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ABSTRACT 

Magnetic spinel ferrites are important materials owing to their outstanding electrical and 

magnetic properties. Their distinctive qualities such as high electrical resistivity, high 

permeability and negligible eddy current losses for high-frequency electromagnetic wave 

propagation make them suitable for many technological applications. In this study, 

ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 nanoferrite materials were synthesized by sol-gel 

combustion method. The effect of Cu2+and Mg2+ for Zn
2+

substitution on thermal 

structural, optical, electrical and dielectric properties of ZnFe2O4 were investigated using 

thermogravimetric analysis (TGA), differential thermal analysis (DTA), x-ray powder 

diffraction (XRD),Ultra violet visible (UV-Vis) spectroscopy, Fourier-transform infrared 

(FT-IR) spectroscopy and Impedance spectroscopy (IS).  

From TGA/DTA analysis, compound formation, temperatures as well as the weight loss 

regions were identified. The XRD results confirmed that all XRD peaks appeared from 

both ferrites were very sharp and well-defined, which indicates a high crystallinity of both 

compounds. The average crystal sizes were found to be 48.31nm and 48.65 nm for 

ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4, respectively. This confirmed that the substitution 

of Cu and Mg cations into ZnFe2O4 causes an increase in crystal size. In FT-IR study, two 

strong absorption bands between metal-oxygen ions were identified in both compounds. 

These absorption bands revealed the formation of the cubic spinel structure, which is in 

agreement with XRD results of the compounds. The optical band gap values were found to 

be 2.78ev and 2.7eV for ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4ferrites, respectively. At   

room temperature, the complex-plane impedance analysis and the effect of frequency on 

the impedance and dielectric properties were also investigated in this study. The real and 

imaginary impendence for both compounds were found to decrease with increase in 

frequency. It was also found that the dielectric constant decreases continuously with 

increasing frequency and becomes constant at higher frequency regions, which indicates 

that the major contribution to the polarization comes from orientation polarization. 
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CHAPTER ONE: 

INTRODUCTION 

1.1 Background 

Ferrites belong to a special class of magnetic material consisting of divalent metal oxide 

and ferric oxide as their main parts. The important properties, i.e. magnetic, electric and 

dielectric properties of ferrites have made them more attractive for different technological 

applications, such as microwave devices, magnetic switches, sensors, electromagnetic 

circuits, transformer core, antenna rods and magnetic resonance imaging [1]. These 

properties are largely dependent on method of synthesis and particle sizes.  Extensive 

research has focused on investigating the basic structural, electrical, dielectric and 

magnetic properties of ferrites. The properties of ferrites can be also altered by 

substituting different cations at the tetrahedral and/or octahedral sites.  

On the basis of crystal structure, ferrites are mainly divided in to three groups namely 

spinel ferrites, garnets and hexagonal-ferrites [2]. Spinel ferrites are represented by the 

formula MFe2O4, where M represent divalent cations such as Zn, Co, Mg, Cu, Ni, etc. 

belongs to an important class of magnetic materials [3]. Magnetic spinel ferrites have 

been investigated in recent years for their properties and applications in electric and 

magnetic systems. The properties of these ferrite materials can be tuned by choosing 

suitable cations or their combination. According to its crystallographic structure, ZnFe2O4 

is a normal cubic spinel belonging to Fd3m space group Zn
2+

 ions in the A-site and Fe
3+

 

ions in the B-sites. This type of ferrite has been investigated extensively due to its 

potential and technological applications such as magnetic and optical materials, 

electronic, semiconductors, biomedicine, magnetic data storage, medical imaging, etc [4]. 

Several synthesis techniques such as solid-state reaction method, hydrothermal method, 

sol-gel method, combustion method have been used to prepare ferrites [5]. ZnFe2O4 is 

commonly synthesized via solid state reaction method, which involves high-temperature 

firing of appropriate oxide, carbonate or hydroxide mixtures. However, this method is 

encountered by longer processing time, high calcinations temperature, difficulty in 

controlling the process etc. In this study, a simple method was employed to prepare 

ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 ferrite nanoparticles by sol-gel combustion method 

using oxalic acid as a fuel and chelating agent.  
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1.2 Statement of the problem 

Recently, ferrite nanoparticles have been extensively studied due to their significant 

different applications such as optical, electrical and magnetic properties which are 

different from their bulk structure. In particular, Zn based ferrite materials have an 

interesting set of properties making it in a wide range of technological applications. The 

performance of this types of ferrites is highly dependent on the structural, electrical and 

magnetic properties which are influenced by synthesis method, particle size and cations 

distributions along the two sites.  

In this research work, ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 ferrite nanoparticles were 

synthesized by sol-gel combustion synthesis methods. The structural and different 

properties of these materials were investigated using different characterization techniques. 

To the best of our knowledge, Zn0.9Cu0.05Mg0.05Fe2O4ferrite nanoparticle synthesized by 

sol-gel composition method using oxalic acid as a chelating agent has not been yet 

reported.  

1.3 Objectives of the Study 

This study has the following general and specific objectives. 

1.3.1 General Objective 

The general objective of this research work is to investigate the structural, dialectic and 

electrical properties of Cu and Mg substituted zinc ferrite material.  

1.3.2 Specific Objectives  

The specific objectives of this study are: 

 To synthesize ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 ferrite nanoparticles by sol-gel 

combustion method. 

 To characterize the synthesized samples using different techniques. 

 To compute different structural parameters such as the lattice parameter, unite cell 

volume, and crystal size as well as dielectric constant and electrical conductivity for 

the two samples. 

 To compare results of ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 nanoparticles. 
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1.4 Significance of the Study 

ZnFe2O4 ferrite is a magnetic material which has been extensively used in various 

technological applications, as stated above. The magnetic and electrical properties of 

ZnFe2O4 highly dependent on the cation distribution, composition and particle sizes, 

which are strongly, connected with the preparation conditions. In this study, 

Zn0.9Cu0.05Mg0.05Fe2O4 mixed type spinel material was prepared. The effect of the 

substituted elements on structure and different properties are identified. In this way, this 

study can produce strong scientific information for the study of the material. We also 

believe that the current study is able to contribute as a future reference for researchers 

doing on similar problems. 

1.5 Organization of the Study 

In this study, ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 nanoferrite materials were 

synthesized by sol-gel combustion method. The effect of Cu2+and Mg2+ for 

Zn
2+

substitution on thermal structural, optical, electrical and dielectric properties 

of ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 were investigated using thermogravimetric 

analysis (TGA), differential thermal analysis (DTA), x-ray powder diffraction 

(XRD),Ultra violet visible (UV-Vis) spectroscopy, Fourier-transform infrared (FT-IR) 

spectroscopy and Impedance spectroscopy (IS).  

