powder material synthesized by a sol-gel auto-
combustion method. The synthesized nanoferrite materials are characterized by using the

following instrumental techniques:

e X-ray Powder diffraction (XRD),

e Scanning electron microscopy (SEM),

e Energy dispersive X-ray analysis (EDS),

e Fourier transforms infrared (FT-IR) spectroscopy,
¢ Impendence analyzer and

e Electron spin resonance spectroscopy (ESR)



1.6 Thesis organization

This thesis begins with the introductory chapter that introduces the ideas that compelling the

research conducted and outlines the research work undertaken to achieve the goal.

Chapter two gives a general review of ferrites and microstructural properties, economic
benefits in the nanotechnology, its drawbacks and the brief explanation of sol-gel auto-

combustion synthesis method.

List of materials, material synthesis, the method of preparation and experimental procedures
employed to powder and pellet preparation, as well as different characterization techniques

are described in chapter three.

Chapter four discusses results obtained from this research work, such as the structure, the
morphology, the EDS spectra, the FT-IR study, the electrical, dielectric and magnetic
properties of NiggCopoMnyFe,xO4 (where x = 0.05, 0.1) ferrites. Finally, chapter five

presents conclusions of the study and recommendations for future work.



CHAPTER TWO
LITERATURE REVIEW

2.1 General introduction

Research into the synthesis and properties of nanoscale materials has exploded over the past
decade due to the unique size dependent properties of nanoparticles that often differ
considerably from their bulk phase materials behave[5].Nano powders have grains size of the
order of 1-100 nm in at least one co-ordinate and normally in three. Nano powders owing to
small size, nanoparticles show properties which are surprisingly different from those of bulk

system and the atoms indicating how the bulk properties evolve from atomic properties [5].

Nanocomposite is defined as a material that contains a reinforcement component in the form
of one or more ultra-fine phase with dimensions less than 100 nm [5]. They have reported
nanocomposite approach has been used to prove various material properties including

mechanical, chemical, structural, optical, electrical and magnetic properties.

The spinel ferrites (MFe,O4, M is divalent cation) belong to an important class of magnetic
materials because of their remarkable magnetic properties particularly in the radiofrequency
region, physical flexibility, high electrical resistivity, mechanical hardness and chemical
stability [6]. Magnetic properties in these ferrites can be tuned by choosing various kinds of
M* divalent cations like Zn?*, Mg®*, Cu®" and Ni**. They also have many applications of soft
ferrites in various electronic devices [7]. The study of ionizing radiation effects in MgAl,O4
showing its high resistance to displaying radiation damage which makes it a good candidate
for fusion technology applications [8]. Spinel ferrite is a very informative crystal system for
understanding and designing the magnetic properties of nanoparticles through chemical
manipulations. Many synthetic approaches have been employed to prepare spinel ferrite

nanocrystals [9].

The wet chemical synthesis of high reactive powders has been proved to be one of the most
effective routes to decrease the sintering temperature of ferrites [10]. A variety of chemical
synthesis methods, sol-gel process [10], spray pyrolysis, micro emulsion technique and

hydrothermal process [11] etc.; have been proposed for preparation of nanomaterials.



Many studies have been reported on the preparation of nickel and cobalt ferrites, and their
advantages by sol-gel method. The key advantages offered by the sol-gel process are:
inexpensive precursors, simple synthesis method, and low sintering temperature, control of
chemical composite, and morphology and size distribution. Sol-gel auto combustion
technique is a novel way with a unique combination of chemical sol-gel process and

combustion process.

The selection of ferrites material for specific application mainly depends on the basic
constituents of the composition [12]. Ferrites with spontaneous rectangular hysteresis loop
behavior with high rectangularity ratio are widely used in switching devices. The transition
temperature from ferromagnetisms to Para magnetism decrease with addition of Mn cations
in Co1.xMnyFe,0,4 spinel ferrites [13]. The oxide based magnetic nanoparticles have been
investigated by many researchers because of the interesting magnetic properties such as super
paramagnetic relaxation, surface effect by spin-canted structure, magneto electrical transport

and so on.
2.2 Ferrite Materials

A ferrite is a type of ceramic compound composed of iron (I11) oxide (Fe,O3;) combined
chemically with one or more additional metallic elements [3]. They are an important class of
magnetic materials which have many applications, ranging from radio frequency and
microwave frequency. They are technologically important materials having both electrical
and magnetic properties i.e. they are electrically nonconductive or electrical insulator and
ferromagnetic, meaning they can be magnetized or attracted to a magnet. The molecular
formula of ferrites is M?*OFe,>*Og; there M represents divalent transition metal such as Fe,
Ni, Ti, Cr, Zr, Zn, Pd, Ba, etc. [14]. In terms of their magnetic coercivity and their resistance

to being demagnetized; Ferrites can be divided into Hard and Soft ferrites.
2.2.1 Hard ferrites

Hard ferrites are known to be permanent ferrite magnets having high coercivity and
high remnance after magnetization. They are composed of iron and barium or strontium
oxides. In a magnetically saturated state, they conduct magnetic flux well and have a high
magnetic permeability. This enables these ceramic magnets to store stronger magnetic fields

than iron itself [14]. Hard ferrite consists of ceramic magnets which are cheap, and are
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widely used in household products such as refrigerator magnets. The most common known
hard ferrites are Strontium ferrite, SrFe;2019 (SrO+6Fe;0s3), Barium ferrite, BaFe;2019
(BaO<6F¢,03), Cobalt ferrite, CoFe,04 (CoO+Fe,03), and etc. [15, 16].

2.2.2 Soft ferrites

Soft ferrites are ferrimagnetic materials with cubic crystal structure and they are
characterized by the chemical formula MO-Fe,O3, where M is transition metal ions like Iron,
Nickel, Manganese or Zinc. They can be both easily magnetized and demagnetized, so that
they can store or transfer magnetic energy in alternating or other changing wave forms (sine,
pulse, square, etc.) [17].At high frequency, soft metal ferrites simply cannot be used due to
the eddy current losses [16]. Therefore, soft ferrites, which are ceramic insulators, are
technologically used in telephone signal transmitters and have low coercivity (means that the
material's magnetization can easily reverse direction without dissipating much energy

(hysteresis losses) [15].

The most common soft ferrites are Manganese-zinc ferrite with the formula MnZn-Fe;Oa,
Nickel-zinc ferrite with the formula NixZn.xFe,O4, Copper-zinc ferrite with the formula
CuxZn(1xFe20s, and any other combination or doping of transition metals with the mother
compound of ferrites [18]. They are used in the electronics industry to make ferrite cores for
inductors and transformers, and in various microwave components. Ferrite compounds have
extremely low cost, being made of iron oxide (i.e. rusted iron). They are very stable and have
high resistance to demagnetization [19].

2.3 Types of ferrites
2.3.1 Spinel ferrites

Spinel ferrites are described by the chemical formula AB,O4in which A and B display
tetrahedral and octahedral cation sites, respectively, and O indicates the oxygen anion site
[20]. They are also called cubic ferrites. In spinel ferrites, the relatively large oxygen anions
form a cubic close packing with 72 of the octahedral and ‘s of the tetrahedral interstitial sites
occupied by metal ions [20]. Spinel ferrites with the formula AB,0,4 or where A" represents a

1T

divalent metal cation such as Mn, Fe, Co, Ni, Cu, Zn, Cd, Mg, and Fe " is the trivalent iron

cation, have the same crystallographic structure as the mineral spinel (MgAl,O4) [15].



