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Abstract 
Nanosized magnetic composites have attained excessive consideration and importance over the 

last few decades. Nanocomposites materials are one of the main subjects of the present-day 

research and development. The physical properties of magnetic nanocomposites materials are 

different as compared to their monocomponent counterparts, and their properties can be tuned by 

increasing the contents of the host material. The aim of this research study focuses on the synthesis 

of Copper Ferrite (CuFe2O4) and selected metal oxides (MOs) nanocomposites in nanocrystalline 

form and studies their magnetic, dielectric and electromagnetic absorption (EM) properties. 

The response of CuFe2O4 magnetic nanoparticles (MNPs) with MOs (ZnO, MgO, WO3, SnO2 and 

NiO) nanostructures towards EM radiation absorption at Microwave (MW) frequency enhances the 

effective absorption bandwidth. These MOs nanostructures behave like dielectric loss fillers and 

alter the electrical conductivity, dielectric permittivity, and interfacial polarization. Moreover, the 

synergistic behavior between the dielectric and magnetic components also plays a vital role for 

strong MW absorption. In this research work, MOs nanostructures, CuFe2O4 MNPs, and their 

nanocomposites have been prepared by facile wet chemical route and characterized by different 

experimental techniques. The obtained results are interpreted and discussed in this thesis which 

consists of nine chapters.  

The first chapter is a brief introduction of ferrites, MOs nanostructures, magnetic nanocomposites, 

and the approaches to minimize the EM reflection. The second chapter discusses the literature 

review and the theory of EM absorption. The third chapter introduces the synthesis method applied 

and working principles of characterization techniques used to obtain the results.   
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The detailed studies on the required physical properties of MOs nanostructures are briefly 

described in the fourth chapter. The fifth chapter describes the synthesis and MW absorption 

characteristics of (ZnO)x/(CuFe2O4)1-x nanocomposites. The XRD analysis confirms the formation 

of the required composite with crystallite size ranges from 30-81nm. The SEM images depict the 

nanodiscs like morphology and Transmission Electron Microscopy (TEM) analysis confirms that 

CuFe2O4 MNPs are embedded in ZnO matrix. The saturation magnetizations (Ms) of 

superparamagnetic (SPM) nanoparticles in composite sample decreases with ZnO contents. The 

higher content of ZnO ≥ 40% in composite sample enhances the effective absorption in a required 

frequency band (2-10 GHz).  

The sixth chapter deals with the improvement in MW absorption characteristics of CuFe2O4 MNPs 

with MgO nanostructures. The structural analysis confirms the formation of nanocomposites in 

which both phases are present. The MgO contents transform the spherical morphology of CuFe2O4 

into an irregular shape as depicted from TEM images. All samples show the same ferromagnetic 

behavior with decrease in Ms value with MgO weight fractions. The RL properties show an 

enhancement in effective absorption bandwidth at 40 wt. % of MgO content.      

The seventh chapter also focuses on structural, vibrational, magnetic and MW absorption 

characteristics of novel WO3- CuFe2O4 nanocomposites. The structural investigation confirms the 

formation of nanocomposites. The TEM micrographs demonstrate that the addition of WO3 weight 

fraction leads to the growth of WO3 grains with an irregular plate-like structure. This irregular 

structure offers high value of shape anisotropy which leads to an enhancement in coercivity (Hc) 

as depicted from M-H loops. The MW absorption study also demonstrates a shift in RL towards 

higher frequency at an elevated concentration of WO3 in the composite. 
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The eighth chapter briefly explain the MW absorption properties of (SnO2)x/(CuFe2O4)1-x 

nanocomposites. The structural study reveals that the composite sample exhibit the single phase 

up to 30 wt.% of SnO2 due to thermodynamically solubility of Sn4+ ion in CuFe2O4. The TEM 

images demonstrate that the SnO2 wt. fractions in composite samples alter the shape and particle 

size from spherical to flatter plate like. The M-H loops of composite samples show the SPM 

behavior with systematic decrease in Ms values due to the substitution of magnetic ions (Cu2+ and 

Fe3+) with non-magnetic ion Sn4+. The MW absorption study display the maximum absorption for 

10 and 20 wt. % of SnO2. 

Finally, the ninth chapter also describes the MW absorption properties of NiO/CuFe2O4 

nanocomposites. The structural investigation demonstrates the formation of NiO/CuFe2O4 phase 

and TEM micrographs display the spherical morphology of particles for all composition. The M-

H loops show a decreasing trend in Ms and Hc which is ascribed to the increase in mass fractions 

of nonmagnetic samples and particle size respectively. The RL measurement shows a shift in 

absorption peaks towards higher frequency regime with NiO contents. Moreover, the maximum 

absorption -47.07 dB at 8.2 G Hz frequency with 30 wt. % of NiO has also been observed.  
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Chapter 1  
 

1 
 

Chapter No. 1 

Introduction 

The development of electromagnetic (EM) theory in the 19th century enables the industrial 

strategies to use the EM waves in engineering and medical applications. The EM waves transmitted 

by its source with certain frequency are used for various purposes like data transfer in information 

sharing, broadcasting, medical diagnostics and aircraft detection [1-4]. Different sources of EM 

waves generate signals of diverse frequency, which cause interference of EM waves that result in 

misconception of data carried by the EM wave. Undesired EM signals can be evaded by 

segregating the source (or the receiver) with proper shielding. Electromagnetic Interference (EMI) 

shielding is thus applied by a suitable material coating that lessens the intensity of EM waves and 

provides a more protected/secure system [5]. 

During the last few decades, EM absorbing materials have gained a great interest in military and 

defense for the protection of strategic assets by reducing the Radar Cross Section (RCS) of distant 

objects. When reflection loss (RL) of EM absorbing coating is equal to -10dB, the 90% power of 

wave is absorbed. The resultant frequency range in which RL attains the value smaller than -10dB, 

is demarcated as the operative bandwidth [6]. The existing EM absorbing materials possess high 

density, deprived environmental permanence, and feeble absorption in narrow operative 

bandwidth. These high density materials result in enhancement of weight carried by aircraft and 

produce performance problems for movable system [4]. Therefore, manufacturing of EM 

absorbing materials with strong and effective absorption having light weight, low cost and 

environmental stability extended a strategic significance particularly, in defense applications. 

Recent material scientists and engineers are trying to synthesize novel EM absorbing materials that 

deal through numerous kinds of EM radiation (MHz-GHZ) for several applications. 
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The ferrites are renowned to be ideal EM absorber materials at microwave (MW) frequency, 

because they encompass magnetic and dielectric characteristics simultaneously [7]. But the heavy 

weight and inferior dielectric loss restrict the application of ferrite for microwave (MW) absorption 

[8-10]. Therefore, to enhance the dielectric loss in ferrites, the different metal oxides (MOs) 

nanostructures demonstrating metallic, semiconducting and insulating behavior are always added 

into the ferrites [11-12]. 

 In this research work, the magnetic nanocomposites of copper ferrite (CuFe2O4) with different 

weight fractions (10-50 wt.%) of MOs (M= ZnO, MgO, WO3, SnO2, and NiO) nanostructures were 

synthesized by ex-situ method. Their structural, morphological and vibrational study was carried 

out by XRD, SEM, TEM and FTIR techniques. The magnetic and MW absorption properties of 

(MO)x/(CuFe2O4 )(1-x) nanocomposites has also been performed by VSM and Vector Network 

Analyzer (VNA) respectively. 

1.1 Ferrites   

           Ferrites are composed of iron oxides with one or more metal ions (AFe2O4) at tetrahedral 

or octahedral sites. Ferrites are ferrimagnetic materials that brought a technological revolution 

during the last few decades. This important magnetic material contains fascinating dielectric and 

magnetic properties including high resistivity, low dielectric constant, high value of coercivity, 

high corrosion resistance and high value of anisotropic energy. These fascinating properties enable 

this material; to be extensively used in MW, electrical and magnetic devices [13]. Recently ferrites 

properties can be tuned for many uses by tailoring their magnetic and dielectric properties through 

the addition of suitable dopant atoms and forming nanocomposites with polymer and MOs 

nanostructures. 
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The recent uses of ferrites and their composites at nanoscale are spintronic devices, drug delivery 

system [14, 18], data storage devices and transformers core [19-22]. 

Among the various ferrites, CuFe2O4 has attained a conspicuous attention due to Jahn Teller nature 

of Cu2+ ion [23]. The structure of CuFe2O4 is highly distorted due to cooperative Jahn-Teller effect 

[24]. As Cu2+ is a Jahn Teller ion, it offers extraordinary characteristics and also endures phase 

transition from cubic to tetragonal depending upon ionic distribution in octahedral symmetry. This 

transition from cubic to tetragonal influence the dielectric and magnetic properties of CuFe2O4 

which is beneficial for tuning the EM parameters. 

1.2 Crystal Structure of Ferrites  

              The spinel structure of ferrite can be considered as a complex structure of positively 

charged metal ions and negatively charged oxygen ions [25].  The chemical formula of spinel 

ferrite is AB2O4, where A2+ is a divalent and B3+ is a trivalent metal ion.   

The crystal structure can be understood by subdividing the unit cell into 8 unit cells, as shown in 

Fig. 1.1. There are 8 formula units in whole unit cell. The unit cell of spinel ferrites (AB2O4) 

contains 32 oxygen ions, 8 divalent metal ions and 16 trivalent iron ions and can be written as 

M8Fe16O32. The interstitial sites are denoted as tetrahedral or A sites and octahedral or B sites. 

Moreover, the distinctive characteristic of ferrites is governed by the cation sharing between the 

tetrahedral and octahedral sites in a lattice.   
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Figure 1.1: AB2O4 spinel structure of ferrite [26] 

    

1.2.1 Tetrahedral Sites (A Sites)  

                 The tetrahedral site is bounded by four oxygen O2-
  

ions (anion) located at the corners of 

a tetrahedron as depicted in Fig. 1.2 (a). There are 16 tetrahedrons in the unit cell of spinel lattice. 

Therefore, there are total 64 tetrahedral sites out of which only 8 A sites are filled by divalent metal 

ions to preserve charge neutrality of the system. In a face centered (FCC) cubic structure, there are 

8 tetrahedral (A) sites per unit cell.   

1.2.2 Octahedral Sites (B Sites)  

   The octahedral site is bounded by six oxygen O2-
 

ions located at the corners of an 

octahedron. In an octahedral (B) site the interstitial atom occupies at the center of an octahedral.  

In this octahedron, the metal ions are surrounded by six nearest neighbors as shown in Fig. 1.2 (b). 

In a spinel structure, to maintain the charge equilibrium, out of 32 octahedral (B) only 16 sites are 

occupied.  In a FCC structure, there are 4 octahedral (B) sites per unit cell. 
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 1.2: (a) Tetrahedral A sites in spinel FCC lattice (b) Octahedral B sites in spinel FCC lattice [27] 

1.3 Metal Oxides (MOs) Nanostructures  

           Among the different types of MOs nanostructures, ZnO, MgO, WO3, SnO2 and NiO are well-

known for their several kinds of applications for humankind. These MOs plays a very critical role 

in science and technology. Pure metal easily forms a chemical bond with oxygen and transforms 

into oxide. In crystalline form, these oxide compounds form large number of geometries depending 

upon the arrangement of atoms in a unit cell. The electronic structure determines their electrical 

and magnetic properties. During last few decades, different MOs nanostructures are extensively 

used in manufacturing of supercapacitor, fuel cells, gas sensors and as dielectric loss filler for EMI 

shielding [28-31]. Moreover, at nano dimension these MOs nanostructures show exclusive 

physical and chemical properties due to quantum confinement and proliferation in the surface 

atoms [27].  

1.3.1 Zinc Oxide (ZnO) 

           ZnO is most familiar and extensively studied semiconductor material in the field of material 

science and engineering because of its exclusive characteristics and application in different areas 

of science and technology [29]. 

Wurtzite-structured ZnO possesses excessive significance for its useful applications in EM wave 

absorption, optoelectronics, piezoelectricity, LASER, acous-optical devices and sensors etc. [30]. 
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The ZnO nanostructures show great potential for MW absorption at GHz frequency range due to 

their high dielectric loss, semiconducting behavior and unique physicochemical properties [31].  

The chapter 5, focuses on the deep analysis of structural, and MW absorption properties of (ZnO)x/ 

(CuFe2O4)1-x (x=10-50 wt.%) nanocomposites with the addition of nano disc like morphology of 

ZnO. This study revealed that ZnO is a promising candidate to enhance the MW absorption in 

wideband.     

1.3.2 Magnesium Oxide (MgO) 

             Among the different MOs nonmaterial, cubic and rock salt MgO structures are extremely 

important due to its unique photonic, optical, electronic, magnetic, mechanical and chemical 

properties. These fascinating characteristics enable this material to be used as fire retardant, 

electrical cable insulation, toxic waste remediation, antibacterial paints, and in superconducting 

devices [34-37]. Moreover, the high dielectric constant of MgO makes it beneficial to use in MW 

absorption coating. The chapter 6 of this thesis discusses the MW absorption properties of  

CuFe2O4  nanocomposites in which MgO weight fraction varies from 10-50 wt. %.   

1.3.3 Tungsten Trioxide (WO3) 

            WO3 is an n-type semiconductor with bandgap of 2.6 to 2.9 eV having tremendous electro-

chromic characteristics. Its electron Hall mobility at room temperature has value of ~12 cm2V-1 s-

1 [38]. The WO3 has possible applications in displays windows, solar cells, smart windows, and 

various gas sensors [39, 40]. WO3 is most important and extensively studied semiconductor 

material which reveals outstanding properties at nanolevel. Therefore, understanding of WO3 at 

nanoscale can further explore the physical and chemical properties because quantum confinement 

effects at the nanoscale pointedly affect charge transport, electronic band structure, and 

electrochemical characteristics. In chapter 7, we first time observe the room temperature 
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ferromagnetism (RTFM) in WO3 at nanoscale. Moreover, the influence of WO3 weight fractions 

in CuFe2O4 composites shifts the RL towards higher frequency.     