Generally this thesis is divided into five chapters.  Chapter 1 gives the research 

background, statement of the problem, the objective of this research, significance of the 

study and scope of the study. Chapter 2 discusses about literature review. On chapter 3 

the methodology of the study includes list of the chemicals, materials synthesized, 

method of preparation and characterization method of the sample. Chapter 4 discusses 

about the experimental results from TGA, XRD, Uv-Vis, FT-IR and impedance 

spectroscopy (IS) methods.  Finally, chapter 5 consists of conclusions and 

recommendations the study. 
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CHAPTER TWO: 

REVIEW LITERATURE 

2.1 Ferrite Materials  

The term ferrite is commonly used to describe a class of magnetic oxide compounds that 

contain iron oxide as a principal component. Magnetite (Fe3O4) also called loadstone, is a 

genuine ferrite and was the first magnetic material known to the ancient people. They are 

unique class of compounds comprising Lanthanides and fast transition metals. According 

to Srivastava & Yadav [6], ferrite is a ceramic material with magnetic properties which is 

used in many types of electronic devices. Ferrites are composed of one or more other 

metals in chemical combination and their properties include ferrite (magnet)-

ferromagnetic ceramic material [7]. 

Ferrite based nano-materials show novel properties that are often significantly different 

from the bulk due to fundamental changes in structural and concomitant electronic 

rearrangements (induced by the reduced dimensionality) and to significant dominance of 

the surface atoms [8]. Among the ferrite materials, zinc ferrite that has been many 

applications in various fields of industry including magnetic materials, gas sensor and 

absorbent material for hot-gas desulphurization [9]. Recently, it was found that Zn ferrite 

is a promising semiconductor photocatalyst for various processes due to its ability to 

absorb visible light, high efficiency, low cost and excellent photochemical stability. In 

addition, zinc ferrite shows potentially wide applications in photo induced electron 

transfer, photo-electrochemical cells and photo-chemical hydrogen production [10]. Zinc 

ferrite is fabricated by numerous methods, such as ceramic method, sol–gel, co-

precipitation, ball-milling technique, hydrothermal synthesis and thermal decomposition 

[11]. 

2.2 Types of Ferrite Materials 

Ferrite can be obtained in three different crystal systems by many methods, the feasibility 

to prepare a virtually unlimited number of solid solutions opens the means to toiler their 

properties for many applications and categorized into three groups: spinel, garnet and 

hexagonal which is determined by the size and charge of the metal ions that balance the 

charge of the oxygen ions, and their relative amounts [12] 
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2.2.1 Spinel Ferrites 

Spinel ferrites possess the crystal structure of the natural spinel MgAl2O4 first determined 

by Bragg [13]. This structure is particularly stable, since there an extremely large variety 

of oxides which adopt it, fulfilling the conditions of overall cation to anion ratio of   ¾, a 

total cation valency of 8, and relatively small cation radii. In ferrites with application as 

magnetic materials, Al3+ has usually been substituted by Fe3+. An important ferrite is 

magnetite, Fe2+Fe2
3+O4 (typically referred as Fe3O4, probably the oldest magnetic solid 

with practical applications and currently a very active research field, due to the 

fascinating properties associated with the coexistence of ferrous ferric cations. 

The overall symmetry of oxygen is face centered cubic (fcc), which defines two types of 

interstitial sites, 64 tetrahedral sites and 32 octahedral sites, for a unit cell containing 8 

times the basic formula AB2O4. Only one-eighth of tetrahedral sites and half of octahedral 

sites are occupied by cations [14]. 

Spinel ferrite magnetic materials are an important class of composite metal oxides 

containing ferric ions and having the general structure formula M2+Fe2
3+O4where 

M = Mg2+,  Co2+,  Ni2+, Fe2+,etc. Spinel ferrites possess unique physicochemical 

properties including excellent characteristics, high specific surface area, surface active 

sites, high chemical stability, tunable shape and size, and the ease with which they can be 

modified or functionalized. 

The unit cell of spinel ferrites consists of 32 oxygen, 16 trivalent iron, and 8 divalent 

metal irons [15]. The most important feature of the unit cell is that its array of oxygen 

ions creates two kinds of interstices, which can be filled by the metal ions. These 

interstices are referred to as tetrahedral or A sites and octahedral or B sites. Figure 2.1 

shows the unit cell of spinel structure. There are two groups of four cubes (octants). The 

ionic positions are different in two octants sharing a face or a corner and the same in two 

octants sharing an edge. Thus, to give a complete picture, it is necessary only to show the 

positions of the ions in two adjacent octants. Note that each octant contains a metal ion in 

the centre (small violet sphere) surrounded by the tetrahedral of oxygen ions: this ion is 

said to occupy an A site. The right hand octant shows four metal ions (small red spheres) 

each surrounded by an octahedron (one of which is shown) formed by six oxygen ions. 

Such ions are said to occupy B sites.  
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The divalent metal ions commonly used in ferrites can be classified into those preferring 

B sites (Co, Fe, Ni) and those preferring A sites (Mn and Zn). In the normal spinel 

structure the 8 divalent metal ions go into the A sites and the 16 trivalent iron ions have 

preference for B sites. They will displace eight of the trivalent iron ions which go over 

into the A sites. This results in an inverted spinel. As two ionic species are then 

distributed over the octahedral sites, randomness may be present, contributing to the line 

width of the materials [16].  

 

 

 

 

 

 

 

 

 

Figure 2.1: Interstices site of tetrahedral and octahedral [17]. 

Based on the distribution of cations in tetrahedral and octahedral sites, spinel ferrites are 

classified as normal, inverse and mixed. In the normal spinel structure, MFe2O4 the 

smaller divalent ions (M
2+)

 occupy tetrahedral sites while the majority of trivalent cations 

(Fe
3+

) occupy the octahedral sites. Examples of normal spinel ferrites are ZnFe2O4 and 

CdFe2O4 [18]. In an inverse spinel structure Fe [MFe]O4, half of the trivalent ions occupy 

tetrahedral sites, and the divalent cations together with remaining trivalent cations occupy 

the octahedral sites [19]. MgFe2O4, NiFe2O4, CoFe2O4, and CuFe2O4 are the best 

examples of the inverse spinel structure [20]. In mixed spinel structures, the cationic 

distribution can be described as (M
2+

xFe
3+

1-x)A [M
2+

x-1Fe1+x]BO4 , where x is the degree of 

inversion, parentheses indicate tetrahedral sites, and square brackets indicate octahedral 

sites. MnFe2O4 is an example of a mixed spinel ferrite [21]. 

2.2.2. Garnet Ferrites 

The general formula for garnet is Me3Fe5O12, where Me is one of the rare earth metal 

ions, including Y, La, and Gd [22]. The cubic unit cell contains 8 formula units or 160 
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atoms, which can be described as a spatial arrangement of 96 O2− with interstitial cations. 

Yttrium iron garnet Y3Fe5O12  is a well known garnet. The coordination of the cations is 

considerably more complex than spinels, 24Y3+ in dodecahedral sites, 24Fe3+ ions in 

tetrahedral sites and 16 remaining Fe3+ions in octahedral sites [23]. Similar to spinels and 

hexagonal ferrites, a wide range of transition metal cations can substitute Y
3+

 or Fe
3+

; 

especially rare earth ions may replace the ions on octahedral and dodecahedral sites. Each 

type of lattice site was accepting other metal ions at dodecahedral sites, octahedral sites 

and at tetrahedral sites. Thus, pentavalent ions such as V
5+

 and As
5+

 can occupy 

tetrahedral sites, while Ca
2+

 substitute ions on dodecahedral sites [24]. 