However, Fe** ions can be replaced by other trivalent ions like AI**, Cr**, Ga*® etc. Fe** ions

can also be replaced by combination of divalent and tetravalent ions [21].

Spinel ferrites are magnetically soft and they are alternative to metallic magnets such as Fe
and layered Fe-Si alloys, but exhibit enhanced performance due to their outstanding magnetic
properties. These types of ferrites have the properties such as high electrical resistivity and
low magnetic losses. The two popular ceramic magnets; Nickel-Zinc ferrites and Manganese-
Zinc ferrites are the major members of the spinel ferrite family. They have been interesting
ceramic materials due to their high electrical resistivity, high magnetic permeability and

possible modification of intrinsic properties over a wide spectrum [22].

¢ Asite
@ Bsite

@ o*

Figure 2.1 Crystal structure of unit cell of spinel ferrite [23].

According to the distribution of cations on tetrahedral (A) and octahedral (B) sites, spinel

ferrites are classified in to normal, inverse and intermediate (random) spinel ferrites.
2.3.1.1 Normal spinel ferrites

A material with the normal spinel structure having general formula M(Fe;)O,4 has all the
divalent metal (M) cations on the tetrahedral (A) sites and the trivalent (Fe) cations on the
octahedral [B] sites. This can be represented by the formula [M]wt[Fe2]octOs [15]. In the
mineral spinel, i.e. MgAl,O,4, the Mg®* ions are in A sites and the AI** ions are in B sites.
Some ferrites (Table 2.1) like MO.Fe,05 have exactly this structure, with M?* in A sites and
Fe** in B sites. Both zinc and cadmium ferrite have this structure and they are both

nonmagnetic, i.e., paramagnetic [15, 24].



Table 2.1 List of some normal spinel ferrite

MgO.Al,O4 MgAl,O4 (normal, parent mineral)
Zn0.Fe,03 ZnFe,04 (normal)
FeO.Al,O3 FeAl,O,4 (normal)
C00.Al,04 CoAl,04 (normal)
MnO.Al,O3 MnAl,O4 (normal)
NiO.Al,O3 NiAl,O4 (normal)

2.3.1.2 Inverse spinel ferrite

In an inverse spinel structure, half of the trivalent cations are at the tetrahedral (A) site while
the remaining trivalent ions and the divalent metallic ions M?* are at the [B] site [15]. For
example, cobalt ferrite (CoFe,0,) is predominantly an inverse spinel with a formula CoyFe;-
x(Co1.x Fe14x)O4 (with x = 0) where, X is the cation distribution factor which describes the
fraction of tetrahedral sites occupied by Co®*cations. Not all of the available sites are actually
occupied by metal ions. Only one-eighth of the A sites and one-half of the B sites are
occupied. In this type of spinel ferrites, the cations are distributed as shown in Figure 2.2.

Table 2.2 The Inverse spinel ferrites

Co0.Fe;03 FeCoFeO, (Inverse)
NiO.Fe,03 FeNiFeO, (Inverse)
MgO.Fe,03 FeMgFeQ, (Inverse)
A [ B ]
+ 2 2-
Fe* [Me*'Fe*]0;,

L T 7o

Figure 2.2 Cation distributions in inverse spinel ferrite.




2.3.1.3 Intermediate spinel ferrites

Intermediate spinel structures, which are also called mixed ferrites, are random spinels. The
divalent and trivalent cations are randomly distributed on tetrahedral and octahedral sites.
Random structures lie between normal spinel and inverse spinel. There is unequal number of
cation on octahedral sites. Intermediate spinel ferrites are containing two or more different
kinds of divalent ions, e.g. (Ni, Zn)O.Fe,O3; [15]. Most of the cubic ferrites used
commercially are mixed ferrites. In random spinel ferrites, the M*" and Fe** cations occupy
both A and B sites. The cations distribution in this type of spinel ferrites is shown in Figure
2.3.

Generally, in spinel ferrites, if the divalent metal ions and trivalent Fe®* ions are
distributed randomly over the tetrahedral and octahedral B-sites, then the spinel ferrite

is called random spinel [25].

Figure 2.3 Cation distributions in Intermediate spinel ferrite.

2.3.2 Hexagonal ferrite

The group of ferrites possessing hexagonal crystal structure is referred to hexagonal ferrites.
Six types of hexagonal ferrites are distinguished and indicated as M-type (BaFe;12019), W-
type (BaMeyFei027), Y-type (Ba;MesFe205,), X-type (BaxMesFexgOgs), Z-type
(BazMe,Fez4041) and U-type (BasMesFessOg0) [11]as shown in the composition diagram in
Figure 2.4.Theycorrespond to (MO + MeOQO)/Fe20s ratios of 1:6, 3:8, 4:6, 4:14, 5:12 and
6:18respectively. Where M can be the ions Ba, Sr, Pb, Ca, La, etc. whilst Me is a transition
cation (Zn, Mg, Mn, Co, etc.) or a combination of cations as it would occur in spinels.
Moreover the substitution of Fe** with other trivalent cations such as AI**, Ga®*, S¢**, In®"etc.

is also possible. One can obtain an extremely large number of compounds with considerably
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different magnetic properties. This fact makes the hexagonal ferrites attractive for different
technical applications and interesting for basic studies on the magnetic interactions in

insulators [26].

All of hexagonal ferrites are synthetic; the model compound of this family is barium
Hexaferrites with formula BaFe;1,019. Hexaferrites can also form an extensive variety of solid
solutions. Ba can be substituted by Sr, Ca, and Ph. Fe** can be substituted by trivalent cations
such as Al, Ga, by a combination of divalent and tetravalent cations, such as Co** and Ti*".
Chemical substitution of B sites is usually done with Sr atoms while Fe atoms are substituted
by Al atoms, based on the size and valence, resulting in a change in the magnetic behavior
[27].

This was first identified by [28] that Hexaferrites are hexagonal or rhombohedra
ferromagnetic oxides with formula MFe;2,019, Where M is an element like Barium, Lead or
Strontium. In these ferrites, oxygen ions have closed packed hexagonal crystal structure.
They are widely used as permanent magnets and have high coercivity. They are used at very
high frequency. Their hexagonal ferrite lattice is similar to the spinel structure with closely
packed oxygen ions, but there are also metal ions at some layers with the same ionic radii as
that of oxygen ions. Hexagonal ferrites have larger ions than that of garnet ferrite and are
formed by the replacement of oxygen ions. Most of these larger ions are barium, strontium or

lead.