1.3.4 Tin Dioxide (SnO2) 

            SnO2 is an n-type semiconductor having band gap of 3.6 eV. The main reason for the 

interest in SnO2 is its high dielectric loss and large value of conductivity. Moreover, SnO2 shows 

high transparency in visible region, which makes it enable to use as a transparent conductive 

electrode in different devices such as solar cells and lithium ions batteries [41-43]. The defects 

free SnO2 in bulk form shows insulating behavior while at nanoscale the oxygen vacancies and 

other defects make it conducting and magnetic [44]. Moreover, SnO2 nanostructure contains high 

value of dielectric constant, which can be further tailored by increasing the weight fractions of 

constituents in composite [45-48]. The chapter 8 of this thesis, briefly explains magnetic and MW 

absorption properties of (SnO2)x/(CuFe2O4)1-x (x=10-50 wt.%) nanocomposites at room 

temperature.   

1.3.5 Nickle oxide (NiO) 

           NiO is a p-type semiconductor material having a wide band gap of 3.6 to 4.0 eV with room 

temperature conductivity of less than 10-13 S cm−1. This low value of conductivity is attributed to 

the jumping of electrons linked with Ni2+ vacancies at nanoscale [49,50].  

In addition, NiO-based nanostructures have been extensively applied as electrode materials in 

lithium ion batteries and fuel cells [51, 52]. NiO shows an anodic electrochromic effect and finds 

its applications in smart windows, dye-sensitized photocathodes [53-55]. Controlling the 

structural, magnetic and dielectric properties of single crystalline NiO nanostructures enables it to 

use in the required application. In chapter 9, an effort has been made to study the morphological, 



Chapter 1  
 

8 
 

magnetic and MW absorption characteristics of (NiO)x/(CuFe2O4)1-x (x=10-50wt.%) composites 

synthesized by chemical co- precipitation method.     

1.4 Magnetic Nanocomposites 

           A “nanocomposite" is defined as a composite in which the individual component(s) is/are 

dispersed in continuous matrix forming a compositional heterogeneity of the final solid structure.   

The simplest alteration of a composite property, Pc, is monotonic increase or decrease with the 

increase of volume fraction, “Vi” of the supplementary components; which is demonstrated by the 

following equation:  

                                                           Pc = ∑ (𝑃𝑖
𝑁
𝑖=1 ) 𝑛𝑉𝑖                                                             (1.1) 

Where Pi is added material property and n is an experimental parameter (-1< n < 1). 

Nanocomposites differ from their bulk counterpart due to strong interactions between grains and 

grain boundaries. Nanocomposites exhibit distinct behavior due to these effects (a) the large 

surface to volume ratio of atoms (b) the large grain boundary effect, and (c) the surface effect. The 

nanocomposites also contain numerous applications in various areas, such as in MW absorber and 

EMI shielding materials, biocompatible MNPs, conducting polymer nanocomposites and 

manufacturing of electronic and photonic devices [56, 57]. 

Among different types of nanocomposites, the magnetic nanocomposites have achieved abundant 

application in giant magneto resistance (GMR), magnetic recording, magnetic refrigeration and 

EM shielding [58, 59]. 

One recently studied nanocomposite material is the ferrite composite with MOs and polymers 

[60,61]. The importance of magnetic nanocomposite is that after a little modification, the electric 

and magnetic properties can tailored for required application [62]. In this thesis, the CuFe2O4 based 

magnetic nanocomposites were prepared by wet chemical co-precipitation route for EM shielding 
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in the GHz frequency range. The different weight fractions (10-50 %) of MOs nanostructures were 

added in the CuFe2O4 composite to enhance the dielectric loss and hence reduce the RL of EM 

waves.  

These nanocomposites demonstrate an excellent EM absorption characteristics owing to the space 

charge or interfacial polarization, effective impedance matching to free space and synergic effect 

of dielectric and magnetic properties [63-65].  

1.5 Reflection/Absorption of EMW and their relationship with 
permittivity and permeability  

         Figure 1.3 shows the mechanism for interactions of EM waves with matter. Some portion of 

incident power PI is reflected as PR and the remaining non-reflected power PI - PR is transmitted 

into the material. As the EM wave passes through the material, it can be absorbed and dissipated 

in the form of heat. 

Through this basic reflection and transmission mechanism, it is promising to define the total 

shielding efficiency (SET) as: 

                    SET = 10 log
PI

PT
= 20log

EI

ET
= 20 log

HI

HT
                                             (1.2) 

 

Figure 1.3: Mechanisms of attenuation of the incident and reflected EM power, when it strikes a 

finite slab of material [66-68].  
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 Considering the total power after striking the material will either reflect or absorb the total SE 

(SET) can be rewritten as: 

                                            SET =10 log 
PI

PT
= SER + SEA                                                         (1.3) 

                                                    SER=10 log 
PI

 PI−PR
                                                         (1.4)                                                                                              

                                                    SEA =10 log 
PI−PR

PT
                                                                   (1.5) 

Where SEA and SER refers to shielding due to absorption and reflection respectively. The SER can 

also be expressed in terms of the impedance ratio between free space (Zo) and the material’s surface 

(Zin); and SEA as a function of shield thickness (d) and its skin depth (𝛿 ) is given as : 

                                          SER+SEA= 20 log
𝑍0

𝑍𝑖𝑛
+ 20 𝑙𝑜𝑔𝑒𝛿

𝑑 = 𝑆𝐸𝑇                                         (1.6) 

Where Zo = 377 Ω is free space impedance and Zin is impedance of the material and the reflection 

occurs due to the mismatch of impedance at the surface of material. It can also be observed that 

the extent of absorption depends upon the depth of penetration (𝜹) of the wave and the capability 

of the sample to dissipate the field within the thickness (d). The skin depth increases with decrease 

in frequency (f), permeability (𝝁) and conductivity (𝝈) as shown in following equation: 

                                                          𝛿 = (𝜋𝑓𝜎𝜇)  
−1

2⁄
 
                                                             (1.7)                                    

For conductive monolithic shields SER and SEA can be rewritten in terms of 𝜎 and 𝛿 as [65] 

 

 

                                            SER = 20log
Z0

4Zin
= 39.5 + 10log

σ

2πfμ
                                            (1.8)            

                                             SEA= 20loge
𝑑

𝜎 
= 8.7 

𝑑

𝛿
 =8.7d √𝜋𝑓𝜇𝜎                                               (1.9)            

 Eqs. (1.8 and 1.9) show that the reflection SER depends only on 𝜎 𝜇⁄  while the absorption is a 

function of 𝝁.𝝈 and the material thickness. Hence it explains that why non-magnetic metals are 
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susceptible to shield mainly by reflection, while in magnetically permeable shields, even if they 

are conductive, SEA is generally related to attenuation as compared to reflection.    

But in composite materials, the situation is quite different because composites contain highly 

heterogeneous microstructure that is accountable for enormous variations in the local fields [66].  

The ε and µ define how the electric and magnetic fields interact with composite material and the 

real part of ɛ and µ gives information about the energy stored in material while their imaginary 

part gives the amount of energy dissipated as heat [67].  

  Ferromagnetic metals (Fe, Ni, and Co) and alloys have high saturation magnetization (Ms) 

and large permeability value. Though, their exceedingly conductive nature and eddy current losses 

aggravate permeability to go down at lower frequencies than anticipated (50 kHz-10 MHz) [68]. 

Ferrites on the contrary, are semiconductor in nature and their electrical resistance is high than that 

of ferromagnetic metals and alloys. Furthermore, when the grain size of materials become small 

to some critical size, the eddy current losses turn into negligible but the anisotropic energy and 

surface effects play a dominant role ascribed to large surface area [69, 75]. A modification in the 

anisotropy energy leads to the adjustment of the spin relaxation frequency with the change in 

particle size. In this perspective, the dispersion of permeability in composites sample embedded 

with magnetic nanoparticles is govern by relaxation mechanism rather than by the intrinsic 

resonance observed in bulk magnets. According to the relaxation theory of magnetic moments, 

permeability can thus be maintained at a constant value until relaxation [76-85]. 
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1.6 Statement of Problem 

           The development of ferrite based nanocomposites for EMI shielding and EM absorption at 

GHz frequency has become one of the most important issues in the fields of material science and 

engineering. Therefore, scientists are trying to produce novel types of nanocomposites for EM 

absorption in wide band. It is noticed from reported literature, that there is no lightweight material 

that fulfills the objective to minimize the RCS. To enhance the effective absorption characteristics, 

it is essential to synthesize a special light weight microstructure to obtain the desired results. In 

the MW absorber, ferrites at nanoscale are favorable, because their large Ms value leads to higher 

MW permeability and the nanosized dimensions produce high surface anisotropy. Ferrites contain 

multiple dielectric and magnetic resonance and demonstrate as a promising candidate for excellent 

MW absorption performance. But ferrite based absorber contains high density and low dielectric 

loss, which prevent them to produce light weight EM absorbing coating in wide band. In order to 

reduce the weight and enhance the EM absorption performance of MNPs, many studies have 

focused on light weight nanocomposites. In ferrite based nanocomposite, the dielectric loss filler 

like MOs nanostructures with different weight fractions has been added that tailor their dielectric 

and magnetic properties to the desired extent. 

However, the EM absorption properties of materials depend on many factors like: particle size, 

morphological shape, coating thickness, and loading percentage. Therefore, to control these 

parameters for required physical characteristic at low-cost mass production, it is extremely 

challenging to build up new methodologies for the synthesis of nanocomposites with expected 

properties. 
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1.7 Aims and Objectives   

 Synthesis of CF and various MOs (MgO, NiO, SnO2, WO3 and ZnO) nanostructures with 

controlled size and morphology through the easily available, reproducible wet chemical 

co-precipitation method by optimizing reaction parameters.  

 Synthesis of (MOs)x/(CuFe2O4)(1-x) (where x=10-50 wt.%) nanocomposites through ex-situ 

method.  

 Development of low-density MW absorbing coating by incorporation of light weight MOs 

nanostructures in CuFe2O4/MNPs.     

 Enhancement in effective absorption bandwidth in required frequency range by tailoring 

the electric and magnetic properties, which is controlled by loading percentage of MOs 

nanostructures. 

  Tuning in absorption peak to high frequency regime by incorporation of MOs 

nanostructure for selective EM shielding in required frequency. 

 Selection of MOs nanostructure with CuFe2O4 having strong and effective absorption in 

the required frequency bandwidth that minimizes the RCS.
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Chapter No.2 

Literature Review and Theory of Electromagnetic Absorption 

 EM absorbing materials have appealed abundant consideration for the protection of civil and 

military assets. A large number of EM absorbing materials have been used, such as carbon 

nanotubes (CNTs), graphene, polymers composites, spinel and hexagonal ferrites etc. [86-119]. 

The spinel ferrites are mostly used as conventional MW absorbers due to their high Ms value, 

moderate Hc and environmental stability. But the only magnetic loss mechanism in ferrite leads to 

weak MW absorption in small frequency bandwidth. However, high density and low dielectric loss 

of ferrite prevent their use as MW absorbers [87,88].Therefore ferrite nanocomposite with 

dielectric loss material such as CNTs, graphene, nonconductiong polymers and MOs can be added 

with different weight fractions, that reveal a higher absorption at low field strengths and widen the 

absorption band width in MW region [89]. Moreover, the performance of EM absorbing properties 

of spinel and hexagonal ferrites can be enhanced by synthesizing their nanocomposites using 

different synthesis techniques. During last few years scientists focused on ferrite nanocomposite 

for EM shielding application e.g. Ying Lin et. al, synthesize the CoFe2O4/Y3Fe5O12 

nanocomposites with polyaniline by polymerization method and achieve maximum RL of -23.4 dB 

at 7.7 GHz [90], Muhammad Faisal et. al, synthesized conducting polyaniline-stannous oxide 

nanocomposite. There nanocomposite revealed excellent absorption in X and Ku band [91]. 

Guizhen Wang et. al, prepared flower-like ZnO coated by Ni nanoparticles and maximum RL - 

48.0 dB was obtained at 10.4 GHz which is remarkably improved than pristine ZnO [92]. W. 

Widanarto et. al, synthesized ZnO doped strontium nano ferrites of composition (80 - x) Fe2O3: 

xZnO:20 SrCO3, where x = (0 - 20 mol%) and sintered through the solid state reaction scheme. 
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Strontium ferrite containing 20 mol % of ZnO exhibits greater microwave absorption with RL 

between - 45dB to - 55dB in the frequency range of 7–13 G Hz [93]. 

C. Della Pina et. al, prepared Fe3O4 nanoparticles (NPs) by chemical method which covers the 

whole K-band (18-26 GHz). The parameters at K-band were retrieved by using different 

mathematical equations, which allowed estimating the electric and magnetic parameters with good 

accuracy over whole K-band [94]. A. Poorbafrani et. al, synthesized strontium ferrite NPs with 

different concentrations of ZnO for MW absorption. The RL measured in X and Ku-bands and 

increase in contents of ZnO up to 15%, shows increase in RL in the Ku frequency band by 5 dB 

[95] . K.C. Tripathi et. al, has successfully prepared sample of particulate composite with 30 % (by 

wt.) Ni-Zn nano-ferrite loaded in polyurethane (PU) matrix. Sample has described increasing RL 

from -7.95 dB to -12.93 dB [96]. Haibo Yang et. al, successfully prepared polyaniline/(1-

x)BaFe12O19/CaFe2O4/xCoFe2O4 nanocomposite by polymerization method. The results showed 

that, this magnetic nanocomposites revealed enhanced MW absorption performance (RL is -39.5 

dB was achieved at frequency of 7.9 GHz) in comparison to single 

polyaniline/(1− x)BaFe12O19/xCoFe2O4 and PANI/CoFe2O4 nanocomposites [97].  Bingzhen Li et. 

al, synthesized Fe3O4/PPy/PANI nanocomposites by modified co-precipitation method. This 

nanocomposite demonstrates excellent MW absorbing property with 10.7 G Hz bandwidth and also 

shows maximum RL (-40.2 dB) at 10.1 GHz [98]. Jingbo Guo et. al, was firstly prepared carbonyl-

iron/Fe91Si9 composites by a simple blending technique. This material revealed RL -20dB in the 

frequency band of 4 G Hz [99] . Xianming Qin et. al, was prepared Ba(MnZn)xCo2(1−x)Fe16O27 

(x=0.1- 0.5) by sol-gel process and MW absorbing properties was studied  at a coating  thickness 

of 2.8 mm .The minimum  RL peak was observed at - 40.7 dB with band width of 6.6 GHz at a 

frequency of 7.3 GHz  [100].     
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In this research work, to widen the band width below -10 dB (90% absorption), the CuFe2O4 based 

nanocomposite was prepared by ex-situ method with different weight fractions (10-50 wt. %) of 

MOs nanostructures. The RL behavior show strong absorption in tunable frequency at different 

composition of CuFe2O4/MOs nanocomposite. Moreover, an enhancement in MW absorption over 

whole frequency band (2-10 GHz) has also been observed. To understand the mechanism involved 

for absorption of MW radiation, it is necessary to first study the Maxwell’s Equations. These are 

the fundamental equations that describe any EM system.  