2.2.3. Hexagonal Ferrites 

Hexagonal ferrites are widely used as permanent magnets and are characterized by 

possessing a high coercivity [25]. Their general formula is A
II
Fe12O19 where A

II
= Ba, Sr 

or Pb [26]. The hexagonal ferrite lattice is similar to the spinel structure, with oxygen ions 

closely packed, but some layers include metal ions, which have practically the same ionic 

radii as the oxygen ions. This lattice has 3 different sites occupied by metals, tetrahedral, 

octahedral and trigonal bi pyramid (surrounded by five oxygen ions) [27]. Some of 

compounds of ferrites are summarized in Table 2.1  

Table 2.1:different types of ferrites with their structure, general formula and examples. 

Type Structure General formula Examples 

Spinel Cubic A
2+

Fe2O4 A
2+ 

= Mn, Zn, Ni, Mg,etc 

Garnet Cubic Ln
3+

Fe5O12 Ln
3+ 

=Y, Sm, Tm, Gd,etc 

Magnetoplumbite Hexagonal A
II
Fe12O19 A

2+ 
= Ba, Sr 

2.3 Applications of Ferrite Materials  

Ferrite materials have  very wide technological application. They are used in electronic 

inductors, transformers, and electromagnets where the high electrical resistance of the 

ferrite leads to very low eddy current losses [28]. They are commonly seen as a lump in a 

computer cable, called a ferrite bead, which helps to prevent high frequency electrical 

noise from exiting or entering the equipment.  

Ferrite material has been widely used in various technical applications including in 

magnetic refrigeration, detoxification of biological fluids, magnetically controlled 

transport of anti-cancer drugs, magnetic resonance imaging contrast enhancement, 
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magnetic cell separation, magnetic devices [29].They are also used in switching devices, 

recording tapes, permanent magnets, hard disc recording media, flexible recording media, 

read-write heads, active components of ferro fluids, color imaging, gas-sensitive materials 

and catalytic materials [30]. Ferrite based nano-materials show novel properties that are 

often significantly different from the bulk due to fundamental changes in structural and 

concomitant electronic rearrangements (induced by the reduced dimensionality) and to 

significant dominance of the surface atoms. Among the ferrite materials, zinc ferrite that 

has been many applications in various fields of industry including magnetic materials, gas 

sensor and absorbent material for hot-gas desulphurization [31]. Recently, it was found 

that Zn ferrite is a promising semiconductor photo catalyst for various processes due to its 

ability to absorb visible light, high efficiency, low cost and excellent photochemical 

stability [32]. In addition, zinc ferrite shows potentially wide applications in photo 

induced electron transfer, photo-electrochemical cells and photo-chemical hydrogen 

production [33].  

2.4. ZnFe2O4 Ferrite Material 

ZnFe2O4 is an attractive material due to its unique properties and various applications. 

ZnFe2O4 belongs to the normal spinel type structure with the Zn
2+

 ions occupying the 

tetrahedral sites and the Fe
3+

 ions occupying the octahedral sites. The material is 

paramagnetic at room temperature.  There are several reports demonstrating that when 

normal spinel ferrites become nanosized there is a change in the cation distribution, which 

enhances the magnetic properties [34]. Studies show that ZnFe2O4 can be synthesized by 

mechanochemical synthesis, co-precipitation method, sol-gel auto-combustion and electro 

spinning method. The synthesis methodologies have significant influences on the 

properties, morphologies and structures of the ZnFe2O4. Moreover, with the 

Fe3+ and Zn2+ substituted by different metal ions, the properties of zinc ferrite can be 

altered. Besides, the zinc ferrite composites with controlled morphologies and structures 

have been investigated [35]. 

2.5. Literature Survey of ZnFe2O4 Ferrite Material 

Many researches have been carried out on the synthesis and characterization of ZnFe2O4 

ferrite material. This ferrite material can be synthesized by various techniques and its 

structure, magnetic and electrical properties has been investigated by different 

researchers. Some of them are discussed as follows.  
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 Sonia et al. [36], employed different chemical methods like sol-gel and co-precipitation 

techniques to obtain zinc ferrite in nanoregime, with an aim to study the effect of 

synthesis technique on their properties. They used sintered samples at 1000℃ for 4 hr 

and were investigated for their various structural, electrical and magnetic 

characterizations. The lattice parameter, crystallite size, and x-ray were calculated from 

the XRD data obtained. They explained the samples synthesized by co-precipitation 

method were observed to have smaller crystallite size as compared to that of sol-gel 

prepared samples.   

Deraz and Alarifi. [9], used a mixture of glycine and ammonium nitrate as fuel resulted in 

formation of Zn ferrite with moderate crystalline cubic spinel structure, homogeneously 

distributed nano- particles and nanoscale size. They investigate that, higher saturation 

magnetization (60emu/g) and coercivity values (50Oe) of Zn ferrite are obtained by using 

a mixture of glycine and ammonium nitrate as fuel. They found that these values are 

greater than those for nano-magnetic Zn ferrite materials prepared by using glycine only. 

 Mayekar et al. [37], were study zinc ferrite nanoparticles are synthesized having particle 

size of the order of 20 nm. They reveal that the synthesized nanoparticles show good 

crystalinity, and they are non uniform in nature. The nanoparticles show deviation in 

magnetic property from that of the bulk. The saturation magnetization of the synthesized 

zinc ferrite nanoparticles is found to be of the orders of 28.33emu/gm. It indicates good 

saturation magnetization value. These nanoparticles showing magnetic behavior can be 

used for biomedical applications. 

Anjaneyulu et al. [17], study the x-ray diffraction patterns of ZnFe2O4 nanoparticles 

annealed at different temperature300℃, 400℃,500℃ and 600℃. X-ray patterns clearly 

showed the formation of single phase spinel structure without any secondary phases. 

They observed that, as the annealing temperatures were increased the particle size was 

observed to increase. The XRD peaks become sharp and the full width half maxima 

decreased. They explained the decrease in the full width half maximum is the evidence of 

increased particle size with increasing annealing temperatures. They also explained that, 

the lattice constants decreased with increasing particle size. The decrease in the lattice 

constant is due to the larger ionic radii of Zn
+2 

(0.82Å ) than of Fe
+3

(0.67Å ). It is 

observed in ultrafine particles that surface energy and surface tension of particles is high, 

resulting in tendency to shrink the lattice, which causes reduced lattice constant [38].  
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Khorrami et al. [39], were synthesized nanosized ZnFe2O4 powders by sol–gel 

combustion method.  Sol–gel auto-combustion is a unique combination of the combustion 

and the chemical gelation processes. They explained that, the average particle size is from 

17 nm to 51nm for powders calcined at 750– 1000◦C. The observed results revealed that 

single-phase ZnFe2O4 nanoparticles with surface area 36m
2
/g could be obtained when the 

dried gel is calcinated. 