Fe,O0, M = BaFe12019

Y =Ba,Me,Fe,,0,,
W = BaMe,Fe,0,,
Z =BasMe,Fe,, 0,
X =Ba,Me,Fe, ;0,4
U =Ba,Me,Fe;,0,

MeO

Ba0, 00 80 60 a0 20 0

Figure 2. 4: Ternary diagram showing the composition of the main barium hexagonal ferrites [14].
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2.3.3 Garnet

Garnets are a group of isomorphous minerals with a complex cubic structure. They have
complex crystal structures. In the context of magnetic materials, garnets are represented by a
general formula Y3FesOj,, containing two magnetic ions, one typically being iron and
another being rare earth. Here R, in addition to yttrium can be one of lanthanide atoms such

as lanthanum, cerium, samarium etc. [29].

Garnets can be quite useful materials in microwave applications because of their high
electrical resistivity and hence lower losses around microwave frequencies. The material is
also easy to synthesize in either of bulk polycrystalline ceramic, single crystal or thin film
forms. The structural parameters as well as magnetic properties can be tuned by tailoring the

composition of the material.

The unit cell of Y3FesO;, has cubic symmetry crystal structure and contains 8 formula units
i.e. 160 atoms, quite complex. In contrast with spinels, the oxygen sub lattice is not a close-
packed arrangement, but it is better described as a polyhedral combination. Three kinds of
cation sites exist in this structure: dodecahedral (eightfold), octahedral (six fold), and
tetrahedral (four fold) sites. In garnet ferrites, orbital magnetic contribution of iron atoms is
quenched due to shielding from crystal field while lanthanide ions contribute to both orbital

and spin magnetic moment, thus contributing more to the total magnetic moment.

© T ©
: © :
=
(@) ' ‘ ©
© [ %)
© - @@ a8
© <
. _ Fei+ (a)
© =@ al2 Octahedral site
© © Fe2+ (d)
© = ° 8 Tetrahedral site
= O =SS RE3+ (¢)
' © | © Dodecahedral site

Figure 2.5 Schematic representation of an ‘octant’ of a garnet crystal structure (lattice

constant ‘a’ showing cation position [30].
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The general formula for garnets is MeszFesO12, where Me is one of the rare earth metal ions,
including Y, La and Gd. The cubic unit cell contains 8 formula units or 160 atoms, which can
be described as a spatial arrangement of 960% with interstitial cations. Yttrium iron garnet
Y3Fes01, (YIG) is a well-known garnet. The coordination of the cations is considerably more
complex than spinels, with 24Y*" in dodecahedral sites, 24Fe** ions in tetrahedral sites and
16 remaining Fe** in octahedral sites. Similar to spinels and hexagonal ferrites, a wide range
of transition metal cations can substitute Y** or Fe**; especially rare earth ions may replace
the ions on octahedral and dodecahedral sites. Each type of lattice site will accept other metal
ions at dodecahedral sites, octahedral sites and at tetrahedral sites. Thus pentavalent ions
such as V> and As®" can occupy tetrahedral sites, while Ca?* substitute ions on dodecahedral
sites [15].

2.4 Application of ferrites

The major commercial applications of ferrites in the technology are the following. They are
use in medical diagnostic, science and industrial processing fields such as magnetic
resonance imaging (MRI), nuclear magnetic resonance (NMR), High-energy physics
accelerators, Plasma fusion reactors, industrial magnetic separation of kaolin clay materials
and relatively high field magnets [31]. Indeed, without ferrites technology most of these
applications would not be viable. Several smaller applications utilizing low temperature
superconducting (LTS) materials have also been commercialized, e.g. research magnets and
magneto encephalography (MEG). The latter is based on superconducting quantum
interference device (SQUID) technology which detects and measures the weak magnetic

fields generated by the brain [32].

Zero resistance and high current density have a major impact on electric power transmission
and also enable much smaller or more powerful magnets for motors, generators, energy
storage, medical equipment and industrial separations [3]. Low resistance at high frequencies
[33] and extremely low signal dispersion are key aspects in microwave components,
communications technology and several military applications [3,34,]. Magnetic field
exclusion is important in multi-layer electronic component miniaturization, provides a

mechanism for magnetic levitation and enables magnetic field containment of charged
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particles. The final two properties form the basis for digital electronics and high speed

computing well beyond the theoretical limits projected for semiconductors.
2.5 Material synthesis methods
2.5.1 Solis state reaction method

Solid state synthesis is one of the common methods employed for preparing powder
materials from oxides, carbonates, hydroxides, nitrates, sulfates, and other metal salts [35].
The term solid-state synthesis process is often used to describe a chemical reaction between
solids. In this method, solvents are not used. It involves heating mixtures of two or more
solids to form a solid phase product. In solid state synthesis method, the reaction only occurs
at contact points between the grains of the starting materials. Because of the very low
diffusion coefficients in solids, the traditional solid-state synthesis requires high thermal

activation and longer heating time than other techniques [34].

Advantages: Lower reaction temps, possibly stabilize metastable phases, the method can be
used to prepare an extremely large number of compounds; it can be used to prepare a whole
range of materials including mixed metal oxides, sulfides, nitrides, alumina silicates and

eliminate intermediate impurity phases [34 ].

Disadvantages: long heating time to complete the reaction, can be hard to control exact
stoichiometry in certain cases, and difficult control of stoichiometry the desired compound
may decompose at high temperatures, the reaction may proceed very slowly, inhomogeneity,
large particle size, agglomeration of the particles, irregular morphology, broad particle size

distribution, difficult to incorporate ions that readily form volatile species, e.g.,(Ag+)[34].

2.5.2 Sol-gel synthesis

The sol-gel process is one of a wet chemical synthesis process to prepare ceramic and glass
materials from nitrites, acetates, oxalates, etc. raw materials. The first investigation of a sol-
gel process for synthesis was made in the mid-19" century. This early investigation studied
the preparation of silica glass from a sol made by hydrolyzing an alkaoxides of silicon. The
sol-gel method was further developed in the 1950s and 1960s after it was realized that
colloids, which contain small particles (1-1000 nm in diameter), could be highly chemically
homogeneous [36].
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The sol-gel process involves transition from a liquid phase called sol into a gel phase. A sol
is a colloidal suspension of particles in a liquid, which are 1 to 100 nm in diameter. A gel is a
semi-rigid solid in which the solvent is contained in a framework of material which is either
colloidal (essentially a concentrated sol) or polymeric. To prepare solids using the sol-gel
method, first, a concentrated solution or colloidal suspension of the reactants, the ‘sol’, is
prepared, which is then concentrated or matured to form the ‘gel’. This homogeneous gel is
then heat-treated to form the product. This heating serves several purposes: it removes the
solvent, it decomposes anions such as alkoxides or carbonates to give oxides, it allows
rearrangement of the structure of the solid, and it allows crystallization to occur. The main

steps in the sol-gel process are outlined in Figure 2.6.