2.1 Maxwell’s Equations  

           EM wave comprises of an oscillating electric E and magnetic field B that are perpendicular 

to each other and also to the direction of propagation. Therefore, to understand the absorption 

mechanism it is necessary to study the understanding of their interaction with a material. 

Suppose a pulse of microwaves with definite frequency is emitted by radar antenna, which 

propagates through free space. Maxwell’s equations for this EM waves can be written as: 

                                                                              𝛻. 𝐸 = 0                                                                          (2.1)                                                 

                                                                   𝛻. 𝐵 = 0                                                                  (2.2) 

                                                             𝛻 × 𝐸 = −
𝜕𝐵

𝜕𝑡
                                                                (2.3) 

                                                           ∇ × 𝐵 = 휀 0𝜇 0
𝜕𝐸

𝜕𝑡
                                                            (2.4) 

When this EM wave strike the aircraft's surface, little portion of wave is reflected back and 

remaining portion is absorbed. Now, it is necessary to understand, what happens at an interface of 

aircraft in terms of Maxwell’s equations in a medium [118-120].  

Which are given as:  

                                                                         𝛻.𝐷 = 𝜌                                                             (2.5) 

                                                              𝛻. 𝐵 = 0                                                     (2.6) 

                                                                              𝛻 × 𝐸 = −
𝜕𝐵

𝜕𝑡
                                                                    (2.7) 
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                                                                             𝛻 × 𝐻 = 𝐽𝑓 +
𝜕𝐷

𝜕𝑡
                                                              (2.8) 

Where D is an electric displacement and Jf is a free current density. The relationships between four 

vector fields are given by constitutive relations: 

                                                                                     𝐷 = 휀𝑟 휀0𝐸                                                                 (2.9) 

                                                                     𝐻 =
1

𝜇𝑟 𝜇0
𝐵                                                           (2.10) 

                                                                                       𝐽𝑓= 𝜎𝐸                                                                      (2.11) 

Where 휀 , 𝜇 𝑎𝑛𝑑 σ   are permittivity, permeability and conductivity of the material respectively.  

2.2 Interaction of EM Wave with Material  

         EM waves radiated from source travel in all direction in atmospheric air and its power is 

attenuated as 1/r2, r being the distance from source. Energy possessed by the EM wave is 

transported to the ingredients of materials. The EM radiation interacts with material through 

different mechanism involved and leads to absorption of radiation [121,122]. To conserve the 

energy principle, the absorbed energy is dissipated as heat. When an EM power strike an aircraft 

surface, sum of reflected power PR, transmitted power PT and absorbed power PA with respect to 

the incident power Po should be unity.                                                                                                      

                                              
PR

   P0
+
PT

P0
+
PA

P0
= 1                                                        (2.12)               

 An efficient EM absorber coating, absorb the maximum portion of incident energy depending 

upon the dielectric and magnetic characteristics. Therefore, the dielectric and magnetic 

characteristics of the materials can be improved by incorporation of different dopants ions or 

increase the contents of suitable dielectric and magnetic filler.   

 



Chapter 2    
 

18 
 

2.3 Electromagnetic Energy Absorption Mechanisms 

           As EM wave contains an E and B field component. The energy stored in the electric and 

magnetic fields of an absorbed EM wave can be derived by using Eq. 2.1 to Eq. 2.11.  

The energy densities are given as: 

                                                           𝑢 𝑒 =
1

2
휀 𝐴휀 0|𝐸| 

2                                                         (2.13)                                 

                                                          𝑢 𝑚 =
1

2𝜇 𝐴 2𝜇 0
|𝐵| 2                                                        (2.14) 

Where 휀 𝐴 , 𝜇 𝐴 are relative permittivity and permeability of EM absorbing material respectively. 

Both quantities are complex and depend upon frequency of an EM wave.  

                                                         휀 𝐴 (𝑓) =   휀𝐴 
/ + 𝑖 휀𝐴 

//                                                  (2.15) 

                                                        𝜇 𝐴 (𝑓) =   𝜇𝐴
/  + 𝑖𝜇𝐴 

//                                                  (2.16) 

Where the real parts ɛA
/and µA

/ gives the information about energy stored in a material while the 

imaginary parts ɛA
//and µA

// are related to the dissipative nature of material. As the conductivity σ 

of material also plays a major role in loss mechanism, it is beneficial to relate this result in terms 

of ɛA //.   

                                                                   ɛA
// = 

σ

ωε 0
                                                                (2.17) 

Where  𝜔 is radian frequency and εo is permittivity of free space. In polar form it can be written 

as,  

                                                               휀𝐴  (𝑓) = |휀𝐴|𝑒
𝑖𝛿                                                        (2.18)                              

                                                               𝜇(𝑓) = |𝜇𝐴|𝑒
𝑖𝛿 𝑚                                                        (2.19) 

Where 𝛿 and 𝛿 𝑚 represent the electric and magnetic loss tangents given as  

                                                                 tanδ = ɛ//
A/ɛ/

A                                                           (2.20) 

                                                                 tanδ = µ//
A/µ/

A                                                          (2.21) 
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The loss tangent is defined as the energy lost per cycle to energy stored per cycle of EM wave. 

Now we will discuss why the energy is dissipated in an absorber. Energy absorption occur in a 

material due to polarization of permanent and induce dipoles (dielectric loss), motion of magnetic 

domains (magnetic loss), conduction of free charge carriers (conductance loss) and/or atomic 

vibrations [123,124]. Hence the performance of an EM absorbing material can be enhanced by 

tailoring its electrical and magnetic characteristics.  

2.3.1 Magnetic Loss 

             In magnetic material, different loss mechanisms lead at different frequencies. The energy 

is dissipated as heat due to re-alignment of permanent dipoles and is known as magnetic hysteresis 

loss [125]. The area under the hysteresis loop gives the value of energy loss. The two important 

parameters obtained from this loss mechanism as displayed in Fig. 2.1 are: 

 (a) Saturation magnetization (Ms) and  

 (b) Coercivity (Hc)  

 

Figure 2.1: Hysteresis loop of normal ferrite [126]  

Eddy current loss also contributes for energy dissipation in the form of heat in magnetic materials. 

In highly conductive materials like metals, this current behaves like a source of EM waves and re-

emits the incident wave. Hence, the generation of eddy current in metals makes them a poor 
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absorber for EM waves. Generally, in a MW region the following loss mechanisms occur due to 

resonance phenomena [127]. 

 (a) Magnetic domain wall resonance and  

 (b) Ferromagnetic resonance  

The equation of motion for domain wall movement in an oscillating magnetic field B (t) can be 

written as [128]. 

                                                 𝑚�̈� + 𝛽𝑥 + 𝑘𝑥 = 2𝑀𝑠  𝐵(𝑡)̇                                                 (2.22) 

Where x is the domain wall displacement, m is inertia, 𝛽 and k is damping and stiffness 

coefficient respectively. Equation 2.22 describes a damped harmonic oscillation and for small 

damping, a resonance effect will happen at a frequency 𝜔 = √
𝑘

𝑚
. 

The second resonance phenomena “Ferromagnetic Resonance” (FMR) is very complicated. In 

ferromagnetic materials, the electron’s spin produces a magnetic dipole moment. As, an angular 

momentum is linked with this magnetic moment in static magnetic field, which exert a torque on 

electron and precess it along the field direction with the Larmor’s angular frequency given as. 

                                                𝑓 𝐿 =
𝛾𝜇 0

2𝜋
 𝐻 = 35.2 × 10 6 𝐻   (𝐺𝐻𝑧)                                   (2.23) 

 Where 𝛾 is the gyroscopic ratio 𝛾 =
𝑔𝜇 𝑏

ℎ
 =1.76× 10 11 𝑇 −1𝑠 −1, and H is the magnetic field 

(A/m). When a MW field having resonance frequency fL, applied in a transverse direction to an 

external field H, the torque acting on magnetic moment will enhance the angle of precession   and 

consequently absorb the MW energy. When a MW field is removed the processional energy will 

be dissipated by moving the magnetization vector towards the direction of applied field as shown 

in Fig. 2.2. 
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(a)    (b) 

Figure 2.2: (a) Absorption of MW energy by processional motion of magnetization vector in an 

external field H and (b) Dissipation of MW energy by moving Ms towards applied field [129].               

2.3.2 Dielectric Loss  

           In dielectric materials induce or permanent dipoles are produced, which are susceptible to 

polarization by an electric field [130]. In a MW region, the loss is induced mainly due to dielectric 

relaxation of electric dipoles. The torque T acting on electric dipoles try to align them in the field 

direction, consequently producing orientation polarization as shown in Fig. 2.3. At low 

frequencies, the dipoles align with electric field, but at higher frequencies (MW region), the dipole 

alignment lags the electric field due to delay in response time. This lags in alignment of dipoles 

produce friction and hence energy dissipation occurs in the form of heat.   

 

                           Figure 2.3: Electric dipole rotation in an electric field [125] 



Chapter 2    
 

22 
 

This rotation of dipoles lead to the tuning of both permittivities values εA
/ , ε A

//, at the relaxation 

frequency fc, which is associated to relaxation time τ and is given as:   

                                                                      τ =
1

2𝜋fc
                                                              (2.24)                   

When the frequency of dipole is below fc, the dipoles react to the external electric field frequency 

and the loss εA
// increases accordingly. When the external frequency increases, εA

// continue to 

increase, but the storage ability εA
/, begins to go down owing to the lag of alignment among the 

dipole and an electric field. At frequency, higher than fc, the dipoles do not respond to the electric 

field, so both parts of a permittivities εA
/ and εA

// decrease. This dependence of permittivity with 

frequency for an ideal dipole is known as Debye relaxation model as displayed in Fig. 2.4. 

 

                                             Figure 2.4: Debye relaxation spectra [126]  

2.4 Dielectric Polarization versus Frequency  

           The different types of polarization contribute in a dielectric material when placed in an 

electric field as shown in Fig.2.5. The electronic and ionic contribution is called intrinsic while 

orientation and interfacial are called as extrinsic as illustrate in following equation: 

                                        휀 = 휀 𝑒𝑙𝑒𝑐 + 휀 𝑖𝑜𝑛  ⏟        + 휀 𝑜𝑟 + 휀 𝑠𝑐⏟                                                        (2.25) 
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                             Figure 2.5: Polarization mechanisms in dielectric material [120].
 

The contribution of polarization depends upon frequency of external electric field and respond 

time of dipoles on different time scales. The dispersion of the dielectric constant (real and 

imaginary parts) is shown in Fig. 2.6, and represents the unusual dielectric contributions 

separately. 

 

 Figure 2.6: Real and imaginary part of dielectric constant as a function of frequency [132,133].
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Chapter No.3 

Synthesis and Experimental Techniques 

Nanoscience and nanotechnology deal in synthesizing, modifying and characterizing materials that 

have at least one dimension in the size range of 1-100 nm. Nanotechnology encompasses all areas 

of science i.e. Physics, Chemistry, Electronics, Chemical Engineering, Material Science and 

Engineering, Medical Science and Biotechnology. 

Nanosize materials contain high degree of disorder and large surface to volume ratio of atoms 

[134-136]. The parameter which differentiates the characteristics of nanostructure material from 

the bulk material is the surface effect that makes them attractive in different applications for the 

benefit of humankind [137].   

A nanocrystalline material can be a ceramic, metal, semiconductor and their composites with 

different morphology that depends on crystallographic energy of lattice planes and electro- 

negativity of atoms. The ceramic and composite materials show distinct electrical properties and 

metal nanostructures become electrically more resistive at nanoscale. Furthermore, the magnetic 

materials, show larger value of coercivity at a specific critical particle diameter (Dc) and 

superparamagnetic behavior below this size [138]. 

 The method employed for the synthesis of selected MOs, CuFe2O4, and their nanocomposites with 

controlled size and morphology are briefly discussed in this chapter.   
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3.1 Synthesis Methods for Nanostructures 

          Mainly there are two most important methodologies for the synthesis of nanomaterial i.e. 

top-down and bottom-up as shown in Fig. 3.1.  

 

                               Figure 3.1: Different approaches for synthesis of nanostructure [182].    

Mostly top down is difficult approach for synthesis of nanomaterials as it requires expensive 

equipment, time and energy to break bulk materials. This approach includes: lithography process, 

ball milling method, printing and skiving etc. On the other hand, the bottom up approach is an easy 

and economically favorable as it requires low cost raw materials. In this approach, the fabrication 

of nonmaterial is carried out by agglomeration of atom to atom or molecule to molecule [139].  

In bottom up approach, the co-precipitation route is cheap, facile and less time consuming. In this 

procedure, the metal salt precursors like (chlorides, nitrates, and sulphates etc.) are dissolved in 

required solvent. The precipitating agent like NH4OH and NaOH forms oxohydroxides. Controlled 

size, morphology and uniform distribution of particles are difficult to achieve by this method. 