Yashavanth et al. [40], they prepared ZnFe2O4 nanocomposites by employing a 

co‐precipitation method. The XRD confirms that the highest intensity peaks were at 

2θ=34.87°, which corresponds to the reflection plane (311) and the average particle size 

was found to be 20±5nm. SEM results reveal that before calcinations samples have some 

agglomerates and are irregular in shape but after calcinations samples show uniform and 

almost spherical structural morphology with a narrow size distribution of particles. The 

changes observed in fluorescence emission spectra at the range of 550nm‐70 nm of 

ZnFe2O4nanocomposites were due to the oscillation of electrons from a ground state to an 

excited state. Finally, they investigated the electrical conductivity of the nanocomposites 

increases with increase in temperature, which is the observed behavior of semiconductor 

materials. It is also observed that, the ZnFe2O4nanocomposites undergo a transition from 

a ferrimagnetic state to a paramagnetic state. 
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CHAPTER THREE: 

METHODOLOGY OF THE STUDY 

3.1 List of Raw Materials 

The chemicals that were used in the current study for synthesis and characterization of 

ZnFe2O4 and  Zn0.9Cu0.05Mg0.05Fe2O4 ferrite materials are listed in Table 3.1: 

Table 3.1: Lists of chemicals, their formula and purpose. 

No Chemicals
 

Chemical formula Purpose 

1 Zn(II)nitrate hexa hydrate
 

Zn(NO3)2.6H2O Source of Zn cation 

2 Copper(II)nitrate trihydrate
 

Cu(NO3)2.3H2O Source of Cu cation 

3 Magnesium(II) nitrate hex hydrate Mg(NO3)2.6H2O Source of Mg cation 

4 Iron(II) nitrate nonahydrate Fe(NO3)3.9H2O Source of Fe cation 

5 Oxalic acid C2H2O4.2H2O Chelating/ fuel agent 

6 Ammonia solution NH3 solution To fix the PH value 

7 Potassium bromide KBr Form transparent pellet 

8 Silver Ag Coating pellets 

9 Polyvinyl alcohol(PVA) C2H3OH Binder 

 

3.2 Materials Synthesis 

For this current study, the following ferrite materials with typical formula were 

synthesized by sol-gel combustion method. 

 ZnFe2O4 

Zn(NO3)2. 6H2O +2Fe(No3)3.9H2o+3C2H2O4. 2H2o → ZnFe2O4 + gas ↑ 

 Zn0.9Cu0.05Mg0.05Fe2O4 

0.9Zn(No3)2. 6H2o + 0.05Cu(No3)2. 3H2o + 0.05Mg(No3)2. 6H2o + 2Fe(No3)3. 9H2o

+ 3C2H2O4. 2H2o → Zn0.9Cu0.05Mg0.05Fe2O4 + gas ↑ 

3.3 Experimental Procedures 

3.3.1 Powder Preparation  

Recently, sol-gel combustion synthesis method attracted considerable attention in 

producing homogeneous and unagglomerated fine ceramic powder. Availability of 

comparatively inexpensive precursors, simple calculations, eases in optimizations of 

process parameters proved to be advantageous in sol-gel combustion synthesis. In this 
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study, nano crystalline spinel ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 ferrite powders were 

prepared by sol-gel combustion reaction by using oxalic acid as a fuel and nitrate as 

oxidants. Firstly, an appropriate amount of oxalic acid was dissolved in deionized water. 

Then the proper amounts of Fe(NO3)2.9H2O, Zn(NO3)2.6H2O, Cu(NO3)2.3H2O and  

Mg(NO3).6H2O were dissolved with distilled water in a separate beaker and mixed with 

the oxalic solution. The mixed solution was vigorously stirred for one hour using a 

magnetic stirrer. The molar ratio of oxalic acid to total moles of nitrate ions was adjusted 

at 1:1. Further, the mixed solution was neutralized to pH 7 by adding ammonia (NH3) 

solution. The solution was slowly heated to 90 °C and stirred using a hot plate magnetic 

stirrer until it turns into a dark viscous liquid and evaporated to obtain a highly viscous 

gel. When all water molecules were removed from the mixture, the gel gave a fast auto 

combustion reaction with the evolution of gaseous produced. After completion of this 

reaction, a dark brown ash powder was produced. 

 

Figure 3.1: Powder preparation process. 
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The obtained powder was ground in an agate mortar for about two hours to get a highly 

dense material. Finally, the obtained powders were calcined at 800
O
C for 8 hours in air.  

3.3.2 Pellet Preparation 

The electrical properties of the materials were evaluated by measuring the impedance of 

samples in pellet form. Pellet of each Nano crystalline powder sample was prepared from 

the powder as an active material and polyvinyl alcohol (PVA) as a binder. First a known 

quantity of poly vinyl alcohol (PVA) was mixed with a powder sample and ground for 

about 30 minutes well to disperse the PVA throughout the sample. Subsequently, the 

PVA mixed powder was pelletized using hydraulic press with applied pressure up to 5 

tones using a die set pressure technique. Further, the pellet was sintered at 950 °C for 3 

hours in air at heating and cooling rates of 5
o
C/min. The sintered pellet was polished 

carefully using fine quality emery paper to make both the faces flat and then coated with 

high purity silver paste on both sides to work as electrodes. Finally, the silvered coated 

pellets were heated at 100 
O
C to remove the moistures. 

3.4 Materials Characterization 

The performance and property studies of spinel ferrite materials are investigated using 

various techniques by different researchers. In this study, TGA/DTA, XRD, UV-Vis,   

FT-IR spectroscopy and IS techniques were applied to study the thermal, structure, 

optical, electrical and dielectric properties of ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 

ferrites. The details of the characterization techniques are discussed briefly in the 

following section. 

3.4.1 Thermal Analysis 

Thermal analysis is a technique where the physical properties of materials can be studied 

as they change with temperature. Various techniques are used in determining the thermal 

properties of materials. Some of these are: Thermogravimetric analysis (TGA), 

Differential thermal analysis (DTA) and Differential scanning calorimeter (DSC).  TGA 

is a technique used to study the weight change of the material due to evaporation, 

decomposition and phase change with changing temperature and/or time under controlled 

atmosphere. It involves heating a sample in a controlled atmosphere and then measuring 

the change in weight. The weight change over particular temperature range offers 

indication of the thermal stability and the composition of the sample. It also provides 
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information on estimation of moisture and volatiles, oxidative stability and assessment of 

composition [41]. TGA uses heat to force reactions and physical changes in materials and 

also it provides quantitative measurement of mass change in materials associated with 

transition and thermal degradation.  

DTA is a technique used to determine the thermal properties and phase changes of 

materials [42]. It involves heating or cooling a test sample against an inert reference 

under the same conditions while recording any temperature difference between the 

sample and reference. This differential temperature is then plotted against time or against 

temperature. Changes in the sample which lead to the absorption or evolution of heat can 

be obtained relative to the reference sample. Hence, the endothermic and the exothermic 

changes in the sample can be detected.  Simultaneous TGA/DTA measures both heat flow 

and weight changes in a material as a function of temperature or time in a controlled 

atmosphere. Simultaneous measurement of these material properties simplifies the 

interpretation of the results. Characteristic thermo gravimetric curves are given for 

specific materials and chemical compounds due to unique sequence from 

physicochemical reactions occurring over specific temperature ranges and heating rates. 

These unique characteristics are related to the molecular structure of the sample. 

 

Figure 3.2: Photograph of Differential Thermal Analysis 

In this work, TGA study was carried out to evaluate the weight loss of samples at 

different temperatures and to compare with DTA. For this characterization, about 50 mg 
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sample was used. The samples were heated up to 800
o
C in the TGA furnace at a heating 

and cooling rate of 10
o
C min

-1
 in air. 