Metal Alkoxide Solution

Hydrolysis I“'f
Condensation N
Bulk
Sol
(colloidal)

Figure 2.6 Steps in the sol-gel synthesis route [36]

The main advantages of sol-gel process are better homogeneity and purity, low temperature
preparation, saving energy, minimize the evaporation losses, minimize air pollution, no
reaction with container, bypass phase separation, etc. The disadvantages of the sol-gel
process are: reaction may result with a wide particle size distribution, the composition of the
obtained compounds may be inhomogeneous, expensive reagents are needed to perform the
reaction, elevating operating temperatures are often required, and most of the procedures

include a complicated preparation technique [37].
2.5.3 Sol-gel combustion synthesis

Combustion synthesis, also known as self-propagating high temperature synthesis, has been
developed as an alternative route to the ceramic method which depends on the diffusion of
ions through the reactants, and thus for a uniform product requires repeated heating and
grinding for long periods [38].Sol-gel combustion synthesis method (also called sol-gel self-

combustion or sol-gel auto-combustion) where the chemical sol-gel and combustion process are
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combined has shown great potential in the preparation of spinel type ferrite nanomaterials. Generally,
this method can be considered as solution combustion technique and even explosive reactions to
maintain a self-propagating high reaction temperature and has been used to prepare many
refractory materials including borides, nitrides, oxides, silicide’s, intermetallic, and ceramics.
The reactants are mixed together, formed into a pellet, and then ignited (Figure 2.7) at high

temperature.

Figure2.7 Combustion reaction of reactant mixture [39].

Once ignited the reaction propagates as a wave, the synthesis wave, through the pellet, and
the reaction must lose less heat than it generates or it will quench; temperatures up to 3000 K

are maintained during the fast reactions[36].

Sol-gel auto-combustion synthesis technique plays a vital role in present day nanotechnology
powder sample preparation. In this technique, oxidizing metal salts and combustion agent
(fuel) are essential for the combustion process. Metal nitrates and citric acid were used as
oxidizing salts and combustion fuel for all the sample preparations. All chemicals were of

high purity analytical reagent and used without further purification [39, 40].

This method uses a solution during the initial step of the preparation process, so the reactants
are well-dispersed and in a much higher reactive state, providing a homogeneous reaction
mixture. The organic fuel plays an important role; it is the fuel for the combustion reaction;
which forms complexes with metal ions preventing the precipitation of hydroxylated
compounds [41]. The combustion can be considered as a thermally induced redox reaction.
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The energy from the exothermic reaction between oxidant and reductant can be high enough

to form fine particles [42].

Advantages of sol-gel auto-combustion process:-

Sol-gel auto-combustion methods show advantages over the other processes mainly due to

the following important facts [43]:-

Low cost and low temperature process,

Better control of stoichiometry,

Crystalline size of the final oxide products is invariably in the nanometer range,
Exothermic reaction makes product almost instantaneously.

Possibility of multicomponent oxides with single phase and high surface area,

It can be performed relatively easily without using special equipment,

It uses low energy consumption,

It gives a homogeneous powder with a high level of purity and low particle size
distribution,

Fine particle size and narrow particle size distribution; it is easy to control
stoichiometry,

Simple equipment and preparation process; low processing time and

low external energy consumption (process initiates at low temperatures) and multiple

steps are not involved

Drawbacks of sol-gel auto combustion process [44]:-

254

Contamination due to carbonaceous residue,
Understanding of combustion behavior is needed to perform the controlled
combustion in order to get final products with desired properties.

Hydrothermal Synthesis

Among the low temperature methods, the hydrothermal method is very versatile for the

synthesis of Nano materials and has been well established. Although synthesis reactions can

be carried out in a temperature range of 100 to 1000°C or more and in a pressure range of 1

atmosphere to several thousand atmospheres, most of the hydrothermal experiments are

conducted below the supercritical temperature of water (374°C). The reactions can be carried
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out in water or in any other solvent. When water is used as a solvent, the process is called
‘hydrothermal processes and when any solvent including water or organic solvents such as
methanol, ethanol, polyol, etc. are used, the process is termed ‘solvothermal processes. Thus,
the latter term encompasses all solvents including water. Nano phase oxides can be

synthesized by the hydrothermal process.

The main advantages of the hydrothermal method are: kinetics of reaction are greatly
increased with a small increase in temperature, single crystals are obtained, high purity
products can be obtained, no precipitants are needed in many cases and thus the process is
cost-effective, pollution is minimized because of the closed system conditions and reagents
can be recycled, powders are formed directly from the solution, and possibility to control
particle size and shapes by using different starting materials and hydrothermal
conditions[45]. However, hydrothermal method has the following drawbacks: prior
knowledge on solubility of starting materials is required, hydrothermal slurries are potentially

corrosive and accidental explosion of the high pressure vessel cannot be ruled out [44, 46].
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CHAPTER THREE
METHODS AND MATERIALS

3.1 List of raw materials

Chemicals which are required to be used in the study for synthesis and characterization of

NipgC0p2MnyFe,.xO4 (Where x = 0.05 and 0.1) ferrite materials are shown in the Table 3.1.

Table 3.1 List of chemicals and their formula.

No Chemicals Chemical Formula

1 | Nickel (I1) nitrate Hexahydrate Ni(NO3),.6H,0

2 Iron(I11) nitrate Nona hydrate Fe(NO3)3.9H,0

3 Manganese (11) nitrate Mn(NO3)5.6H,0
Hexahydrate

4 | Cobalt (11) nitrate Hexahydrate Co(NO3),.6H,0

5 Citric Acid Monohydrate CeHsO7.H,O

6 | Sulfuric Acid H,SO4

7 | Potassium Bromide KBr

8 Silver Ag

9 polyvinyl alcohol (PVA) (C2H30R)n

10 | Ammonia hydroxide NH,OH

3.2 Materials synthesis

In this study, the following ferrite materials with typical formula are synthesized.

® NigsC02Mng osFe16504

0.8Ni (N03)2.6H20 + 0.2Co (NO3)2.6H20 + XMI’](NO3)3.6H20 + 2-x(Fe (NO3)39H20)

+ 3CsHg07.H,0O — NiggCogoMnyFe, ,O4 + gasT
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0.8Ni (NO3).6H;0+0.2C0(NO3),.6H,0+0.05Mn(NO3)s.6H,0+1.95(Fe (NO3)3.9H0)
+ 3CsHg07.H,O —» NiggC0g2MngosFeq 9504 + gasT

e NiggCog,Mn gsFe; 950,
0.8Ni (N03)26H20 + OZCO(NOs)zGHzO + XMI’](NO3)3.6H20 + 2-X(Fe (N03)39H20)
+ 3CsHg07.H>0 — NiggCog ,MnyFes.O4 +gasT

0.8Ni(NO3)2.6H;0+ 0.2Co(NOs),.6H;,0+0.1Mn(NO3)s.6H,0 + 1.9(Fe (NOs)3.9H,0)
+ 3CsH507.H,0 —» Nio_8C00_2Mn0_1Fe1_904 + gasT