However, the use of required quantity of surfactant controlled the synthesis parameters such as; 

pH value, reaction time and dropping rate. The basic medium in metal salt solution is observed to 

be beneficial in achieving uniform distribution with controlled size and morphology.   

 In this research work, the synthesis process for CuFe2O4 and MOs nanostructures is demonstrated 

separately in flow chart as shown in Figure 3.2 (a and b).   
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This high crystallinity of CuFe2O4 nanoparticles and MOs nanostructures were obtained after 

calcinations at 600 oC, that reduce the structural defects and disorders in the lattice and also control 

the particle size.   

 

Figure 3.2 (a): Step-1: Formation of CuFe2O4 nanoparticles 

 

Figure 3.2 (b): Step-ІІ: Formation of MOs nanostructures 

CuCl2.2H2O, FeCl3.6H2O   

solution  

 Drying and grinding in to fine 
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 ZnCl2, MgSO4.7H2O, Na2WO3, 

SnCl2.4H2O and Ni (NO3)2.6H2O 
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 Drying and grinding in to 
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 Step-II (Metal Oxides) 
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                                Table - 3.1: Chemicals used for synthesis of nanocomposites 

 Chemicals Formula Molecular Weight 

(g/mol) 

                   Supplier 

     
Copper chloride         CuCl2.2H2O                          

 

            170.48                       Merck 

 

Iron Chloride                           FeCl3.6H2O                                                                        

 

            270.30                       Merck 

Zinc Chloride 

 

ZnCl2             136.30                       Merck 

Stannous Chloride                    SnCl2.5H2O 

 

            279.62                       Merck 

Magnesium Sulphate                                MgSO4.7H2O             246.47                       Merck 

 

Sodium Tungstate                

 

Na2WO3                               

  

            293.816 

 

 

                      Merck 

 

Nickle Nitrate  

                      

Ni (NO3)2.6H2O             290.79                       Merck 

Sodium Hydroxide                                          NaOH                40                Sigma Aldrich 

 

Ammonium Hydroxide              

 

Hydrochloric Acid            

NH4OH 

 

 HCl 

  35.04 (30-32%) 

 

      36.45(35-37%) 

               Sigma Aldrich 

 

                             

                Sigma Aldrich                

 

 

3.2 Synthesis of CuFe2O4 Nanoparticles 

           0.2M (25ml) solution of CuCl2.2H2O and 0.4M (25ml) solution FeCl3.6H2O were 

prepared in distilled water that prevent the accumulation of contaminations in final solution. 

                        CuCl2.2H2O + H2O    Cu2+ + nOH- + 2Cl-                                                      (3.1)                                               

                         FeCl3.6H2O + H2O    Fe3+ + nOH- + 3Cl- 

3M aqueous solution of NaOH is used as a precipitating agent and added drop wise under 

constant magnetic stirring in former solution until a pH value of 12-13 was achieved. 

                                                    NaOH + H2O  Na+ + 2OH-                                                 (3.2) 

Cu2+ + 2Fe3+ + 8OH- + Cl -+ Na+  Cu (OH)2  +2Fe(OH)3 + NaCl 
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The acquired light brown precipitate was heated under continuous magnetic stirring at 80 oC for 

one hour. The solution was centrifuged and black brown precipitates were washed to remove 

impurities in the final contents.  

                             Cu (OH)2 + 2Fe(OH)3
   CuFe2O4 + nH2 O                                    (3.3)                           

3.3 Synthesis of Metal Oxide (MOs) Nanostructures 

      3.3.1 Synthesis of ZnO Nano discs 

        0.2M (100 ml) solution of ZnCl2 was synthesized in deionized water and 1M (100 ml) 

solution of NaOH as precipitating agent was added under uniform magnetic stirring until a pH 

value 8 was achieved. After adjusting pH, the precipitates were stirred for one hour at 300 rpm at 

60 0C and collected by centrifugation. To remove impurity contents, the precipitates were washed 

with ethanol. The precipitates were dried at 80 0C, grinded into fine powder and sintered at 600 0C 

for 5 hours. 

                                   ZnCl2 + H2O    Zn2+ + nOH- + 2Cl-                                            (3.4) 

NaOH + H2O  Na+ + 2OH- 

                        Zn2+ + 2OH- + 2Cl-+ 2Na+ + 2OH- Zn (OH)2 +2H2O +2NaCl 

                                                          Zn (OH)2 ZnO +H2O 

         3.3.2 Synthesis of MgO Nanoparticles 

             The MgO nanoparticles were synthesized by wet chemical method in which 0.2M 

(100 ml) solution of MgSO4.7H2O was prepared and 1M (100 ml) solution of NaOH was added    

under constant magnetic stirring. The white colored precipitates were formed. After adjusting pH 

value to 9, the addition of NaOH was stopped. The precipitates were stirred for one hour at 300 

rpm at 60 0C and were collected by centrifugation. The acquired sample was grinded and sintered 

at 600 0C for 5 hours to develop the nanoparticles of MgO. 
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                     MgSO4.7H2O + 2NaOH + H2O   Mg (OH)2 +Na2SO4 + H2O                 (3.5) 

                                              Mg (OH)2   MgO + nH2O 

   3.3.3 Synthesis of WO3 Nanoplates 

                The nanoplates of WO3 were prepared by co-precipitation method. 0.1M solution of 

Na2WO4.2H2O was synthesized with NaCl in deionized water and required pH was achieved 

by adding (3M) HCl solution under constant magnetic stirring. The yellowish green 

precipitates were formed. Precipitates were washed and dried to remove the water contents. 

Na2WO4 solution transformed into H2WO4 upon addition of HCl at adjusted pH. The chemical 

reaction for synthesis of WO3 nanoplates is given below. 

                                           Na2WO4 + 2HCl → H2WO4 + 2NaCl                                             (3.6) 

                                                    H2WO4 → WO3 + H2O   

   3.3.4 Synthesis of SnO2 Nano Spindles 

      The spindle shape SnO2 nanostructures were synthesized by wet chemical route. 0.2 M 

(100 ml) solution of SnCl2.4H2O was prepared in deionized water. The 0.5M (50 ml) solution of 

NH4OH was added drop wise under constant magnetic stirring. After adjusting pH, the acquired 

precipitates were heated at 60 0C for one hour at 300 rpm. The acquired precipitates were washed 

and dried. The drying was carried out at 60 0C for 12 hours. The dried sample was grinded and 

annealed at 600 0C for 5 hours to get the SnO2 nanospindles.   

 SnCl2.5H2O+ H2O    Sn2+ + nOH- + 2Cl-                             (3.7) 

          NH4OH + H2O  NH 4+ + OH- 

Sn2+ + nOH- + 2Cl-+ 2NH 4+ + OH- Sn (OH)2 +nH2O +2NH4Cl 

Sn(OH)2 SnO2 +nH2O 
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  3.3.5 Synthesis of NiO Nanoparticles 

    0.2M (25 ml) solution of Ni (NO3)2.6H2O was synthesized in deionized water. 3M 

(25ml) aqueous solution of NH4HCO3 was added dropwise in former solution under constant 

magnetic stirring to adjust pH from 9-11. Light green color precipitates were formed which were 

heated at 60 0C for 30 minutes. The acquired precipitates were dried at 100 0C to remove the water 

contents. The dried sample was grinded and sintered at 600 oC for 5 hours.   

                                        Ni (NO3)2 .6H2O + H2O  Ni2+
  + NO3- +OH -                                (3.8)          

NH4HCO3 + H2O NH4OH + H2CO3 

Ni 2+ +NH4OH + NO 3-  2Ni (OH)2 + H2O +NH4NO3 

Ni (OH) 2 → NiO + H2O 

3.4 Synthesis of CuFe2O4/MOs Nanocomposites 

           The synthesized powder of MOs (M=Zn, Mg, W, Sn and Ni) nanostructures were mixed 

with different weight fractions (10-50 wt. %) of CuFe2O4 MNPs. This mixed powder was grinded 

till homogenization and annealed to achieve required phase of nanocomposites for further 

characterization. The flow chart in Fig. 3.3 demonstrates the synthesis process for this 

nanocomposite.  
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Figure 3.3: Flow chart for formation of CuFe2O4/MOs nanocomposite.                      

3.5 Experimental Techniques 

            In this section, the prepared nanocomposites were characterized through different 

experimental techniques to investigate their structural and physical properties.   

  3.5.1 X-ray Diffractometer (XRD)  

                XRD is a fundamental, useful and multipurpose experimental technique, being 

extensively applied for the analysis of (a) spacing between different planes of atoms (b) orientation 

of grains (c) crystal structures, lattice constant and volume of unit cell (d) shape and size of small 

crystalline regions (e) qualitative and quantitative analysis of existing phases. The x-rays are used 

in XRD for the material analysis, which are created when highly accelerated electrons strike a 

heavy metal target. The x-ray tube consists of a source of electrons which are accelerated by very 

  xCuFe2O4/(1-x) MOs 

   

xCuFe2O4/(1-x) MOs 

       (x=10 to 50 wt. %)          

  xCuFe2O4/(1-x) MOs 

nanocomposite.  

Copper Ferrite 

Powder 

Metal Oxide 

Powder 

 

Sintering at 600 0C 

for 5 hours. 
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high voltage applied between the cathode (W) and the anode (metal target). The anode is cooled 

down by circulating cold water as shown in Fig. 3.4. 

 

 Figure 3.4: Schematic diagram of X-ray tube [140]. 

 x-rays are EM waves that have wavelength equivalent to the inter-atomic distances of the 

materials. The atomic planes of a crystal behave like a diffraction grating for x-rays and interfere 

with one another after passing through crystal and undergo diffraction at Bragg’s angle as shown 

in the Fig. 3.5. The constructively interfered x-rays enhance the amplitude, and hence, the intensity 

of diffracted beam and produce discrete diffraction peaks at particular position (angles) which are 

recorded by a detector as shown in Fig. 3.5. In nature, each material has its intrinsic diffraction 

peaks positioned at distinct angles which discriminate it from other materials. Hence, X-ray data 

provides the fingerprint of the material and an unidentified compound can be recognized by this 

diffraction technique. In this research, X-ray diffractometer (model JDX-11, of JEOL Company 

Ltd. Japan) operated at 40 kV and 30 mA with Cu K (1.5406 Å) was used. The XRD patterns of 

pristine CuFe2O4, MOs nanostructures and their nanocomposites has been obtained, from 2 = 20o 

to 80o with 0.025o increment in the angle with 0.4 sec per step stay time.   
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Figure 3.5: Diffraction Pattern of X-ray from material [140]. 

3.5.2 Fourier Transforms Infrared Spectroscopy (FTIR)   

FTIR is an experimental tool based on Michelson interferometer, which is mostly used to 

investigate the vibrational modes of many organic materials, inorganic materials, polymers, 

lubricants and coatings etc. Presence of functional groups attached to biological materials and 

identification of different phases in a nanocomposite is also carried out using FTIR.  

The FTIR spectrometer is basically comprised of a beam splitter, a fixed mirror and a moveable 

mirror that can move backward and forward. The beam splitter is half coated with silver, so that it 

transmits half of the IR beam incident on it and reflects the remaining half. The schematic diagram 

of FTIR is shown in Fig. 3.6. 

 

  Figure 3.6: Schematic diagram of the FTIR spectrometer [141] 
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A beam of infrared radiation is focused by using optical techniques and is permitted to pass through 

the sample. Depending upon the composition of material; some part of radiation is absorbed and 

the remaining one is passed through it. The absorbed radiation induces vibrational excitation of 

polar bonds in the materials. The graph between radiations absorbed versus IR frequency gives 

FTIR spectra which encompasses evidence associated to the vibrational modes exist in the 

material. This absorption pattern is unique for almost every compound. From this absorption 

pattern of light, identification of the composition can be made.    

In this research work, presence of MOs nanostructures in CuFe2O4 composite has also been 

confirmed by FTIR (IR Tracer -100r made by Shimadzu) analysis, which gives the M-O,M-O-M 

(M = Zn, Mg, W, Sn and Ni) vibrational modes along with characteristics tetrahedral and octahedral 

vibrational modes of cation present in ferrites. The measurements were performed by preparing a 

pellet of 12 mm diameter (using Hydraulic Presser) containing 0.02 % of powder sample and 0.98 

% of KBr powder. The spectrum of prepared sample was obtained from 400 cm-1 to 4000 cm-1. 

The spectrum obtained by this spectroscopy technique is subjected to analysis as shown in Fig. 

3.7. 

 

Figure 3.7: The FTIR Spectrometer [142]. 
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3.5.3 Scanning Electron Microscopy (SEM) 

 The particle size and morphology of the nanostructure materials play an important role in 

defining their various applications in engineering and technology.  

The surface morphology, particle size and their distribution can be obtained by SEM analysis, 

which uses highly energetic beam of electrons with energy range 0.2 k eV to 40 k ev emitted from 

an electron gun by thermionic emission and focused on a material which is placed in vacuum 

chamber. This beam of electrons interacts with the material and dissipates energy through different 

interacting mechanism. This beam of electron produces several kinds of secondary particles and 

radiation in the form of a signal from the material. The obtained signal is recognized by a detector 

attached with the system computer shown schematically in Fig. 3.8 and the secondary electrons 

provide the descriptions of the surface structure of the specimen.   

 

Figure 3.8: Schematic representation of SEM [143]. 

3.5.4 Transmission Electron Microscopy (TEM) 

            In this technique the accelerated beam of electrons (up to 1Mev) is projected on a    ultrathin 

sample that interacts with the material during transmission. During this interaction of electron with 

material, a magnified image is obtained that focused on to a fluorescent screen. TEM are proficient 
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of imaging at considerably higher magnification than that of ordinary light microscopes, due to 

small de-Broglie wavelength, λ, of electron and is given as: 

λ =
ℎ

√2𝑚𝑞𝑣
 

Where m and q are mass and charge on electron, h is Plank’s constant, and V is applied potential 

difference. 