3.4.2 X-ray Powder Diffraction 

X-ray powder diffraction method is a non-destructive technique and most valuable 

technique for analyzing the following crystallographic properties, such as crystallite size, 

lattice parameter, phase identification, purity and so on of powder samples [43]. It is also 

important to identify the unknown compounds by comparing diffraction data against a 

database of known powder diffraction patterns maintained by Joint Committee on Powder 

Diffraction Standards (JCPDS). In addition, it can be used for determination of lattice 

parameters, space group, crystallite size and degree of crystallinity, etc. The wavelengths 

of X-rays are similar to the inter-layer spacing (d-spacing) of the atomic layers in 

crystalline solids which enables the diffraction of X-rays by crystal lattices of the material 

under certain circumstances. Diffraction occurs when light is scattered by a periodic array 

with long-range order, producing constructive interference at specific angles. The 

diffracted X-rays provide information about the atomic arrangement in crystal lattice. 

 

Figure 3:3 photograph of X-ray Powder Diffraction. 

In this study, the XRD patterns were characterized using XRD diffractometer fitted with 

Cu Kα radiation in the 2θ range of 10° to 90°. The lattice constant, a, of both samples 

were calculated from the d-spacing and the Miller indices, hkl values of (400) using 

equation 
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                                                                     (1) 

The unit cell volume of the samples V, and the crystal size D (Scherrer equation) of both 

samples were estimated using the relation [44], 

V = a
3
                                                                                           (2) 

𝐷 =  
0.9𝜆

𝛽 cos 𝜃
                                                                                  (3)                                                                                  

Where V is unit cell volume and a is the lattice constant, λ is the x-ray wavelength, β is 

the area value of the full width at half maxima (FWHM) of the peak, and θ is the angle 

corresponding to the peak. 

The theoretical X-ray density was also calculated by applying the relation, 

𝜌𝑒𝑥 =
𝑛𝑀

𝑁𝑎3                                                                                    (4)                                                                                   

Where M is the molecular weight of ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4, N is  

Avogadro’s number and a is lattice constant. In addition to X-ray density, bulk density is 

explained by the equation [45],  

𝜌𝑏 =
𝑚

𝐴𝑡
                                                                                        (5)                                                                                       

Where m is mass of pellet, A is cross sectional area of the pellet and t is the thickness of 

the pellet. 

The porosity (P) of the nanomaterial is given by, 

𝑃 = 1 −
𝜌𝑏

𝜌𝑥
𝑥100                                                                        (6)                                                                        

Where 𝜌b is bulk density and 𝜌x is X-ray density. The specific surface area of the 

fabricated nanorods was calculated using the relation [46] 

𝑠 =
6

𝐷𝜌𝑥
                                                                                        (7)                                                                                        

Where, 𝜌𝑥  and D are lattice density and crystallite size, respectively. 

 The shortest distance between magnetic ions occupied at tetrahedral (A) and octahedral 

(B) lattice sites considering lattice constant, known as hopping length, was calculated by 

the formula[47], 

𝐿𝐴 = 𝑎
 3

4
  and  𝐿𝐵 = 𝑎

 2

4
                                                          (8)                                                          

The bond length of tetrahedral A-site (dAx) and octahedral B-site (dBx) were also 

calculated by the following equations [48], 

𝑑𝐴𝑙 = 𝑎 3 𝑢 − 0.25                                                                  (9)                                                               

𝑑𝐵𝑙 = 𝑎  3𝑢2 −
11𝑢

4
+ 43

64  1/2
                                                (10)                                               

222 lkhda 
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3.4.3 Ultraviolet-Visible spectroscopy 

Ultraviolet-Visible (UV-Vis) spectroscopy is useful characterization of technique to 

investigate the absorption, transmission and reflection of a variety of compounds and 

materials. When samples are characterized by UV-Vis spectroscopy, molecules of a given 

compound absorb energy and this energy can bring out translational, rotational or 

vibration motion or ionization of the molecules depending upon the frequency of the 

electromagnetic radiation. Excited molecules are unable and quickly drop down to ground 

state again off the received energy in the form of electromagnetic radiation [49]. The 

wavelength and intensity of the electromagnetic radiation absorbed or emitted can be 

recorded to get a spectrum. 

In this study, UV-Vis spectroscopy were employed to determine the band gap, i.e the 

energy difference between the top of the valance band to the bottom of the conduction 

band of both ferrite materials. The band gap energy of both synthesized samples was 

calculated using the relation; 

𝐸𝑔 =
ℎ𝑐

𝜆
                                                                                        (11)                                                                                      

Where h is a Plank’s constant, c is the speed of light and λ is cut-off wavelength of the 

absorbed photon. 

 

Figure 3.4: Photograph of Ultraviolet-Visible Light. 
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3.4.4 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy technique is used for investigating the infrared 

spectra in terms of absorbance or transmittance. This technique is utilized for identifying 

the molecular bonding between the atoms present in the sample and the confirmation of 

the structure of unknown sample [50]. 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 vibration state. Moreover, the absorption of infrared radiation by 

the sample is measured. The wavelength of the 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. 

 

Figure 3.5: Photograph of Fourier Transform Infrared Ray Spectroscopy 

In this study, FT-IR spectroscopy characterization technique was employed in the 

transmittance method with potassium bromide (KBr) as IR window in the wave number 

region of 350-1500cm
-1

. For the characterization of both samples, a small 2gm of powder 

sample was mixed with KBr and ground in a mortar with a pestle. The mixture was then 

pressed in a standard hydraulic press to form a transparent pellet through which the beam 

of the spectrometer can pass.  
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3.4.5 Impedance Spectroscopy 

Impedance spectroscopy is a powerful characterization technique for investigating the 

electrical properties of materials that are sandwiched between parallel electrodes. It is 

also important to study the correlation between complex dielectric constant, electrical 

susceptibility and electrical conductivity of materials. The IS technique is based on 

analyzing the a.c. response of a system to a sinusoidal perturbation and subsequent 

calculation of the impedance as a function of 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.  

In the impedance, data are generally plotted in complex plane. The variation of real with 

imaginary part of the impedance is known as Nyquist plots. From micro-structural point 

of view, a ceramic sample or powder sample is composed of both grains and grain 

boundaries which exhibit different resistivity and dielectric permittivity. 

In the present study, the electrical and dielectric properties of ZnFe2O4 and 

Zn0.9Cu0.05Mg0.05Fe2O4 materials were investigated using Phase Sensitive LCR instrument 

in frequency range from 20 Hz to 1MHz. The dc conductivity σdc of each sample was 

evaluated by [51]. 

σdc =
𝐿

Rb A
                                                                                    (12)                                                                                    

Where L is the thickness of the pellet, Rb is the bulk (grain) resistance and A is the area of 

the pellet. The dielectric constants  of all samples were determined using the relations 

[52]. 

ε′ =  
C t

εo A
                                                                                       (13)                                                                                       

Where C is the capacitance, t is the thickness of the pellet, 𝜀𝑜  permittivity of free space.  