3.3 Experimental procedures
3.3.1 Powder preparation

NipgCog2MnyFe,«O4 (X = 0.05 and 0.1) ferrites are synthesized by sol-gel auto-combustion
reaction method wusing Ni(NO3),.6H,0, Fe(NO3)3.9H,0, Co(NOs),.6H,O and
Mn(NO3)3;.6H,O and CgHgO7.H,O as starting material. Stoichiometric amounts of
Ni(NO3),.6H,0, Fe(NO3)3.9H,0, Co (NO3),.6H,O and Mn (NO3)3.6H,0 and CgHgO7.H,O
are dissolved in some amount of de-ionized water. Aqueous ammonia solution is then added
drop by drop under constant stirring using magnetic stirrer until the pH value maintained
about 7. This mixed solution is constantly stirred by magnetic stirrer on a hot plate at 80°C
for 4 hours in the water bath and stirred continuously until to obtain a dark brown gel. When
the obtained gel was heated at 200 °C inside oven, auto-combustion process was started in
the hottest zones of the beaker and propagated to self-ignition from the bottom to the top like
the eruption of a volcano, the gel completely burnt out to form a powder. Further, the
obtained powder was ground in an agate mortar for about 1 hrs. After thorough homogenizing,
the powder materials are heated at 700 °C for 5 hrs in the electric furnace.
Finally,Nio sC0o 2Mng gsFe1.9504 and NiggCop2Mng1Fe; 904 materials in the form of powder

are obtained. The detail of the synthesis process is shown in figure 3.1 below.
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i(NO,),.6H,0
o(NO,),.6H,0
n(NO,);.6H,O
e(NO;);.9H,0
istilled water

Maintaining PH value
7 by adding NH,OH

Heating at about 200°C

" combustion of

Sintering at 700°C for 5r

Grinding for 1hr |

FT-IR, XRD, SEM, EDS,
—> | electrical & Dielectric
and magnetic analysis

o2

Ni;t.sc‘)on“xFez-xO:t

(X =0.05, 0.1)

Figure3.1: Flow diagram of samples preparation
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3.3.2 Pellet preparation for electrical characterization

The electrical and dielectric properties of the materials are evaluated by measuring the
impedance of samples by preparing pellet. Pellet of each Nanocrystalline powder sample is
prepared from the powder as an active material and polyvinyl alcohol (PVA) as a binder.
First, about 2 grams of the calcined powder was initially ground in the agate mortar for about
30 minutes. Next 5 drops of polyvinyl alcohol (PVA) was added and mixed with a powder
sample to bind the powder and grounded for about 10 minutes in a gate mortar well to
disperse the PVA throughout the sample. Subsequently, the PVA mixed powder has been
pelletized using the hydraulic press with applied pressure up to 6 tones using a die set
pressure technique for 4 minutes to make 10 mm of circular disk-shaped pellets. Further, the
pellet has been sintered at 900°C for 4 hrs in the air at the heating and cooling rates of
5°C/min and removed the binder. The sintered pellet was polished carefully using fine quality
emery paper to make both faces flat, smooth and parallel. The thickness and the diameter of
the final polished pellets were about 1.22mm and 10 mm. Further, the opposite sides of the
pellets were painted with silver and heated at a temperature of 100°C for 30 minutes in order
to remove the moisture. The overall flowchart for the preparation of a pellet was shown in
Figure 3.2.
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2 gm. of calcined powder

\ 4

Ground for about 30 minutes

Add 5 drops of PVA

Ground for about 10 minutes >
- Hydraulic press with pressure

| of 6 tones for 4 minutes

10 mm circular disc pellet

Sintering at 900 °C for 4 hrs

4

Polished by fine emery paper
to smoothen the pellet

A

Coated by high quality silver paste

«—s Heat the pellet at 100 °C for 30 min.

\4

10 mm conductive
electrode

Figure 3.2 Flow chart of pellet preparation

3.4 Characterization techniques

The physical properties studies of spinel ferrite materials are investigated using various
techniques by different researchers. In this study, x-ray powder diffraction, scanning electron
microscopy, dispersive X-ray spectroscopy, Fourier transforms infrared spectroscopy,
impedance spectroscopy and electron spin resonance spectroscopy techniques are employed
to study the structure, morphology, electrical, dielectric and magnetic properties of
NiggCogoMnyFe,«O4 (Where x = 0.05, 0.1) ferrite materials. The details of the

characterization techniques are discussed briefly in the following section.
3.4.1 X-ray Powder Diffraction

X-ray diffraction aids in elucidating the arrangement and spacing of atoms in crystalline

materials and used to analyze crystallite size, lattice parameter, phase identification, purity,
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etc. on powder samples [47]. The wavelength of X-rays is of the order of the distance
between neighboring atoms in a crystal and exhibits interference and diffraction effects.
Characteristic X-rays are emitted from atomic elements when their electrons make transitions
between the inner atomic energy levels. They occur when a high energy electron ionizes an
inner atom and then that hole is filled by an outer shell electron. X-rays are reflected
secularly from successive planes of various “hkl” families in a crystal. The diffraction
maxima are obtained for directions of incidence and reflection such that reflections from
adjacent planes of a family interfere constructively differing in the face by 2zn radian (n is an

integer).

The path difference for reflections between adjacent planes is given by 2dsin® where d is the
spacing between adjacent atomic planes and 0 is the glancing angle between the atomic plane
and the incident beam. Bragg assumed that systems of crystal planes could reflect X-rays
provided the condition for constructive interference between reflections from successive

atomic planes is satisfied i.e.,
ni = 2dhk1$in6hk] (31)

where n is an integer, A is the wavelength of an incident X-ray beam, d is the spacing
between the planes in the atomic lattice, and 0 is the angle between the incident ray and the

scattering planes.

Here the X-ray diffraction analyses of the grown crystals have been carried out using the
powder diffraction method. The finely powdered sample taken for the study consists of
enormous small crystallites oriented in every possible direction. When an X-ray beam
traverses the material a significant number of particles are oriented in such a way that Bragg's
condition for reflection is satisfied for every possible atomic site. The detector is a
scintillation counter that emits a flash of light each time an X-ray photon is absorbed. The
detector is moved over a wide range of Bragg angles and the diffraction pattern is recorded as
a sequence of peaks on a chart calibrated in 20 = 80°. The diffraction peaks so obtained are
compared with X-ray powder data file published by the joint committee on powder
diffraction standards (JCPDS).

Both samples synthesized in this study are characterized by powder X-ray diffraction using a
Phillips XPERT-PRO diffractometer fitted with Cu Ka radiation of wave length A = 1.54060
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A between 20 = 10° and 80°.The lattice constants, a, for the samples NiggC0o2MnyFe,xO4 (X
= 0.05 and 0.1) are calculated by the least-square fitting method from the d-spacing and the
Miller indices, hkl values using equation [37, 47].

a=dvhz +k2+12 ord = ﬁ (3.2)

The average crystal size, L, of the samples is estimated by using Debye-Scherer formula
[48],

091
- Bcose

Where 4 is the wavelength of X-ray, B is the full width at half maximum (FWHM) of the

(3.3)

diffraction peak and 6 is the Braggs’ angle.

The average volume, V of the sample is estimated by using Debye-Scherer formula as,
v=a’(A)? (34)

Where, a, for lattice constant and A is for the unit of lattice constant, angstrom.

3.4.2 Scanning Electron Microscopy

Scanning electron microscope (SEM) is a technique in which the sample surface is scanned
and analyzed when the electrons generated with an electron gun are irradiated over the
sample. Electrons interact with the atoms that make up the sample producing signals which
allows an image to be created by analysis of the secondary electrons and back-scattered
electrons. The energy form the secondary electron is less than that of the backscattered
electron which has energy close to that of the primary electron [49]. Backscattered electrons
are rich in surface sensitive information, which is highly important to SEM measurement.
SEM provides a variety of information about the sample, such as surface topography,

composition and grain size [50].