TEM are mostly used to extract information about nanostructure materials like: (a) morphology, 

in which particle size of nanostructure materials, shape of nanostructures/particles and their 

distribution in the sample can be determined. (b) crystallographic information, in which 

distribution of atoms in the sample and their degree of order and defects in areas of few nanometers 

can be determined, (c) compositional information, if TEM is equipped with this extra setup i.e. 

EDX, then; the composition of elements and compounds present in the sample with their relative 

weight ratio, can be obtained. 

In this study, the TEM analysis was performed by Philips EM-400, using electron accelerating 

voltage of 60 kV. Fig. 3.9 gives schematic diagram of TEM. During TEM measurements, the 

material were dispersed in ethanol and a small amount of solution were poured on a copper coated 

mesh called TEM grid. The image on fluorescent screen gives the morphology and the grain sizes 

are calculated from these images.   
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                                       Figure 3.9: Schematic representation of TEM [144]. 

3.5.5 Vibrating Sample Magnetometer (VSM) 

             VSM works on the principle of Faraday’s law, which state that, “the change in linking 

magnetic flux through a coil induces a voltage or an emf in a coil”. The voltage induced in a coil 

with n number of turns and cross sectional area a is: 

                                                      𝑉 = −𝑛𝑎
𝑑𝐵

𝑑𝑡
                                                        (3.10)                    

When the coil is placed in a uniform magnetic field B, then  

                                                                            𝐵 = 𝜇𝑜𝐻                                                                              (3.11)  

When a material having magnetization M is placed inside a coil then the magnetic field becomes, 

                                                                          𝐵 = 𝜇𝑜(𝐻 +𝑀)                                                                 (3.12) 

The resultant change in flux is                      ∆𝐵 = 𝜇𝑜𝑀                                                             (3.13) 
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Combining  Eqs. (3.1) and (3.4) gives                             

                                                                 𝑉𝑑𝑡 =  −𝑛𝑎𝜇𝑜𝑀                                                              (3.14) 

Equation 3.5 shows that, the output signal of coil directly depends on magnetization M and is 

free from the magnetic field B. 

In VSM, the sample is attached to a vibrating rod subject to sinusoidal motion with a constant 

frequency, and an emf is induced in the pickup coils as shown in Fig. 3.10. In this research work 

the magnetic properties were measured under an applied field of ± 2 Tesla using VSM (Model 

BHV-50 of Riken Denshi Co. Ltd. Japan). A vertical sample rod is connected with sample holder 

with transducer assembly positioned along the z-axis. The sample is exposed to a vibrational 

motion and coils pick up the signal, produced from the vibration of magnetic sample.  

   

                                   Figure 3.10 Schematic Diagram of VSM [145] 

3.5.6 Electromagnetic Absorption Measurement  

          The EM absorption properties of nanocomposites have been measured by two ports Vector 

Network Analyzer (VNA) as shown in Fig. 3.11. In this setup, the antenna-1 transmits an input 

signal of certain frequency (2-10 GHz), which is passed through the material under investigation. 

Depending upon the dielectric and magnetic properties of material, some portion of wave is 
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transmitted through the material and received at antenaa-2, while remaining part is reflected back 

to antenna-1. The reflected portion of signal is again recollected at antanna-1.  

 

Figure 3.11: Free-space measurement setup operting at G Hz frequency range [147] 

            

                      Figure 3.12: Plane representation of the S-parameters [148] 

The VNA then sweeps in given frequency range and collect the reflected and transmitted signals 

simultaneously. This is completed in both directions, i.e. input signal from antenna-2 to antenna-

1, thus four sets of data are produced. This can be mathematically symbolized by four complex 

scattering parameters: S11, S21, S22 and S12 respectively as shown in Fig. 3.12. 

The reflected (PR) and transmitted (PT) powers linked with above S parameters are denoted 

as: 

                                                                   𝑃𝑅 = |𝑆11| 
2 = |𝑆22| 

2                                                                 (3.19) 
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                                                                    𝑃𝑇 = |𝑆12| 
2 = |𝑆21| 

2                                                          (3.20) 

Thus, the absorbed power PA can be calculated by taking the incident power PI is 1 mW as: 

                                               𝑃𝐴 = 1 − 𝑃𝑅 − 𝑃𝑇 = 1 − |𝑆11| 
2 = |𝑆22| 

2                                        (3.21) 

When the wave is incident on the surface of sample and passes through it, these S-parameters 

can be suitably evaluated to obtain the overall shielding efficiency as: 

                                                𝑆𝐸𝑇 = 10𝑙𝑜𝑔
 𝑃𝐼

 𝑃𝑇
= 𝑆𝐸𝑅 + 𝑆𝐸𝐴 = 10𝑙𝑜𝑔

1

|𝑆21| 2
                                  (3.22) 

                                                     𝑆𝐸𝑅 = 10𝑙𝑜𝑔
 𝑃𝐼

 𝑃𝐼−𝑃𝑅
= 10𝑙𝑜𝑔

1

1−|𝑆11| 2
                                                 (3.23) 

                                                      𝑆𝐸𝐴 = 10𝑙𝑜𝑔
 𝑃𝐼−𝑃𝑅

 𝑃𝑇
= 10𝑙𝑜𝑔

1−|𝑆11| 
2

|𝑆21| 2
                                                 (3.24) 

 The complex permittivity and permeability of samples can be obtained by using an algorithm 

based Nicolson-Ross-Weir method [149] with the built-in software. 

Concisely, given that S12 = S21, the S-parameters can be articulated as a function of the reflection 

(Γ) and transmission (T) coefficients by  [150], 

                                                                 𝑆11 = 𝑅1
2 [ 

Γ(1−𝑇2)

(1−Γ2𝑇2)
]                                                                  (3.25) 

  

                                                                𝑆22 = 𝑅2
2 [ 

Γ(1−𝑇2)

(1−Γ2𝑇2)
]                                                                         (3.26) 

  

                                                                𝑆21 = 𝑅1𝑅2
 [ 

T(1−𝑇2)

(1−Γ2𝑇2)
]                                                              (3.27) 

Where R1 and R2 are coupled to the reference planes and their distance to the sample ends from 

each side of the antennas. Here Γ is represented by the complex propagation constant (Ɣ) within 

the material, t is the thickness of the slab and µ is its complex magnetic permeability respectively 

[151]. 

                                                                            𝑇 = 𝑒−𝛾𝑡                                                                                (3.28) 
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                                                             Γ =
(
𝛾𝑜
𝜇𝑜
−
𝛾

𝜇
)

(
𝛾𝑜
𝜇𝑜
+
𝛾

𝜇
)
                                                                   (3.29)                             

Where 𝛾𝑜  is the propagation constant in vacuum. Similarly, the complex propagation constant 

related to the complex permittivity 휀 and permeability 𝜇 of the sample is found by:    

                                                        𝛾 = 𝑗√𝜇𝑟휀𝑟
2𝜋𝑓

𝑐𝑜
                                                                 (3.30) 

Hence, solving this complex matrix through the Nicolson-Ross-Weir algorithm enables the VNA 

to retrieve the four unknowns: 휀', 휀", 𝜇' and 𝜇 ,,.
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Chapter No. 4 

Structural, Morphological and Magnetic Study of MOs Nanostructures 

4.1 Introduction 

        MOs nanostructures, display metallic, semiconductor and insulating behavior depending upon 

their electronic structures. MOs nanostructures standout among the most multipurpose groups of 

semiconductor nanostructures and are distinguished as one of the most familiar, versatile, and 

perhaps the plentiful classes of materials due to their broad structural and physicochemical 

characteristics. In recent years, the study of MOs nanostructures has become the hot topic of 

research for materials scientists and engineers. 

 Their distinctive and tunable properties with different weight percent loading of ferrites, graphene 

and polymers make them enable to be used in optical, optoelectronic and photochemical 

technology. The MOs and their nanocomposites are mostly used in fuel cells, battery electrode in 

supercapacitors, chemical sensors, LASER, waveguides, infrared (IR) absorbers, MW absorption, 

superconductor and magneto- resistance etc. Hence it is important to examine the structural and 

morphological study which depends strongly on the properties of synthesized nanocomposite for 

the required application. 

 The structural and morphological analysis of synthesized MOs nanostructures (ZnO, MgO, WO3, 

SnO2, and NiO) were performed by XRD, SEM and FTIR techniques. Furthermore, the magnetic 

properties of MOs nanostructures also depend on morphology and particle dimension. The MOs 

nanostructures show ferromagnetic behavior at nanoscale due to oxygen vacancies and 

uncompensated spins at the surface. On the other hand, these MOs nanostructures show 

diamagnetic behavior in bulk form. Therefore, to analyze the magnetic response, the hysteresis 

loops of MOs nanostructures were obtained at room temperature. 
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4.2 Structural and Morphological Study 

                 The crystal structure and purity of phases of prepared material were analyzed by the powder 

XRD technique. The XRD pattern of pristine CuFe2O4 and MOs (ZnO, MgO, WO3, SnO2, and NiO) 

nanostructures are shown in Fig. 4.1 and 4.2 respectively.  

 

                                Figure 4.1: XRD pattern and TEM image of pristine CuFe2O4 MNPs. 

The XRD pattern shown in Fig. 4.1 demonstrate the formation of CuFe2O4 with tetragonal 

structures. The TEM image demonstrates the spherical morphology of MNP with size lying in the 

range of 25-30 nm. The TEM image also reveals that CuFe2O4 MNPs are agglomerated due to 

magnetic interaction. Figure 4.2 demonstrate the XRD patterns of MOs nanostructures and the 

peaks position are well indexed to the characteristic wurtzite, cubic rock salt type, monoclinic, 

rutile type, tetragonal and face-centered cubic structure of ZnO, MgO, WO3, SnO2 and NiO 

respectively [152-156]. Moreover, the contraction in diffraction peaks in Fig. 4.2 demonstrates the 

increase in grain size which was calculated using Eq.4.1 and lies in the range of 30-80 nm.      

                                                        





 cos
hkl

K
D                                                         (4.1)                                                           

Where λ is the wavelength of x-ray, β is full width at half maximum at diffracting angle θ. 
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                 Figure 4.2: XRD patterns of MOs (M=Zn, Sn, W, Mg, and Ni) nanostructures. 

The different morphology of nanomaterial shows distinct behavior which can be tailored for 

required application in different areas of engineering and medical. The morphology of the MOs 

nanostructures were investigated by SEM analysis. Figure 4.3 demonstrate the SEM images of 

selected MOs nanostructures.  
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                    Figure 4.3: SEM images of MOs (M=Zn, Sn, W, Mg and Ni) nanostructures. 

 The SEM images show that the MOs nanostructures have different morphologies due to difference 

in oxygen vacancies during calcination process: MgO and NiO exhibit spherical morphology with 

uniform size distribution. Whereas ZnO shows nanodiscs like shape, SnO2 has spindle like shape 

and WO3 reveals nanoplatelets like nanostructures as shown in Fig. 4.3.   
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4.3 Vibrational Analysis of MOs Nanostructures 

           Nanostructures materials have a large percentage of atoms at the surface as compared to 

their bulk, this high surface area become more important at the nanoscale. This property makes 

nanostructures chemically more reactive. Therefore, the comprehensive analysis of the surface of 

MOs nanostructures is very crucial to extract the information of functional groups and vibration of 

different metal ions attached to the surface. Therefore, the presence of functional groups and 

different element was confirmed by FTIR analysis. Figure 4.4 illustrate the FTIR spectra of ZnO, 

SnO2, MgO, WO3, and NiO nanostructures in the range of 400-1500 cm-1.  

 

                Figure 4.4: FTIR Spectra of MOs (M=Zn, Sn, W, Mg, and Ni) nanostructures. 
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The existence of different vibrational modes, in all samples, depicts the presence of M-O bonding 

(M = Zn, Sn, W, Mg, and Ni) [154-157]. Hence, the FTIR results also support the previous XRD 

patterns of MOs nanostructures.  

4.4 Magnetic Study of MOs Nanostructures 

Various attempts have been done to investigate the magnetic character in different 

semiconductor materials by adding 3d transition metals [155]. The room temperature 

ferromagnetism (RTFM) in these semiconductor materials is due to the hybridization between the 

3d state of the magnetic ions and the 2p state of oxygen ions [156].  But, the situation is quite 

changed by the manifestation of unpredicted ferromagnetic (FM) behavior in pure MOs 

nanostructures [156]. This type of magnetism has been characterized as d0 ferromagnetism that 

originates from moments produced by vacancies and surface defects at nanoscale. [157]. However, 

many scientific work have been published on RTFM in MOs nanostructures, but, the ultimate 

evidence of this fact does not exist until now. The synchronization of experimental and theoretical 

research, demonstrate that surface effects and oxygen vacancies play an essential role in producing 

RTFM in these MOs nanostructures. These oxygen vacancies depend on the size and morphology 

of MOs nanostructures. Straumal and coworkers suggest that FM also originates due to crystal 

defects like grain boundaries in nano-granular ZnO and other MOs samples and the magnetic 

moments are situated at the vacancies exist at the grain boundaries [158]. Figure 4.5 shows the M-

H loops of MOs nanostructures, which show their ferromagnetic behavior at nanoscale. In this Fig. 

the diamagnetic behavior was observed in ZnO and SnO2 nanostructures with size in the range of 

22-50 nm already reported in previous work [159-60] The MgO nanoparticles show weak 

ferromagnetism at low field region and reveal diamagnetic behavior at higher field value. Nitesh 

Kumar et.al observes weak ferromagnetism in MgO nanoparticles with size 22 nm having Ms 
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0.00204 emu/g [161]. Up to our literature study, no magnetic study has been carried out on WO3 

nanoparticles but in this research, WO3 nanoplatelets shows ferromagnetic behavior with Ms value 

of 0.2 emu/gm and weak ferromagnetic behavior is also observed in NiO nanoparticles due to 

uncompensated spins at the surface of AFM lattice [162]. Hence, the shape and size of a material 

performs a major role to modify the surface areas, that produce the magnetic character in 

nonmagnetic material. 