In the current study, the real impedance (Z') and imaginary impedance (Z'') parts of 

ZnFe2O4 and  Zn0.9Cu0.05Mg0.05Fe2O4 ferrite materials were evaluated using the relation; 

 

 

𝑍′ =  𝑍  𝑐𝑜𝑠𝜃   and  𝑍′′ =  𝑍  𝑠𝑖𝑛𝜃                                             (14)                                           
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Figure 3.6: Photograph of Impedance Spectroscopy. 
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CHAPTER FOUR: 

RESULT AND DISCUSSION 

4.1. TGA/DTA Analysis 

The thermal methods usually employed are differential scanning calorimetry (DSC), 

differential thermal analysis (DTA), Thermogravimetric analysis (TGA) and 

derivatographic analysis. For comparative study of thermal behavior of solid materials, 

each molecule is analyzed by any one or more of these methods of analysis under 

identical experimental condition. For this research work, we used TGA and DTA 

analysis. Figure 4.1 shows the weight loss profiles of ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 

as a function of temperature after combustion process of precursors Zn(NO3)2.6H2O, 

Cu(NO3)2.3H2O, Mg(NO3)2.6H2O and Fe(NO3)2.9H2O. It can be observed from Figure 

4.1 (a) that the TGA curve exhibit three considerable weight loss regions. The first weight 

loss is 0.63mg (3.93%) in the temperature range 19.43°C – 195.52°C, which originates 

from the evaporation of moisture absorbed by the dry gel powder material of ZnFe2O4. 

The second weight loss region is observed between the temperature range 207.58°C – 

430.28°C. In this region 1.93mg (12.04%) weight loss is identified. This may be 

attributed to the decomposition of the precursors Zn(NO3)2.6H2O and Fe(NO3)2.9H2O as 

well as residuals mainly oxalic acid that was not burn during first combustion reaction. 

The third weight loss region located between the temperatures 652.39°C – 846.38°C. In 

this temperature region 1.86mg (11.60%) weight loss is identified. This may be 

associated with the decomposition of the remaining un decomposed parts of the 

precursors. Above temperature 850
O
C, the TGA curve almost keeps constant, indicating 

the stable phase formation of ZnFe2O4. Thus, the crystallization temperature of ZnFe2O4 

ferrite material synthesized via sol-gel combustion method using Zn(NO3)2.6H2O, 

Fe(NO3)2.9H2O, and C2H2O4.2H2O with molar ratio 1:1 can be set at 800
O
C. 

The DTA curve of ZnFe2O4 also shows (Figure 4.1 (a)) endothermic and exothermic 

peaks. The endothermic peak obtained between the temperatures 100
o
C and 162.48℃ is 

due to the evaporation of moisture absorbed by the dry gel powder material to form 

ZnFe2O4 compound. The exothermic peak detected at 289.61
O
C can be attributed to the 

decomposition of the precursors used for the preparation of ZnFe2O4 compound. The 

endothermic and exothermic peaks observed beyond the temperatures 432.76
O
C may be 
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connected to the decomposition of the remaining undecomposed parts of precursor during 

phase formation.  

 

Figure 4.1: (a) TGA and DTA result for ZnFe2O4 compound. 

As shown in Figure 4.1 (b), the TGA curve of Zn0.9Cu0.05Mg0.05Fe2O4 compound also 

exhibit three considerable weight loss regions. The first weight loss is 1.1mg (6.48%) in 

the temperature range 26.81°C – 186.42°C, which originates from the evaporation of 

moisture absorbed by the dry gel powder material of Zn0.9Cu0.05Mg0.05Fe2O4.The second 

weight loss region is observed between the temperature range 193.98°C – 452.18°C. In 

this region, 3.26mg (19.2%) weight loss is identified. This may be attributed to the 

decomposition of the precursors Zn(NO3)2.6H2O, Cu(NO3)2.3H2O, Mg(NO3)2.6H2O and 

Fe(NO3)2.9H2O as well as residuals mainly oxalic acid that was not burn during first 

combustion reaction. The third weight loss region located between the temperatures 

808.7°C – 870°C. In this temperature region 3.22mg (18.96%) weight loss is identified.  

This may be associated with the decomposition of the remaining un decomposed parts of 

the precursors. Above temperature 850
O
C,the TGA curve almost keeps constant, 

indicating the stable phase formation of Zn0.9Cu0.05Mg0.05Fe2O4.Thus, the crystallization 

temperature of Zn0.9Cu0.05Mg0.05Fe2O4 ferrite material synthesized via sol-gel combustion 

method using Zn(NO3)2.6H2O, Cu(NO3)2.3H2O, Mg(NO3)2.6H2O and Fe(NO3)2.9H2O 

and C2H2O4.H2O with molar ratio 1:1 can be set 800
O
C. 
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The DTA curve of Zn0.9Cu0.05Mg0.05Fe2O4 of figure 4.1(b) shows endothermic and 

exothermic peaks. The endothermic peak obtained between the temperatures 25.33
o
C and 

126.69
o
C is due to the evaporation of moisture absorbed by the dry gel powder material to 

form Zn0.9Cu0.05Mg0.05Fe2O4 compound. The exothermic peak detected at 279.61
O
C can 

be attributed to the decomposition of the precursors used for the preparation of 

Zn0.9Cu0.05Mg0.05Fe2O4 compound. The endothermic and exothermic peaks observed 

beyond the temperatures 415
O
C may be connected to the decomposition of the remaining 

undecomposed parts of precursor during phase formation.  

 

Figure 4.1: (b) TGA and DTA result for Zn0.9Cu0.05Mg0.05Fe2O4 compound. 

4.2. Structural Study (XRD) 

The X-ray powder diffraction patterns of ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 ferrites in 

the form of powder are shown in Figure 4.2. As it is observed in the figure, all the peaks 

appeared in both compounds are sharp and well-defined, indicating the good crystallinity 

of both compounds. 

The XRD patterns of ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 ferrites are indexed to (220), 

(311), (222), (400), (422), (511), (440), (620) and (533) planes. All these peaks confirm 

that all samples are single phase and formed cubic spinel structures with the Fd3m space 

group. 
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Figure 4.2: XRD result of (a) ZnFe2O4 and (b) Zn0.9Cu0.05Mg0.05Fe2 O4 samples. 

In both compounds, no impurity is detected, indicating that the substitution of Cu and Mg 

cations for Zn did not change the spinel structure of ZnFe2O4. It is also observed that the 

diffraction peaks for Cu and Mg cations substituted in Zn0.9Cu0.05Mg0.05Fe2O4 ferrite are 

shifted slightly to lower diffraction angles than that of the pure ZnFe2O4 sample. 

Table 4.1 shows the variations of the lattice parameters; unite cell volumes and crystal 

sizes of ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 ferrites. The lattice parameter were 

calculated using equation (1) from (400) peak and the crystallite sizes were calculated by 
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Scherrer’s equation (3) using the full width at half maximum (FWHM) value of the most 

intense (311) peak. The lattice parameter, unite cell volume and crystal size of 

Zn0.9Cu0.05Mg0.05Fe2O4 samples are larger than ZnFe2O4, which indicates that Cu
2+

 and 

Mg
2+

ions are incorporated into the spinel ZnFe2O4 lattice. This, mainly indicates, the sum 

of ionic radius of Cu
2+

 (0.72 Å) [53] and Mg
2+

 (0.86 Å) [54] in the crystal is greater than 

the ionic radius of Zn
2+

 ions (0.74 Å) [55] in the ferrite. 