In the present study, the microstructure and morphology of both powder samples are
characterized by JEOL JSM-6610L instrument. EDS, which is coupled with SEM, technique

is employed for elemental composition identification.
3.4.3 Energy dispersive X-Ray spectroscopy

Energy dispersive spectroscopy (EDS) is a technique used in identifying and quantifying the

elemental composition of a sample. On irradiating the sample with electron beam, the
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electrons lose energy when they interact with the sample and the lost energy will be
converted into other forms such as heat, emission of secondary electrons and emission of x-
rays, which can be detected by specialized detectors [51]. This change having energy
proportional to the incoming x-ray is amplified and correlated to the atoms element
according to its energy. However, this technique has a relatively poor energy resolution and

is unable to detect lighter elements below sodium, like Hydrogen, Lithium and Helium.
3.4.4 Fourier transform infrared spectroscopy

Fourier transformed infrared (FT-IR) spectroscopy technique is used for investigating the
infrared spectra in terms of absorbance or transmittance. This technique is utilized for
identifying the internal structure of the molecules, and the nature of the chemical bonds in the
crystal [49, 52]. It is also used to identify the structure of the unknown compound. To
identify the unknown sample, the obtained absorption spectrum is compared with standard

spectra in computer databases or with a spectrum of a known compound in a library.

In FT-IR, the infrared light beam containing many different frequencies is passed through a
sample and the molecules in a sample will be excited into a higher vibrational state.
Moreover, the absorption of infrared radiation by the sample is measured. The wavelength of
light absorbed is characteristic of the chemical bonds of the molecules. The chemical bonds
in a molecule can be determined by interpreting the infrared absorption spectrum and

therefore the molecular components and structures can be identified.

In this study, FT-IR spectroscopy characterization technique is employed in the transmittance
method with potassium Bromide (KBr) as IR window in the wave number region of 400-
4,000 cm™. For the characterization of both samples, a small amount of powder sample is
mixed with KBr and ground in a mortar with a pestle. The mixture is then press in a standard
hydraulic press to form a transparent pellet through which the beam of the spectrometer can

pass [52]. ALFA-T instrument is used for IR study of both samples.

3.4.5 Complex impendence spectroscopy

Electrochemical Impedance spectroscopy (EIS), sometimes called AC impedance
spectroscopy, is a powerful characterization technique for investigating the electrical

properties of materials that a lot of between parallel electrodes. It is also important to study
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the correlation between complex dielectric constant, electrical susceptibility and electrical
conductivity of materials. The EIS technique is based on analyzing the ac. the response of a
system to a sinusoidal perturbation and subsequent calculation of the impedance as a function
of the frequency of the perturbation. The technique enables an evaluation and separation of
contributions to the overall electrical properties in the frequency domain due to differences in
impedance of the electrode interface, migration of charge carriers across grain and grain
boundaries and other phenomena. With impedance spectroscopy, a sinusoidal signal of low
amplitude is applied to a sample and the complex impedance and phase shift are measured as

an output. The impedance can be represented as a real (Z') and imaginary (Z") component.

Interims of Z'andZ", the real dielectric constant, &’,and imaginary parts of complex

dielectric constant &”, are represented as [53]:

, Z”
3 :COC (Z/2+Z/12)
(3.5)
ZI
8“: 12 "2 € (36)
wC (Z'*+2"°)

Where, w is the radial frequency and C is the capacitance?

In this research work, the dc conductivity (oqc), the ac conductivity (o,c) and the dielectric
constant (&"), the dielectric loss (&) and imaginary impedance Z" are evaluated using the
relations [53, 54]:

t

Odc =72 3.7

0,c = 2mfe €' tand (3.8)

= :—; (3.9)
g = ¢'tand (3.10)
"= ﬁ (3.11)
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Where:

e tis the thickness of the pellet

Rpis the bulk (grain) resistance

A is the area of the pellet

€, IS the permittivity of the free space

tand is dielectric loss tangent
e C is the capacitance

o f is the frequency
3.4.6 Electron spins resonance spectroscopy

The magnetic property of atoms or molecules is originated from their electrons and nucleus.
This property can be investigated by using electron spin resonance (ESR) and nuclear
magnetic resonance (NMR) spectroscopies. ESR requires microwave frequency radiation
(GHz), while NMR is observed at lower radio frequencies (MHz).ESR spectroscopy, which
is also called electron paramagnetic resonance (EPR) spectroscopy, is a useful tool for
studying the magnetic properties of materials. Measurements of the magnetic moment
provide information about the local magnetic properties, the nature of spin-spin interactions,
the distribution of internal field and spin-lattice correlations. ESR measurements are usually
made by scanning the magnetic induction (B) at constant frequency of microwave through
the range of interest. The position of the ESR line depends on the ratio of B to the frequency
f and the effective gyromagnetic factor (g). From the width and shape of the resonant line, we
can obtain detailed information on magnetic state. In this study, the ESR spectra of
NipgCog2MnyFe,«O4 (Where x = 0.05, 0.1) samples are conducted at 650mT at room

temperature using the instrument Magnetometer.
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CHAPTER FOUR

RESULT AND DISCUSION

4.1 XRD analysis

In order to confirm the phase formation of NiggCoo2MnyFe,«O4 with compositions 0.05 and
0.1 nanoparticles, XRD study is carried out for two prepared samples. Figure 4.1 shows the
XRD patterns of NiggCog2MngosFe1.9504 and NiggCop2Mng1Fe; 90, ferrites synthesized by
sol-gel auto combustion synthesis method. From the figure it can be seen that all peaks are
very sharp and well-defined, indicating the formation of highly crystalline powders and the
complete formation of the Ni-Co-Mn ferrite phase. For XRD patterns of
NipgC002Mng osFe1 9504 shown in figure 4.1 (a), the diffraction peaks are formed at 20 angles
of 17.61°, 29.18° 34.62°, 36.3°, 42.26°, 52.63°, 56.21°, 61.8°, 70.37°, 73.2°& 74.38°. Their
corresponding diffraction angles are marked by (111), (220), (311), (222), (400), (422),
(511), (440), (620), (533) and (622), respectively. No other phases or extra peaks are
identified, which indicates the formation of single phase spinel with cubic structure of
MgAI,0y,.

For the case NiggC0p,Mng1Fe; 904 powder sample, the diffraction peaks are formed at 20
angles of 17.51° 29.03°, 34.47° 36.04°, 42.11° 52.47° 56.05° 61.48°, 70.14° 73.07°&
74.22°. Their corresponding diffraction angles are marked by (111), (220), (311), (222),
(400), (422), (511), (440), (620), (533) and (622), respectively. No other phases or extra
peaks are also identified, which indicates the formation of single phase spinel with cubic
structure  of  MgAI,O4. In comparison  with  NipgC0op2MnggsFe19s04  and
NipgCo002Mng1Fe; 9Oy, the diffraction peaks of NipgCop2MngsFer 9504 are slightly shifted
towards higher diffraction angles (or lower d value), suggesting a decrease in cell volume or

lattice parameter.