 

   Figure 4.5: M-H loops of MOs (M=Zn, Sn, Mg, W and Ni) nanostructures
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Chapter No. 5 

Enhancement of Microwaves Absorption Properties of CuFe2O4 
Magnetic Nanoparticles Embedded in ZnO Nanodiscs 

5.1 Introduction 

          Among different materials, ferrites have attained much attention for EM shielding 

application [163]. But high density and low dielectric loss, restricts the application of ferrite in a 

EM absorbing coatings. Moreover, ferrites alone cannot encounter all the necessities such as strong 

absorption in wide band, thin coating thickness and effective absorption bandwidth [164]. 

Therefore, to overcome these problems, dielectric loss materials having low density, good thermal 

stability and low cost production are mixed with ferrite. The Dielectric loss fillers like MOs 

including TiO2, SnO2, CeO2 and Al2O3 have captured colossal care for their excellent EM 

absorption performance [165-174]. Therefore, to accomplish novel MW absorbing material, 

considerable attention has been devoted to magnetic-dielectric hybrid system to balance the EM 

parameters for getting anticipated results. 

Among different types of MOs, ZnO nanostructures have focused the attention of scientists and 

engineers during last few decades due to their useful application in different sensors, EM 

absorption coatings and different acous-optical devices. [175-180].  

In this study, the effect of ZnO contents in CuFe2O4 nanocomposites, stimulated the variations in 

surface morphology, grain size and physical characteristics. Tailoring physical characteristics of 

CuFe2O4 MNP via ZnO nanodiscs tune the ferromagnetic resonance, eddy current loss, multi-

scattering mechanism due to defects and impedance matching. These unique properties make this 

beneficial for strong attenuation in required frequency band (2-10 GHz). 
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5.2 Results and Discussions 

       5.2.1 Structural Study    

        The structural properties and presence of crystalline phases were analyzed by XRD 

pattern. The XRD analysis was carried out with step size 0.2° (2 θ) and 2θ range of 20°-80° Figure 

5.1 (a and b) demonstrate the XRD pattern of pristine CuFe2O4 and ZnO nanostructures 

respectively without any other impurity phases. The observed characteristic diffraction peaks 

marked well with JCPDS card (22-1086) and (89-1012) for inverse spinel CuFe2O4 and hexagonal 

ZnO nanoparticles respectively [181]. The XRD pattern of ZnO, matches the wurtzite hexagonal 

ZnO structure and diffraction peaks position matched with literature.  

The average crystallite size of CuFe2O4 is 31 nm, while ZnO grain size varies from 30 to 81 nm in 

ZnO/CuFe2O4 nanocomposite. This increase in crystallite size is attributed to decrease in enthalpy 

of formation for sample with different contents of ZnO. Smaller heat will be liberated, enhancing 

the molecular concentration at the ZnO surface, and hence, improving the grain growth. 

 

 

                                Figure 5.1: XRD pattern of (a) Pristine CuFe2O4 (b) Pristine ZnO 
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The XRD pattern of (ZnO)x/(CuFe2O4)(1-x) nanocomposites is shown in Fig. 5.2, in which both the 

phases of constituents were observed. Moreover, there is, increase in peaks intensity of ZnO phases 

were also observed. This increase in peaks intensity is attributed to higher concentration of ZnO, 

which produces more crystallite planes for diffraction of x-ray. Thus, obtainability of huge number 

of diffracted planes strengthens the intensity of diffracted beam, and hence, improves the 

crystallinity of whole sample.    

 

 Figure 5.2: XRD pattern of (ZnO) x /CuFe2O4) (1-x) (x=10 to 50 wt.%) nanocomposite. 

The lattice parameters for ZnO hexagonal wurtzite structure (a=b, c > a) was calculated by using 

Eq. 5.1 [182]. 

                                        
1

𝑑 2
 =  

4

3
 [
( ℎ 2+ℎ𝑘+𝑘 2   )

𝑎 2
] + 

𝑙2

𝑐2
                                        (5.1)  

Here d is the interplanar spacing in Å, and (a, b and c) are the lattice parameters. The values of 

lattice parameters show that a increase and c decreases (a = 2.8601 Å, c= 5.2315 Å to a = 2.8701 

Å, c = 5.2261 Å) with increase in ZnO content (x) in the nanocomposite.  The extended view of   

x-ray diffraction pattern of nanocomposites as shown in Fig. 5.3 reveals shifting of diffraction 
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peaks with different weight fraction of ZnO in CuFe2O4 nanocomposites. The shifting of 

diffraction peaks towards lower angle is attributed to larger ionic size of Zn2+ as compared to Cu2+.  

 

      Figure 5.3: Extended view of diffraction pattern of (ZnO) x /CuFe2O4) (1-x) (x=10 to 50 wt. %).   

5.2.2 Morphological Study 

 The morphological study of pristine ZnO and its nanocomposites with CuFe2O4 were 

examined by SEM analysis. Figure 5.4 demonstrates the SEM images that depicts the nanodiscs 

like morphology of composites with thickness 30 to 70 nm. Also, it is observed that, increase in 

ZnO contents in nanocomposite sample; reduces the agglomeration between the nanodiscs due to 

nonmagnetic nature of Zn2+ ion. However, the shape of nanodiscs were deteriorated in to irregular   

surface to reduce in surface energy as shown in Fig.5.4 (e & f). 
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Figure 5.4: SEM images of (a) Pristine ZnO (b) 10% ZnO (c) 20% ZnO (d) 30% ZnO (e) 40% 

ZnO (f) 50% ZnO. 

Moreover, to estimate the grain size of nanocomposites, TEM analysis was performed. The 

TEM images of CuFe2O4 show nearly spherical particles with grain size 30-35 nm, while ZnO has 

nanodiscs like shape with grain size 50 -70 nm. TEM images depict that increase in ZnO contents 

in nanocomposite sample, enhance the grain size and alter the morphology from uniform nanodiscs 

to irregular nanodiscs due to difference in oxygen vacancies and densities of particles that exert 

stress and strain at the interface.  
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Figure 5.5: TEM images of (a) Pristine CuFe2O4 (b) Pristine ZnO (c) 20% ZnO and (d) 50% ZnO   

5.2.3 Vibrational Analysis 

FTIR analyses of prepared samples were measured in the range of 400 to 4500 cm-1 as 

shown in Fig. 5.6 (a). The transmittance spectra demonstrate the characteristics stretching 

vibration peaks (at 414 cm-1 and 589 cm-1) of metal ions at octahedral and tetrahedral sites, which 

is ascribed to pristine CuFe2O4 [184,185].The distinctive peak of vibration of Zn-O was observed 

at about 493 cm-1 and 845 cm-1, which is confirm the materialization of ZnO nanodiscs [186]. The 

absorption bands of O-H, C=O and C-C groups has also been observed at 1100 cm-1 and 1500–

1600 cm-1. Lastly, the all characteristics peaks of CuFe2O4 and ZnO were also seen in all the 

composition of (ZnO)x/(CuFe2O4)(1-x) (x=10 to50 wt.%) nanocomposites as shown in Fig. 5.6 (b). 
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Hence FTIR transmittance analysis confirms the formation of nanocomposites and also support 

the previous XRD results. 

 

  Figure 5.6: FTIR spectra of (a) CuFe2O4 and ZnO (b) (ZnO)x/(CuFe2O4) (1-x) (x=10 to 50 wt.%). 

5.2.4 Magnetic Properties 

    The M-H loop of pure CuFe2O4 shows, typical behavior of ferrimagnetic which is 

superparamagnetic in nature as shown in Fig.5.7 (a), while the pristine ZnO shows weak 

ferromagnetic behavior. The magnetic behavior of nanocomposites samples remains same, but the 

Ms value decreases from 24.10 emu/gm to 13.71emu/gm with incremental increase in ZnO contents 

as calculated in table-9.1. This behavior can be elucidated by Sawatzky et. al model [187]. This 

model considered the interaction in the first neighborhood of Fe3+/Cu2+ ions. The exchange integral 

J1, describe this interaction. According to this model, the hyperfine field at B site can be described 

as:  

                                                   Hf (B) = 2J1nSz (A1) +2J2 (6-n) Sz (A2)                                   (5.2)     

Here the existence of two types of ions in the A site is considered and B-B interaction is ignored. 

In this system, 1 corresponds to Zn2+ ion and 2 correspond to Cu2+/Fe3+ ions. The zinc ion (Zn2+) 

possess zero µB, therefore the super exchange interaction [Zn2+(A)-O-Fe3+(B)] becomes zero. 
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Hence the first term in Eq.5.5 vanish. On the B site, the value of field depends on (Zn2+) ion at A-

site and at higher contents of zinc oxide, the concentration of non-magnetic (Zn2+) ion increases 

which replace the magnetic ion (Fe3+/Cu2+) from tetragonal structure and reduces the total 

magnetic moment of the material. Hence, it is determined that the ZnO contents reduce the 

hyperfine field as can be observed from Fig. 5.7 (b). 

 

     Figure 5.7: M-H loops of (a) Pristine CuFe2O4 and (b) (ZnO) x /(CuFe2O4) (1-x) nanocomposite.  

5.2.5 Microwave Absorption Properties 

              The Reflection Loss (RL) properties of (ZnO)x/(CuFe2O4)(1-x) (x=10-50wt.%) 

nanocomposites were measured in the frequency range 2-10 GHz. The ZnO possess high value of 

dielectric loss, while CuFe2O4 contains both the dielectric and magnetic loss simultaneously. 

Therefore, their nanocomposites possess a synergistic behavior and demonstrate the maximum 

absorption in wide band below -10 dB as shown in Fig. 5.8. The EM wave absorption ability is 

often specified by RL of EM waves under normal incidence at the surface of material coated on a 

conducting surface and is given as [188].  

                                            RL =  20 𝑙𝑜𝑔10 
𝑍𝑖𝑛−1

𝑍𝑖𝑛+1
    unit: decibel (dB)                                   (5.4) 
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                                            Zin = [ (
μ 𝑟

Ɛ 𝑟
) 
1

2 tanh {𝑗 (
2𝑓𝜋𝑑

𝐶
 )√µ  𝑟Ɛ 𝑟}]

                                        (5.5) 

Where Zin, is impedance of the material, εr and µr corresponds to complex permittivity and 

permeability of studied samples respectively. While f is frequency of incident EM wave, c is the 

velocity of light and d is coating thickness of the absorber. According to EM absorption theory, 

high dielectric loss in materials occurs owing to electronic, interfacial polarization and relaxation 

behavior that results from the collective physical properties of ZnO/CuFe2O4 nanocomposites. 

Table-9.1; gives maximum RL and frequency bandwidth values at coating thickness of 2 mm. The 

pristine CuFe2O4 shows maximum RL -19.39 dB, while small change in RL values was observed 

with further increase in contents of ZnO up to 20%.  The 30 wt. % ZnO contents give excellent RL 

- 42.35 dB at 4.3 GHz bandwidth. With further increase in ZnO contents > 40 % gives the effective 

absorption (below -10dB) over required band width (2-10 GHz). This extraordinary EM absorption 

characteristic in these composite samples is attributed to several physical mechanisms involved to 

increase the dielectric loss in this nanocomposite sample. Firstly, at nanoscale the large number of 

dipoles are present on the material surface [189,190]. These dipoles produce polarization which 

contribute in the enrichment of dielectric loss in this composite sample and enhance the EM 

absorption capability. Secondly, the increase in ZnO contents in composite samples tune the 

ferromagnetic resonance frequency and also enhance the eddy current losses, which contribute in 

enhancement of EM absorption [191]. Thirdly, the space charge polarization produced at the 

interfaces of CuFe2O4 and ZnO, produce the accumulation of charges with different permittivity 

zones areas and enhances the dielectric loss accordingly [192,193]. 
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  Figure 5.8: RL of (ZnO)x/(CuFe2O4)(1-x) (x=10 to 50 wt.%) with coating thickness 2 mm.
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Chapter No. 6 

Synthesis and Microwaves Absorption Properties of CuFe2O4 /MgO 
Nanocomposites 

6.1 Introduction  

         The EM absorption properties of materials depend upon the dielectric loss, magnetic loss, 

and impedance matching characteristic [194-197]. The ferrites powders are known to be ideal 

fillers to develop EM absorber materials at MW frequency because they contain both magnetic and 

dielectric loss properties simultaneously [198,199]. 

Since spinel and hexagonal ferrites alone cannot cover strong absorption in wide frequency band 

width. To overcome this problem, new composites materials like ZnO/ZnAl2O4, SrFe12O19/ZnO, 

SrFe12O19/αFe2O3, Fe3O4/ZnO, ZnO/CoFe2O4, Fe3O4/SnO2 were prepared by different synthesis 

techniques [200-208].  

Among different MOs ceramic nanostructures, MgO is a wide band gap insulating material with 

bandgap energy 5-6 eV. Different morphologies of MgO ceramic are extensively used for several 

purposes like antibacterial agent, high-Tc superconducting material and for suppression of 

electromagnetic Interference (EMI) [200,201]. In this chapter the effect of MgO contents on MW 

absorption properties of CuFe2O4 composites has been studied extensively. The RL properties 

shows increase in absorption of MW with MgO contents. 

6.2 Results and Discussion 

   6.2.1 Structural Study 

    The structural investigation was carried out by XRD measurement, on all prepared 

samples. The characteristic peaks of MgO in composite samples were observed at: 37º (111), 42º 

(200), 62º (220), 74º (311) and 78º (222) [202].  
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The qualitative analysis shown in Fig. 6.1 reveals that the intensities of diffraction peaks of 

CuFe2O4 (at 35.5440º) reduces, while the intensity of main peak of MgO (at 42º) increases with 

proliferation in weight fraction of MgO.  This increase in intensity is attributed to the occurrence 

of large diffraction planes for MgO.  

 

            Figure 6.1: XRD pattern of (MgO) x/ (CuFe2O4) (1-x) (x= 10 to 50 wt. %) nanocomposite.  