Table 4.1: XRD diffraction 2θ angle, d-spacing, lattice constant, unite cell volume, 

FWHM and crystal size values of the synthesized compounds. 

 

Table 4.2 shows the x- ray density, bulk density, surface area and porosity of ZnFe2O4 

and Zn0.9Cu0.05Mg0.05Fe2O4 compounds.  In this case, the x-ray density and bulk density 

of both samples were estimated using equations (4) and (5), respectively. As shown in the 

table, both the x- ray density and bulk density of Zn0.9Cu0.05Mg0.05Fe2O4compound is 

lower than that of ZnFe2O4 ferrite. This may be due to molar mass of the samples 

dominates the molecular mass of the compounds and existence of pores in the both 

compounds. This means that the substitution of a heavier atom Zn (65.39 g/mol) by a 

lighter one Mg (24.305g/mol) and Cu (63.5460 g/mol) reduce the bulk density of the 

given compound. This means that it is found that the x-ray density of the 

Zn0.9Cu0.05Mg0.05Fe2O4 (5.2854g/cm
3
) is larger than that of its bulk density (4.02g/cm

3
). 

It has been also observed that the bulk density of the samples is lower than that of the x-

ray density. This reveals the existence and formation of pores in the samples during the 

synthesis and calcinations processes.  

The surface area increases with the decrease in x-ray density. They relate to each other 

inversely. On the other hand, the larger crystallite size and the smaller x-ray density, leads 

to the greater porosity as shown in table 4.2. 

                   

Compounds 

2𝜽 value 

for (400) 

(degree) 

d-

spacing 

for (400) 

(Å) 

Lattice 

constant 

a (nm) 

Unite 

cell 

volume 

V (nm)
3
 

FWHM 

(radian) 

Crystal 

size from 

(311) 

L (nm) 

ZnFe2O4 42.80 2.108 0.8434 0.59 0.003 48.31 

Zn0.9Cu0.05Mg0.05Fe2O4 43.14 2.109 0.844 0.60 0.002 48.65 
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Table 4.2: X-ray density, bulk density, surface area and porosity values of the  

                                   synthesized compounds. 

 

On the other hand, the hopping length for tetrahedral (LA) and octahedral (LB) sites, bond 

length of tetrahedral A-site (dAL) and octahedral B-site (dBL) sites are listed in Table 4.3: 

As it is observed from the table, i.e. The hopping length for tetrahedral and octahedral 

(LB) sites, bond length of tetrahedral A-site and octahedral B-site for 

Zn0.9Cu0.05Mg0.05Fe2O4 sample larger than ZnFe2O4 ferrite. This may be associated with 

the larger crystal size of Zn0.9Cu0.05Mg0.05Fe2O4ferrite.  

Table 4.3:Hopping length (LA, LB), tetrahedral bond (dAL), octahedral bond (dBL) 

lengths of both compounds. 

 

 

 

 

4.3. UV-Vis Spectroscopy Study 

UV-Vis spectral analysis has been widely used to characterize semiconductor 

nanoparticles. Different researchers identified that as the particle size decreases, the 

absorption edge shifts to shorter wavelength, due to the band gap increase of the smaller 

particles [56]. The UV-Vis absorption spectra analysis of ZnFe2O4 and Cu and Mg doped 

Zn0.9Cu0.05Mg0.05Fe2O4 ferritesis illustrated in Figure 4.3. 

The fundamental absorption, which corresponds to electron excitation from the valance 

band to conduction band, can be used to determine the value of the optical band gap of 

the synthesized ferrites. Thus, the optical band gaps for samples were calculated by 

equation (11). 

Compounds 
X-ray density 𝝆ex 

(gm/cm
3
) 

Bulk density𝝆b 

(gm/cm
3
) 

Surface area S 

(m
2
/gm) 

Porosity 

P (%) 

ZnFe2O4 5.33 4.2 23.26 21.31 

Zn0.9Cu0.05Mg0.05Fe2O4 5.28 4.02 23.32 24.87 

Compounds 
LA (nm) LB 

(nm) 

dAL 

(nm) 

dBL 

(nm) 

ZnFe2O4 0.3652 0.2981 0.1913 0.205 

Zn0.9Cu0.05Mg0.05Fe2O4 0.3655 0.2982 0.1914 0.2059 
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Figure 4.3: UV result of (a) ZnFe2O4 and (b) Zn0.9Cu0.05Mg0.05Fe2O4 compounds. 

It can be clearly seen that both compounds possess an absorption band in the whole range 

as well as exhibited a good absorption in the light region (440nm-500nm). The absorption 

at 447.078nm is assigned to the characteristic absorption band of ZnFe2O4 nanoparticle. 

The strong cut off wavelengths at λa = 447.69 nmand λb = 459.07nm is identified for 

ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 ferrites, respectively. This indicates that on 

substituting Cu and Mg in zinc ferrite, the absorption band is shifted to longer wavelength 

as shown in Figure 4.3. As compared in both compounds, it is found that the optical band 

gap of Zn0.9Cu0.05Mg0.05Fe2O4(2.7eV) ferrite material is lower than the pure 
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ZnFe2O4ferrite (2.78ev) material. This may be associated with the larger particle size of 

Zn0.9Cu0.05Mg0.05Fe2O4 compound. 

4.4. Fourier Transform Infrared Spectroscopy study 

The FT-IR spectra of ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 nanoparticles having different 

particles sizes are shown in Figure 4.4.  In earlier study, the formation of ZnFe2O4 ferrite 

is confirmed by FT-IR spectra through the existence of characteristic vibrational bands of 

the tetrahedral (A) and octahedral (B) sites. The difference in positions of the bands for 

the various compositions was expected because of the difference in the distances for the 

octahedral and tetrahedral ions [57]. The vibrational spectra of ferrites attribute the band 

around 600 cm
-1

 to the intrinsic vibrations of tetrahedral sites and around 400 cm
-1

 to that 

of octahedral sites. It is clearly observed from Figure 4.4 (a) that the FT-IR spectra show 

two distinct absorption bands. The first band is located at 581.7cm
-1

and the second 

band,v2 is located at 394.6cm
-1

. According to Waldron [58] v1 band corresponds to the 

stretching vibrations of Zn
2+

- O band in tetrahedral sites, while v2 is assigned to Fe
3+

- O 

stretching of octahedral sites. These formations of bands verify the formation of spinel 

ZnFe2O4 compound.  