In order to study the effect of Mn** substitution on the lattice parameters, unite cell volume
and crystal size of NipgC0p2MnggsFe1.9504 and NipgCog2Mng1Fes1 9Oy ferrites, their lattice
parameters are calculated by using equation (3.2), the average crystal sizes by (3.3) and the

unite cell volumes by equation (3.4). The obtained results are shown in Table 4.1. From the
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table it can be seen that the lattice parameter, unite cell volume and crystal size of
NiggC0g2Mng osFe1.9504 are lower than NiggCog,Mng1Fe; 9O4. This decrease is attributable to
the smaller ionic radius of Fe** (0.64A) than Mn®" (0.65A). In addition to this, the average
crystallite size calculated using Debye—Scherer equation confirms the Nano crystalline nature

of the samples.
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Figure 4.1 X-ray diffraction patterns of (a) NiypsCog2MnggsFe; 9504 and
(b) NipgCog2Mng1Fe;1 90, ferrites.
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Table 4.1 Lattice constant, 26, intensity, d-spacing, cell volume and crystal size of

Synthesized samples

20 value | Intensity | d-spacing | Lattice | Unite Cell | Crystal Size

Samples for (400) | for for (400) | Constant | Volume | from (311)
(degree) (400) (A) (A) (A)? (nm)
Nio_gCOo_zM No.o5F€1.9504 42.26 1762.323 2.13452 8.538 622.4 58. 23
Nip.gC002Mng 1Fe; 904 4211 2319.83 2.14031 8.561 627.44 59.14

4.2 SEM and EDS Analysis

As discussed in chapter 3, scanning electron microscopy is a powerful technique on the
investigation of different materials. It gives the information on the morphology, shape and
size of particles making up the material, direct relation between the structures and materials
properties. Figure 4.2 shows the SEM images of NiggCog2MngosFe;gs04 and
NiggC0g2Mng 1Fe; 9O, ferrites in the form of powder. From the SEM images, it is seen that in
both samples the particles have slightly porous structure and some of them are in
agglomerated. From the grain size point of view, morphological changes are clearly seen as a
result of Mn®* substitution and it is observed that the grain sizes are increased with increasing
Mn®" content in the prepared samples. The obtained results are consistent with the calculated
lattice parameters and crystal sizes from XRD patterns. It is also observed that agglomeration
as well as size of the pores of the compound is increased with the change in the composition

of Mn** in the sample from x = 0.05 to x = 0.1.

The Characteristic information obtained from the SEM images finally concluded as Small
pores were seen between neighboring particles, the particle was distributed in different sizes,
agglomerated particles were observed, and the grain sizes and the agglomeration of particles

increased with increasing the Mn content.
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Figure 4.2 Scanning electron micrographs of (a) NiggC0g2MngosFe1.9504 and

b) N io_gCOo_zM no_1F61_904 ferrites.

The elemental analysis of NipgC0g2MngosFe19504 and NipgCog2Mng 1Fe; 9Oy ferrite samples
with different compositions is analyzed by Energy Dispersive Spectrometer (EDS). The
EDS spectra for both ferrites are shown in the Figure 4.3 which indicates the elemental and
atomic composition in the sample. It can be observed that both compounds show the
presence of Ni, Co, Mn, Fe and O. As compared all these elements, the elemental levels of Fe
and O are significantly higher than other elements. No other elements are detected in the
investigated ferrite, which indicates the high purity of the synthesized products. This is
consistent with the result obtained in the XRD patterns.
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Figure 4.3: (a) EDX spectra and elemental analysis for NiggC0g2Mng osFe; 9504 ferrite
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Figure 4.3: (b) EDX spectra and elemental analysis for NiggCog2Mng 1Fe; 9O, ferrite
Material.
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4.3 FT-IR Analysis

The FT-IR spectra for NipgCo2MngosFe1.9504 and NiggCoo2Mng1Fe; 9O4 compounds in the
form of powder synthesized by sol-gel auto combustion method at a temperature of 700 °C in
the range of 400-4000 cm ‘analyzed by FT-IR at room temperature are shown in Figure 4.4
(@) and (b). It is known that in all spinel ferrites, two main broad metal oxygen bands are seen
in the FT-IR spectra [49], one is around 600 cm™ and the other is around 400 cm™. As shown
in the figure, two strong bands are appeared at 591.2 cm™” and 588.3 cm™* from
NipgC0g2Mng osFe1 9504 and NiggCop2Mng1Fe; 9O, ferrites, respectively. However, the next

expected bands which are assumed to be found around 400 cm* are not observed.
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Figure 4.4: FT-IR spectra of (a) NipgCog2MnggsFes.9504 and (b) NiggCog2Mng 1Fe; 904
ferrites.
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The obtained bands appearing at the higher wavenumber are assigned to the tetrahedral A
site, which may be due to the stretching vibration of Mn-Fe-O. On the other hand, due to the
formation of NipgC0p2Mng1Fe1 90,4 material, the peak is shifted slightly towards lower
wavenumber, i.e. 588.3 cm* (Figure 4.3 b), which is consistent with the assumption deduced
from XRD results. This may be due to the longer bond length of the tetrahedral site of
NigsC0o2Mng 1Fe; 904 than that of the tetrahedral site of NiggC02MnggsFe19504. It is also in
good agreement with the larger lattice parameter; unite cell volume and crystal size of
NipgCo0g2Mng 1Fe; 904 sample calculated from the obtained XRD pattern.

4.4 Electrical and dielectric properties studies
4.4.1 Variation of conductivity with frequency

To study the variation of ac conductivity with frequency, the ac conductivity is calculated
using equations (3.8). Figure 4.5 (a) and (b) shows the variation of conductivity with
frequency at room temperature for NiggCopoMnyFe,xO4 (where x = 0.05, 0.1) ferrite
electrodes. As can be observed, two different regions are clearly obtained in both samples.
The first one is frequency independent plateau region and the second one is the frequency
dependent region, which corresponds to the frequency dependent conductivity region. A
significant change in conductivity is observed at higher frequencies. The frequency
independent plateau at low frequencies indicates the contribution of the dc conductivity,
which is due to the electrode polarization effect [4, 55]. It is clearly observed that the dc
conductivity continues until hoping of charges occurs and this variation remains the same for
both samples with different manganese concentrations. Further, both samples exhibit
increases in ac conductivity with the increase in frequency which may be ascribed as the

normal behavior of ferrites.

In addition to the above information, a significant change occurred in conductivity shown by
frequency increase is due to the release of excess ions from both tetrahedral and octahedral

sites. Here under the overall collective of hoping of charges in this dc and ac study [55] as:

Fe?* + 1hole »Fe®*
Ni%* + 1hole -Ni®**
Co?" + 1hole »Co*"

Mn?* + 1hole ->Mn®*

Fe* + le>Fe®t o
Ni** + 1e>Ni**
Co** +1e»Co* o
Mn** + le>Mn®* o
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This confirms the semiconducting behavior for conductivity, i.e. due to this existence of M**

ions the materials act as n-type behavior and due to that of M?* ions they act as p-type

behavior.
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Figure 4.5 Variation of conductivity with frequency of (a) NiggC0g2Mng osFe1.9504and
(b) Nio_gCOo_zMno_lFel_904ferriteS.