 

6.2.2 Morphological Study  

             The morphology of nanostructures has great influence on RL properties as well [203]. 

Therefore, to control the grain size and morphology of nanocomposites is great challenge for 

material scientists. In this study, the synthesis of nanocomposites with different weight fractions 

of MgO were prepared for excellent EM absorption properties.  The TEM images shown in Fig.6.2 

(a and b) reveal the morphology of pristine CuFe2O4 and MgO respectively. The TEM micrographs 

depict that the grains are spherical in nature with average size 20-30 nm. Fig.6.2 (c and d) 

demonstrate the morphology of composites with x = 20 and 50 wt. %. These micrographs 

demonstrate that increase in MgO content deteriorate the morphology from spherical to an irregular 
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shape due to increase in oxygen vacancies that enhance the diffusion rate of substituted ions from 

lattice site [209].  

 

Figure 6.2: TEM images of (a) Pristine CuFe2O4 (b) Pristine MgO(c) 20% MgO and (d) 50% MgO. 

6.2.3 Vibrational Analysis 

             Figure 6.3(a) shows the characteristics absorption modes of ferrites at 589 cm-1 and 404 

cm-1, and peaks at 883 cm-1 and 618 cm-1 in MgO spectra were also observed which is ascribed to 

different Mg-O vibration modes [204,205]. Also, the bending mode of absorption of water 

molecule at 1630-1640 cm-1 were also observed. The broad band between 3000-4000 cm-1 

confirms the stretching mode of O-H group [204]. Hence, the FTIR study supports the formation 

of (MgO)x/(CuFe2O4)(1-x) nanocomposite.   
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Figure 6.3:  FTIR spectra of (a) CuFe2O4 and MgO (b) (MgO)x/(CuFe2O4)(1-x) (x=10 -50 wt. %) 

nanocomposites. 

6.2.4 Magnetic Properties 

 Figure 6.4 (a and b), shows the MH loops of pristine CuFe2O4 and composite samples 

with different weight fractions of MgO (x=10 to 50 wt.%) under applied field of + 2T. All samples 

show the same superparamagnetic behavior with decrease in Ms value with the addition of 

nonmagnetic MgO contents as already reported in literature [206-208]. The inset in Fig.6.4 (b) 

shows RTFM behavior of pristine MgO at low field range + 0.5T with MS value of 0.02 emu/gm. 

This RTFM in MgO nanoparticles was mostly ascribed to the surface defects and oxygen vacancies 

induced at nanoscale [209-211].  
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 Figure 6.4: M-H loops of (a) Pristine CuFe2O4 (b) (MgO)x/(CuFe2O4) (1-x) (x=10 to 50 wt.%)    

nanocomposite. 

6.2.5 Microwave Absorption Properties  

 The MW absorption characteristics of material depend upon dielectric loss, magnetic loss, 

anisotropic energy and accumulation of dipoles in different grains [212-214]. Figure.6.5 shows the 

RL from 2-10 GHz and it is obviously observed that there is no broad peak below -10 dB up to 30 

wt. % of MgO fractions in composite sample. However, further additions of MgO contents 

significantly enhance the MW absorbing abilities and widen the absorption band. The MgO >40 

wt. % of contents in composite sample shift the absorption curve to higher frequency due to change 

in resonant frequency. This strong MW absorption is ascribed to several relaxation processes such 

as: dipolar reorientation processes, electronic and relaxation effects etc. [215].  
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       Figure 6.5: RL of (MgO)x/(CuFe2O4)(1-x) (x=10 to 50 wt.%) with coating thickness of 2 mm. 

The increase in absorption strength with change in MgO contents is attributed to increase in 

anisotropic energy. Figure 6.4 (b) shows that increase in MgO contents in composite samples 

decrease the Ms value. This decrease in Ms value enhance the anisotropic energy which is beneficial 

for absorption of MW in composite sample. Moreover, this composite sample contains large 

number of defects which behave as a scattering center for MW and after multiple internal scattering 

the wave is fully absorbed within material. Finally, in this composite materials the interfaces 

having different permittivity zones increases. To reduce the energy, the charges accumulate at 

these interface and produce space charge polarization [216]. This polarization increases the 

dielectric loss which leads to enhancement in MW absorption.     
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Chapter No.7 

Synthesis and Microwave Absorption Properties of WO3 /CuFe2O4 
Nanocomposites 

7.1 Introduction  

          The absorption frequency of nanocomposite materials can be tuned by controlling the 

coating thickness, morphology, particle distribution in matrix and loading percentage of dielectric 

and magnetic loss materials [217]. Since MOs nanostructures demonstrated high dielectric loss,                         

thermal stability, cost-effectiveness and high corrosion resistance. These engrossing properties 

made them promising for the development of high frequency absorbing coating [218].   

WO3 is an important transition MO, having direct band gap and n-type conductivity. WO3 

nanostructures have been widely studied for various scientific and industrial applications due to 

their tremendous physical and chemical characteristics [219]. In this chapter the tuning in 

absorption frequency can be achieved by increasing the weight fraction of WO3 in composite 

sample of CuFe2O4.  The elevation of WO3 weight fractions in composite samples lead the MW 

absorption towards higher frequency. This tuning in absorption properties makes this material a 

potential candidate for EMI suppression at required frequency.     

7.2 Results and Discussions  

      7.2.1 Structural Study 

           The structural analysis shows in Fig. 7.1 (a) depicts the inverse spinel tetragonal 

crystal structure of CuFe2O4 without any other impurity phase [220], whereas in Fig. 7.2 (b), the 

characteristic peaks of monoclinic crystal structure of WO3 were also observed [221].  



Chapter 7 
 

66 
 

 

                        Figure 7.1: XRD patterns of (a) Pristine CuFe2O4 and (b) Pristine WO3. 

 The XRD pattern shown in Fig.7.1 (c) confirms the formation of nanocomposites 

(WO3)x/(CuFe2O4)(1-x) (x=10 to 50 wt.%). The diffraction pattern of composite sample 

demonstrates that the peaks at 30º (202) and 35.54º (311) are characteristic peaks of CuFe2O4 and 

their intensities decrease with increase in weight fraction of WO3. Whereas the intensities of 

diffraction peaks for WO3 at 23.50º (020), 26.69º (120) and 28.68º (111) raise due to the presence 

of larger diffracting planes.  

 

                   Figure 7.1: (c) XRD pattern of (WO3)x /(CuFe2O4) (1-x) (x=10 to 50 wt. %). 
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 7.2.2 Morphological Analysis 

  The morphology of nanostructures also influences the magnetic, dielectric and EM 

absorption characteristics of the materials [222]. Therefore, the morphology (shape and grain size) 

of prepared pristine samples and their nanocomposites were analyzed through TEM. The TEM 

images demonstrated that the morphology of WO3 particles is nano-plate like with size ranges from 

20 to 30 nm as presented in Fig. 7.2 (b). These micrographs also demonstrated that higher weight 

fractions of WO3 enhance the oxygen vacancies and agglomerate the particles to reduce the surface 

energy as observed in Fig. 7.2 (c and d). Moreover, the addition of WO3 weight fractions in 

composite also deteriorate the surface of WO3 grains to an irregular structure.       

 

  Figure 7.2: TEM images of (a) Pristine CuFe2O4, (b) Pristine WO3, (c) 20 % and (d) 50 % WO3. 
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7.2.3     Vibrational Analysis  

     FTIR transmission spectroscopy was performed to study the characteristic stretching 

vibration modes. The FTIR transmittance spectra of pristine nanostructures of CuFe2O4, WO3 and 

their nanocomposites were measured in the range of 400 to 4000 cm-1. In Fig. 7.3 (a) the stretching 

modes at 589 cm-1 and 404 cm-1 depict the cation vibrations at tetrahedral and octahedral sites of 

ferrite, whereas, the vibration modes at 1044 cm-1 and 1240 cm-1 may be due to stretching mode of 

W-O and O-W-O respectively. The band at 948 cm-1 may be due to W=O vibrations and the band 

at 647 cm-1 represents the W-O-W stretching mode [223-225]. Figure.7.3 (b) shows the 

transmittance spectra of composites samples in which the characteristics vibration modes of WO3 

and CuFe2O4 were observed without any other impurity phases. Hence, these FTIR results have 

also confirmed the formation of nanocomposites and corroborate well with XRD results.  

 

             Figure-7.3: FTIR spectra of (a) pristine CuFe2O4 and WO3 (b) (WO3)x/(CuFe2O4)(1-x)  

              (x=10 to 50 wt. %) nanocomposites. 
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7.2.4 Magnetic Properties 

              The hysteresis loop of pristine CuFe2O4 shows a superparamagnetic behavior, while   

hysteresis loop of pristine WO3 demonstrates weak ferromagnetic behavior at nanoscale as already 

shown in Fig. 4.2. This ferromagnetic behavior is ascribed to the existence of surface defects 

especially oxygen vacancies, as reported in different MOs nanostructures [226-231].  

 

Figure-7.4: M-H loops of (a) Pristine CuFe2O4 and (b) (WO3)x/(CuFe2O4)(1-x) (x= 10-50 wt.%)  

nanocomposites. 

Figure 7.4 (b), shows the M-H loops of nanocomposites with different weight fractions of WO3. 

The Ms value of (WO3)x/(CuFe2O4)(1-x) (x=10 to 50%) nanocomposites decreases slowly while the 

Hc increases with incremental enhancement of  nonmagnetic contents of WO3. This decrease in Ms 

value can be understood by following relation. 

                                                                   𝑀𝑠=Φ𝑚𝑠                                                                    7.1 

Where Φ is weight fractions of magnetic constituents and ms is the saturation magnetization of 

single magnetic particle. Moreover, the value of Hc of composite depends upon grain size, 

morphology and anisotropic energy. The increase in weight fractions of WO3 in composite change 

the shape and particle size as revealed by TEM images. This change in morphology also enhance 
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the grain size in which particles having different orientation of grains agglomerated that leads to 

the high value of anisotropic energy and Hc as depicted in the inset of Fig. 7.4 (b).   

7.2.5 Microwave Absorption Properties  

            The MW absorption properties of composite material depend upon the, permittivity and 

permeability, morphology and crystal structure, shape and domain size etc [232]. As CuFe2O4 is a 

magnetic loss material with a negligible value of dielectric loss and shows higher value of RL in 

GHz frequency. The absorbing performance of CuFe2O4 was enhanced by incorporation of WO3 

as a dielectric loss filler. The WO3 in composite sample enhance the interfaces with different 

permittivity zone and also dissipate the energy by different polarization mechanisms and relaxation 

effects [233,234]. The MW absorption capability of a material originates from two main factors 1) 

impedance matching and 2) EM attenuation [235,236]. Firstly, at certain concentration of WO3 the 

magnetic and dielectric loss may be higher which cause higher EM attenuation. As WO3 

nanostructures have higher dielectric loss as compared to CuFe2O4 nanoparticles the later have 

better magnetic loss properties. Therefore, at a specific weight percent of WO3 and CuFe2O4 MNPs 

produce balanced dielectric and magnetic losses which lead to higher EM absorption [237-239]. 

Figure-7.5 shows the RL of the WO3-CuFe2O4 nanocomposites with varying WO3 weight fractions 

measured in the frequency range of 2-10 GHz. The RL of CuFe2O4 reaches -19.39 dB at 5.21 GHz 

and the addition of WO3 contents (30 wt.%) leads to the enhancement in MW absorption that 

corresponds to decrease in RL and reaches to -26.32 dB at frequency of 6.6 GHz for 30 wt. % of 

WO3 as listed in table 9.1. Further increase in WO3 content enhance the RL of composites and also 

produces a shift in absorption peaks towards higher frequencies. This tuning of absorption peaks 

toward higher frequency is attributed to change in ferromagnetic resonance frequency.  
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                  Figure 7.5: RL of (WO3)x/(CuFe2O4)(1-x) (x=10 to 50 wt.%) at thickness of 2 mm. 

 

Moreover, the higher weight fractions of WO3 (40 and 50 wt.%) reduces the absorption of MW 

due to change in the permittivity and permeability that disturb the impedance matching condition 

and hence enhance the reflection of waves from the surface of composite.
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Chapter No. 8 

Synthesis and Microwave Absorption Properties of SnO2 -CuFe2O4 
Nanocomposites 

8.1 Introduction 

         Advance nanomaterials and their composites have gained enormous attention due to their 

unique physiochemical properties. Their nanosize effect and tailor made properties play a dynamic 

role for technological application. Among different types of composites, ferrites based MOs 

nanocomposites have attracted numerous considerations since last few decades [240-243].       

Nanocomposites of CuFe2O4 with other MOs (M= Ce, Si, and Ti) have been prepared by different 

synthesis techniques to obtain the desired characteristics for required application [244,245].     

SnO2 is an n-type semiconductor (3.8 eV) with rutile tetragonal structure and its nanocomposites 

with CuFe2O4 reveal interesting physiochemical characteristics and making it potential candidate 

for numerous technological applications [246,247].  

In this chapter the effect of SnO2 wt. fractions in composite samples of CuFe2O4 has been studied 

in detail.  The MW absorption properties show decrease in RL from -19.39 to -28.37 at 20 wt.% of 

SnO2. This increase in strength of absorption is attributed to different types of polarizations, which 

are produced in composites sample. The dipolar and electronic polarization play a dominant role 

in this composition and enhance the absorption capability. Further increase in SnO2 contents 

deteriorate the impedance matching conditions and hence reduce the absorption in effective 

frequency bandwidth. 
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8.2 Results and Discussions 

    8.2.1 Structural study  

     The structural analysis of pristine CuFe2O4 and SnO2 has been studied through powder 

x-ray diffraction (XRD) technique. Figure.8.1 (a and b) shows the XRD patterns of CuFe2O4 and 

SnO2 having simple tetragonal and rutile type tetragonal structures respectively [248,249]. The 

broadening in diffraction peaks reveals the nanocrystalline nature of prepared samples and average 

grain size lies in the range of 17- 31 nm.  