As it can be seen from Figure 4.4 (b), similar strong bands, responsible for the formation 

of Zn0.9Cu0.05Mg0.05Fe2O4 ferrite are found at 392.8 cm
-1

and 572.1cm
-1

. The bands with 

peak at 392.8 cm
-1

may be assigned to the stretching vibration of octahedral cation-oxygen 

bonding force in Zn0.9Cu0.05Mg0.05Fe2O4 ferrite. It can be concluded that the change of the 

size of nanoparticles causes the variation in infrared bands positions which was reported 

by Raghavender et al. [59]. As compared with ZnFe2O4, the absorption peak of 

Zn0.9Cu0.05Mg0.05Fe2O4 ferrite is shifted slightly towards lower wave number region. This 

change in band position may be due to the substitution of Cu
2+ 

and Mg
2+

 ions for Zn
2+

 

ions leads to the increase in metal-oxygen separation. This is also in good agreement with 

the larger lattice parameters, unit cell volume and crystal size -calculated from the XRD 

patterns. 
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Figure 4.4: FT-IR spectra of (a) ZnFe2O4 and b) Zn0.9Cu0.05Mg0.05Fe2O4 ferrites. 

4.5. Electrical and Dielectric Property Analysis 

Impedance spectroscopy is an important method to study the electrical as well as 

dielectric properties of ferrites. One of the important factors, which influence the 

impedance properties of ferrites, is the nano- or micro structural effect. The complex 

impedance measurement gives us information about the resistive (real part) and reactive 

(imaginary part) components in the material. The complex impedance plot known as the 

Cole-Cole plot can give three semicircles, depending upon the electrical properties of the 

material. Since the ionic polarization in ferrites is not present, as a result, we have only 

two semicircles because of the space charge and orientation polarization in the ferrite 

materials. The first semicircle at low frequency represents the resistance of grain 

boundary. The second one obtained for high-frequency domain corresponds to the 

resistance of grain or bulk properties [60]. 
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Figure 4.5: The complex-plane impedance for (a) ZnFe2O4 and 

                                 (b) Zn0.9Cu0.05Mg0.05Fe2O4 ferrites. 

To investigate the effect of grains and grain boundaries in both ferrites, the complex plane 

plots were drawn in the frequency range of 20 Hz to 1 MHz at room temperature. Figure 

4.5 shows the room temperature complex impedance plot for ZnFe2O4 and 

Zn0.9Cu0.05Mg0.05Fe2O4 ferrite nanoparticles. The real part of impedance (𝑍′) and the 

imaginary part of impedance (𝑍′′) were calculated using equation (14). The plot obtained 

shows only one semicircular arc corresponding to the conduction due to the effect of 
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entire grain. Furthermore, the contribution from the grain boundary was not well resolved 

in the compound.  

Figure 4.6 shows the variation of the real part of impedance (Z′) with the frequency for 

the ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 nanoparticles at room temperature. It is found 

that the value of Z′ decreases as the frequency gradually increases, thereby indicating that 

the AC conductivity increased with the frequency. The decrease in Z′ as the frequency 

increased may be attributed to the space charge polarization effect in the spinel ferrite 

nanoparticles. For both compounds, the real part of impedance decrease with increase in 

frequency. In comparison, the maximum value of Z′ is observed for ZnFe2O4 compound. 

The higher value of Z′ means conductivity is lowered. 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Real impendence (𝒁′) versus frequency for (a) ZnFe2O4 and 

                                (b) Zn0.9Cu0.05Mg0.05Fe2O4 ferrites. 

 Figure 4.7 shows the variation of the imaginary part of impedance (Z′′) with the 

frequency for ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 nanoparticles at room temperature. It 

is seen that the value of Z′′ decreases as the frequency gradually increases for both 

compounds. The decrease in Z′′ as the frequency increased may be attributed to the space 

charge polarization effect in the spinel ferrite nanoparticles. In comparison the two 

ferrites, the maximum value of Z′′ is observed for ZnFe2O4 compound.  
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Figure 4.7:  Imaginary impendence (𝒁′′) versus frequency for (a) ZnFe2O4 and 

                             (b) Zn0.9Cu0.05Mg0.05Fe2O4ferrites. 

Figure 4.8 shows the variations of dielectric constants (𝜀 ′) as a function of frequency for 

of ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 nanoparticles synthesized by sol-gel combustion 

method in the frequency range from 20 Hz to 1 MHz. The obtained plots of dielectric 

constant versus frequency show normal dielectric behavior of the spinel ferrites.  It is 

found that both compounds exhibit dielectric dispersion. The real parts of the dielectric 

constant decreased rapidly with the frequency of the low frequency region where it 

behaved in an almost frequency-independent manner in the high frequency region. This 

type of behavior can be explained based on the Maxwell–Wagner model [61]. According 

to the Maxwell–Wagner model, the structure of ferrite materials is assumed to comprise 

highly conducting phases (grains) in an insulating matrix (poorly conducting grain 

boundaries). In ZnFe2O4 spinel ferrites, the formation of Fe
2+

 ions occurs due to the 

transfer of electrons between Fe
2+

 and Fe
3+

 to form a pair of Fe
3+

 and Fe
2+

[62 ]. The 

electron exchange between Fe
2+

 and Fe
3+

 leads to the local displacement of electrons in 

the direction of the applied field, which determines the polarization in ferrites.  

It is also found that the dielectric constant is larger for ZnFe2O4 and it decreases with an 

increase in frequency gradually. Both ferrites show the frequency dependent behavior. As 

the frequency of the externally applied electric field increases gradually, the dielectric 

constant decreases. This decrease in the dielectric constant occurs because beyond a 
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certain frequency of the externally applied electric field the movements of charges cannot 

follow the frequency of the external applied electric field and as a result dielectric 

constant decreases.  

 

 

 

 

 

 

 

 

 

 

Figure 4.8: The variation of dielectric constant 𝜀 ′ with frequency for (a) ZnFe2O4 and 

                          (b) Zn0.9Cu0.05Mg0.05Fe2O4ferrites. 
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CHAPTER FIVE: 

CONCLUSIONS AND RECOMMENDATION 

5.1 Conclusions 

ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 crystalline ferrites were successfully synthesized by 

sol-gel combustion synthesis method. From TGA/DTA analysis, compound formation 

temperatures as well as the weight loss regions were identified. Both ferrites possessed 

single phase cubic spinel structure. This indicates that sol-gel combustion synthesis at 

temperature of 800℃ for 8 hours in air is the appropriate method for producing a single 

phase ZnFe2O4  and Zn0.9Cu0.05Mg0.05Fe2O4 ferrites using Zn(NO3)2.6H2O, 

Cu(NO3)2.3H2O, Mg(NO3)2.6H2O Fe(NO3)2.9H2O and C2H2O4.2H2O as raw materials.   

XRD and FT-IR spectroscopy studies confirm the phase purity of the synthesized ferrites. 

It is also found that ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 nanoferrites exhibited 2.78eV 

and 2.7ev optical band gap, respectively.   

The Cole-Cole plots of both ferrite materials appeared in the form of single semicircles. 

No other curves are observed in the lower frequency regions. From impedance analysis, it 

was found that the dielectric constant decreased continuously with increasing frequency 

and became steady state or constant at higher frequency region. At such frequencies 

regions, the dielectric constant remains independent of frequency due to the inability of 

electric dipoles to follow the fast variation of the alternating applied electric field. 

5.2. Recommendation 

  In this study, the influence of frequency on the electrical and dielectric properties of 

ZnFe2O4 and Zn0.9Cu0.05Mg0.05Fe2O4 ferrites were investigated at room temperature.  

However, electrical and dielectric properties of these ferrites at different temperature as 

well as their magnetic properties were not included in this study. Thus, these studies 

could be considered in our future study. 
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