4.4.2 Variation of dielectric constant with frequency

To study the variation of dielectric constant €' with frequency, €' is calculated using equation
(3.9). Figure 4.6 shows the variation of dielectric constant with a frequency of
NipgC0g2MngosFe1 9504 and NipgCogoMng1Fe; 9O, ferrites synthesized by sol-gel auto-
combustion method. It is found that the value of the dielectric constant is decreased with
increasing frequency for both the samples, which can be considered as a normal dielectric
behavior of ferrites. The variation of dielectric constant can be related to the collective
behavior of the electric charge carrier’s electrons and holes. This has been explained on the
basis of the Rezlescu model reported in [56]. According to this model, the electric charges
exchanging between Fe?* « Fe**, Co** — Co**, Ni** & Ni** and  Mn** & Mn?* are

responsible for electric conduction and dielectric polarization in NiggCo2MnxFe,«O4 (Where
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x = 0.05, 0.1) electrodes. During this process, localized electric charges accumulation takes

place.
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Figure 4.6 Variation of dielectric constant " with frequency of (a) NipgC0p2MngsFe1.9504 &

(b) NiggCoo2Mng1Fe; 9O, ferrites.

4.5 Magnetic properties study

The magnetic properties of ferrites mainly depend on their chemical composition, crystal
structure, cation distribution and microstructure. From the measured hysteresis loops, we can
determine the magnetization saturation (Ms), coercivity (Hc) and remnant magnetization
(Mr). The room temperature magnetic properties of the NiggC02MngosFer 9504 and
NipgC0g2Mng 1Fe; gO4nanoferrite which are characterizing using ESR technique with an
applied field of -15,000 Oe < H > 15,000 Oe are shown in Figure 4.7 (a) and (b).
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b) NipsC0g,Mng 1Fe; gOsnanoferrite at room temperature.

It can be observed from the Figure 4.7; both the nanomaterials show soft magnetization
behavior at room temperature. Thus, the magnetization curve of both samples shows weak
ferromagnetic behavior, with slender S shaped hysteresis. It is also found that the specific
saturation magnetization (Ms) of NiggCog2MngosFe; 9504 nanoferrite sample is nearly
91emu/gms. For NipsCop2Mng1Fe; 90,4 nanoferrite, the saturation magnetization is found to
be 83.58 emu/gms. However, remnant magnetization, coercivity field are not identified from
the figure, indicating the super paramagnetic nature of both nanoferrites. From this, it can be
suggested that the cation distribution in both nanoferrite materials is partly inverted and
exhibits anomaly in its magnetization, which can exhibit super paramagnetic and weak

ferromagnetic characteristic of these nanomaterials.

The variation of magnetic properties of both Nanofibers can be understood in terms of cation
distribution and exchange interactions between spinel lattices. As compared the magnetic
properties of both samples, NipsCop2MnosFe1.9504 exhibits larger values of magnetization

than  NipgCop,Mng Fe1904  nanoferrite.  The smaller in  magnetization  for
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NigsC002Mng1Fe1 00, may be attributed to the fact that, larger amount of Mn*" ions
substituted for Fe** decrease the content of Fe®* ions. This leads to a decrease of magnetic

moment. So, the net magnetization decreases, which is consistent with the decrease of

saturation magnetization.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATION

5.1 Conclusion

In this study, NipgCop2MnyFe,.x04 (where x = 0.05 & 0.1) nanocrystalline powder materials
are successfully synthesized by sol-gel auto-combustion synthesis method using
Ni(NO3),.6H,0, Co(NO3),.6H,0, Mn (NO3)3.6H,0 and Fe(NO3)3.9H,0 raw materials. Citric
acid is used as chelating agent during the preparation process. The synthesized powder
materials are characterized by XRD, SEM, EDS, FT-IR spectroscopy, ESR spectroscopy and

impedance analyzer. From this investigation, the following conclusions are drawn:

XRD, FT-IR spectroscopy and EDS confirm the phase purity of the synthesized ferrites.
XRD analysis shows all peaks of the synthesized nanoferrites are very sharp and well-
defined, indicating the highly crystallinity of these materials. It also confirms the formation
of cubic spinel structure with space group Fd3m. It also shows the lattice parameter, unite
cell volume and crystal size of both synthesized ferrites are influenced by the amount of the
Mn substitution. An increase in the Mn content from x = 0.05 to 0.1 into NiggCo0q2MnyFe,.

«O4 leads to an increase in lattice parameter, unit cell volume as well as crystal size.

SEM images show the variation of grains with the variation of the amount of substation of
Mn for Fe in the synthesized ferrites. It also confirms that both synthesized ferrite materials
have slightly porous structure. EDS patterns confirm the compositional formation of the
synthesized samples, i.e., both synthesized ferrites show the presence of Ni, Co, Mn, Fe and
O elements.

FT-IR spectra analysis reveals the appearance of strong absorption bands at 591.2 and 588.3
cm* from NiggC0o2MnoosFerss04 and NiggCogMng1Fe; g0y ferrites, respectively. These
bands are responsible for the formation of cubic spinel structure.

From the frequency dependent plot of dielectric constant, it is observed that for each sample
decreases sharply as the frequency increases and becoming almost constant at higher
frequencies. Similarly, from the plots of ac conductivity, the frequency dependent and non-
frequency-dependent regions are identified.
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The magnetic property study confirms the soft magnetization behavior of the synthesized
nanoferrite materials at room temperature. It is also found thatNiygCop2MnggsFe1.9s04 and
NipgCo0g2Mng1Fe; 9O4 nanoferrites exhibit 91 emu/gms and 83.5.8 emu/gms specific
saturation magnetization (Ms), respectively.

5.2 Recommendation

From the past historical development in the nanotechnology, ferrites- ceramic ferromagnetic
materials have been considered as highly economically useful materials for many purposes.
Nowadays, due to their remarkable commercial significance, the quality of commercial
ferrites has been improved by doping one into another through accumulated scientific
knowledge and advanced technology. In this study, manganese substituted iron deficiency
nickel ferrite having chemical composition NiggCop2MnyFe,.xO4 where x = 0.05 & 0.1, are
prepared by the sol-gel auto combustion method. We tried to study the structure,
morphology, chemical compositions, and electrical, dielectric and magnetic properties of the
synthesized materials.

However, the electrical, magnetic and dielectric properties of the materials at different
temperature ranges are not included in this study. Therefore, in our further studies could have
to consider them for additional understanding and giving concrete conclusion on the ferrite
materials. Additionally, systematic investigation of the structure, morphology, electrical,
magnetic as well as dielectric properties of these materials at different compositions, i.e., X =

0.15, 0.2, 0.3, etc. at room and higher temperatures to be considered in the future work.

The thermogravimetric analysis (TGA) and differential thermal analysis (DTA) are important
characterization techniques to study weight loss or gain of a phase due to gas absorption or
release thermal degradation of nitrate-citrate solution by degradation, decomposition of
citrate to carbonate and formation of ferrite are not included in this thesis work is considered

to be included in the future study.
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