          

       Figure 8.1: XRD patterns of (a) Pristine CuFe2O4 and (b) Pristine SnO2. 

 Figure 8.1 (c) demonstrates the XRD pattern of (SnO2)x/(CuFe2O4)(1-x) (x=10 to 50 wt.%) 

composite. The composites (x=10 to 30 wt.%) reveal single phase of tetragonal structure of 

CuFe2O4 due to thermodynamic solubility of SnO2 in the complex structure (inverse spinel) of 

CuFe2O4. The further addition in weight fractions of SnO2 > 40% in composite, a secondary phase 

of SnO2 was observed which revealed that SnO2 is not fully dissolved in CuFe2O4 lattice. A slight 

variation in lattice parameters were also observed due to difference in ionic radii of Cu2+ and Sn4+ 

that produce stress and strains at the interface of both phases and hence distort the crystal lattice.  
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        Figure 8.1 (c) XRD patterns of (SnO2) x/(CuFe2O4) (1-x) (x=10 to 50 wt.%) nanocomposite. 

8.2.2 Morphological Study  

             The TEM analysis was performed to observe the grain size and morphology of the 

composite. The TEM images in Fig. 8.2 demonstrate the nano-scaled of grain size with spherical 

morphology. The SnO2 sample reveals spherical morphology having average grain size in the 

range of 30 nm. The SnO2 contents in composite has influenced both the grain size and 

morphology. The morphology of composite samples is slowly transformed into flatter plate like 

particles and increase in grain growth is also observed which is ascribed to increase in oxygen 

vacancies as shown in Fig. 8.2 (b and c). 
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Figure 8.2: TEM micrographs of (a) Pristine SnO2, (b) 20% SnO2, and (c) 50% SnO2 loaded 

CuFe2O4 nanocomposites. 

8.2.3 Vibrational Analysis 

             The FTIR spectroscopy was carried out to further validate these results and to study the 

vibrational properties of synthesized samples. Figure 8.3 shows the FTIR transmittance spectra of 

(SnO2)x/(CuFe2O4)(1-x) composites. In FTIR spectra, the characteristics vibration modes of metal 

ions at octahedral (band at 410 cm-1) and tetrahedral sites (band at 586 cm-1) were observed. The 

bands at octahedral and tetrahedral show different intensities which is attributed to difference in 

bond lengths of Fe-O at lattice sites [250].  At lower concentration of SnO2, there is slight shift 
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towards lower wave number is observed which is attributed to migration of Fe3+ ions from lattice 

sites. Moreover, the vibration modes of SnO2 (Sn-O and Sn-O-Sn) were also observed at higher 

concentration of SnO2 in composite which validate previous XRD results [251]. The absorption 

peak at 1061 cm-1 may be associated to the Sn-Cu band vibration [252]. Thus the FTIR study 

clearly shows the formation of desired (SnO2)x/(CuFe2O4)(1-x) nanocomposites.      

 

                    Figure 8.3: FTIR Spectra of the prepared (SnO2)x/(CuFe2O4) (1-x)  nanocomposites. 

8.2.4 Magnetic Properties  

The magnetic properties in Fig. 8.4 (a and b) demonstrates the superparamagnetic behavior 

of CuFe2O4 having Ms =30.78 emu/gm and zero value of coercivity. The SnO2 is diamagnetic in 

bulk form, but shows a weak ferromagnetic behavior at nanoscale originated due to oxygen 

vacancies and surface defects already discussed in chapter 4. 
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Figure 8.4: M-H loops of (a) Pristine CuFe2O4 and (b) Pristine SnO2 

Figure 8.4 (c) shows that the magnetic properties of the composites changed significantly with the 

increase in SnO2 weight fractions. All the sample show same ferromagnetic behavior but Ms values 

decreases systematically with SnO2 contents.  As CuFe2O4, has inverse spinel structure in which 

8Cu2 + ions reside in octahedral sites (B) while 16Fe3+ ions reside in both octahedral (B) and 

tetrahedral sites (A) [253]. When non-magnetic Sn4+ ions with zero magnetic moment are 

incorporated in composites, it reduces the overall moment of composites and hence decrease the 

Ms values. 

 

Figure 8.4 (c) M-H loops of (SnO2)x/(CuFe2O4)(1-x) (x=10 to 50 wt.%) nanocomposite. 
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8.2.5 Microwave Absorption Properties 

             The high frequency MW absorption properties of (SnO2)x/(CuFe2O4)(1-x) (x=10 to 50 wt. 

%) nanocomposites has also measured in the frequency range 2-10 GHz. The addition of SnO2 

weight fractions in composite samples shift the absorption peaks towards higher frequency.        

Figure 8.5 shows that, in pristine CuFe2O4, the maximum RL is only -19.39 dB and the effective 

bandwidth is only 1.23 GHz.  The effective absorption bandwidth with minimum RL (-22.37 dB 

to -28.37 dB) was observed with 10 and 20 wt. % loading of SnO2 respectively in composite 

sample. As reported in literature, the excellent MW absorption characteristics of materials mainly 

depend on the proper matching condition of   dielectric loss and magnetic loss [235,236]. The SnO2 

is an important dielectric material in which dipolar polarization is dominated and the associated 

relaxation phenomena in an alternating field constitute the loss mechanisms [189]. The addition of 

SnO2 loadings (10 to 20 wt. %) in CuFe2O4 MNPS generate a balanced matching condition and 

consequently enhance the MW absorption ability.   

 

Figure 8.5: RL of (SnO2)x/(CuFe2O4)(1-x) (x=10 to 50 wt.%) nanocomposites at thickness of 2mm. 
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 The higher loading fractions of SnO2 (30-50 wt. %) in composite sample enhance the dielectric 

loss, but reduce the magnetic losses produced by eddy current effect, natural resonance and 

exchange resonance phenomena [212]. Therefore, this higher concentration of SnO2 (30-50 wt. %) 

disturbed the synergistic effect of dielectric and magnetic losses in composite sample and 

deteriorate the impedance matching condition. 
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Chapter No. 9 

Structural, Magnetic and Microwave Absorption Properties of 
CuFe2O4/NiO Nanocomposites 

9.1 Introduction  

         The EM characteristics of nanocomposites abruptly differ from those of their single 

crystalline, polycrystalline and bulk counterparts. The large surface area, higher contribution from 

the interfacial region, the probability of high defect density and tailoring in band structure 

influence the properties of these fascinating materials. Being an important member of transition 

MOs family, NiO contains several applications in different sensors, fuel cell electrodes and 

dielectric loss fillers in polymer matrix [254-261]. In this chapter the magnetic and MW absorption  

properties of prepared nanocomposites (NiO)x/(CuFe2O4)(1-x) (x=10 to 50 wt.%) have been 

investigated in detail.  

9.2 Results and Discussion 

    9.2.1 Structural Study 

     Figure 9.1 (a and b) shows the XRD pattern of pristine CuFe2O4 and NiO, which 

revealed the tetragonal and face centered (FCC) cubic crystal structures of CuFe2O4 and NiO 

respectively. The XRD pattern of the CuFe2O4 composite samples with different weight fractions 

of NiO is shown in Fig. 9.1(c). The increase in weight fractions of NiO in composite sample 

enhance the intensity of diffraction peaks assigned to NiO phase. In Fig. 9.1 (c), the diffraction 

peaks related to CuFe2O4 phase are marked with an asterisk while the NiO peaks are marked with 

arrow head.  
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Figure 9.1: XRD patterns of (a) Pristine CuFe2O4 and (b) Pristine NiO 

The Fig.9.1 (c) revealed that, the intensity of the diffraction peaks of NiO increases with a surge 

in NiO weight fractions. Moreover, the broadening in diffraction peaks validates the nanometer 

dimensions of crystallites with size in the range of 22-36 nm for all compositions.    

   

 Figure 9.1(c): XRD patterns of (NiO)x/(CuFe2O4)(1-x) (x=10 to 50 wt. %) nanocomposites. 

Figure 9.2 demonstrates the extended view of diffraction pattern of the composite of CuFe2O4 

having a different weight fraction of NiO. The addition of NiO produces a slight shift in diffraction 
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peaks towards higher 2θ. This shifting is attributed to the substitution of Cu2+ (87 pm) ions by Ni2+ 

(83 pm) ions. The smaller ionic radii of Ni2+ ions as compared to Cu2+ ions decrease the lattice 

constant of cubic structure. As a result of which the spacing between lattices planes decreases, that 

produces a shifting of peaks towards higher 2θ as shown in Fig. 9.2.   
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 Figure 9.2: Extended view of XRD patterns of (NiO)x/(CuFe2O4)(1-x). 

9.2.2 Morphological Study 

 To investigate the morphology and grain size of composite samples, TEM analysis was 

performed. The TEM images reveal the spherical morphology of CuFe2O4 and NiO nanoparticles. 

The TEM images of composites sample as shown in Fig. 9.3 (a-e) also demonstrate the spherical 

morphology, which preserved with incorporation of NiO contents and behaves like a core-shell 

structure. The average particle size increases from 20-35 nm with surge in NiO contents in 

(NiO)x/(CuFe2O4)(1-x) (x=10 to 50 wt.%) composites as estimated by TEM  micrographs. 
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Figure 9.3: (a to e) TEM images of (NiO)x/ (CuFe2O4)/(1-x) (x=10 to 50 wt. % ) 

9.2.3 Vibrational Analysis 

            Fig. 9.4 (a & b) shows the absorption spectra of prepared samples. In Fig. 9.4 (a) the 

characteristics absorption bands (at 433 cm−1 and 540 cm−1) attributed to vibration of metal ions 
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at octahedral and tetrahedral sites of CuFe2O4 respectively [262]. Moreover, the stretching 

vibration mode of (Ni-O) has also been observed at absorption band near 628- 957 cm−1. 

The bands related to stretching and bending vibration modes of hydroxyl groups (O-H) and water 

molecules (H-O-H) may also been observed at 3430 cm −1 and 1606 cm −1 respectively [263,264]. 

Figure 9.4 (b) demonstrates the absorbance spectra of composite samples (NiO)x/ (CuFe2O4)/(1-x) 

(x=10 to 50 wt. % ), in which the absorption bands of both phases are present. Hence, the FTIR 

absorption spectra confirm the presence of both phases (CuFe2O4 and NiO) in composite samples. 

 

Figure 9.4: FTIR Spectra of (a) Pristine CuFe2O4 and NiO (b) (NiO)x/(CuFe2O4)(1-x) (x=10 to 50 

wt. %) nanocomposites. 

9.2.4 Magnetic Properties 

             Figure 9.5 depicts the hysteresis loops of (NiO)x/(CuFe2O4)(1-x)  nanocomposites at room 

temperature under applied field of +  7 k Oe. These M-H loops reveal that all the samples have the 

same ferromagnetic behavior of normal ferrite. However, the incorporation of NiO contents in the 

composite sample of CuFe2O4 drastically affects the magnetic properties. The decrease in MS value 

of composite sample is observed which is attributed to antiferromagnetic (AFM) nature of NiO at 

room temperature (M-H loop shown in Fig.4.4). The increase in weight fractions of NiO 
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(nonmagnetic) contents, in a composite sample of CuFe2O4 reduces the mass fractions contributing 

the magnetic orders under an applied field. As a result, one would expect, the overall magnetic 

property, to decrease, as observed and separately shown in Fig.9.6 (a).   

                                      

             Figure 9.5: M-H loops of (NiO)x/(CuFe2O4) (1-x) (x=10 to 50 wt. %) nanocomposites. 

 Moreover, Fig.9 shows that Hc of the composite of CuFe2O4 decreases with the addition of NiO 

weight fractions and this decreasing trend shown in Fig.9.6 (b). The addition of NiO concentration, 

enhance the grain size of composite samples which is attributed to increase in oxygen vacancies 

as shown in TEM images (Fig.9.3). The coercivity (Hc) of nanoparticles strongly depend on grain 

size, with increase in grain size the value of Hc decreases [265]. Therefore, the increase in weight 

fractions of NiO in composite samples shows a decreasing trend in Hc as can be observed in          

Fig. 9.6 (b). 
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             Figure 9.6: Effect of NiO concentrations on (a) Ms and (b) Hc of nanocomposite.   

9.2.5 Microwave Absorption Properties 

            The consequence of NiO contents on the MW absorption properties of composite samples 

has also been studied comprehensively in the frequency range 2-10 G Hz at room temperature. 

Fig. 9.7 shows a shift in absorption peaks towards higher frequency with NiO contents (10- 50 wt. 

%) in composite samples. The strength of absorption peak increases from 19.39 dB to 47.26 dB 

(30 wt. % NiO) and then decreases to 19.36 dB (50 wt. % NiO).  In Fig. 9.7, there is slight change 

in bandwidth below -10 dB (90% absorption) was also observed with addition of NiO contents.  

The manifestation of this strong MW absorption as shown in Fig. 9.7 in composites samples (10 

to 40 wt. %) may be attributed to the increase in the dielectric loss value. Commonly, in the 

composites system, the dipole polarization plays a dominant role at a higher frequency [266]. 

Therefore, increased in the strength of absorption peaks in the frequency range 7-8 G Hz with 

incremental change in NiO contents is due to the growth of dipole polarization. Chen et.al reported 

that an enormous contents of crystalline and disorder interface in composite samples produce the 

combined movement of interfacial dipoles which is called the collective movement of interfacial 

dipole (CMID) mechanism [266]. As (NiO)x/(CuFe2O4) (1-x) (x=10 to 50 wt. %) nanocomposites 

contain a large number of crystalline and disorder interface, which can behave as polarization 
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center to produce more polarization relaxation than that of pristine CuFe2O4 and consequently 

enhance the absorption strength of EM waves.   

  

Figure 9.7: RL of (NiO)x/(CuFe2O4)(1-x) (x=10 to 50 wt.%) nanocomposites at thickness of 2mm   
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Table – 9.1: Magnetic and MW absorption Parameters for (MOs)x/(CuFe2O4)(1-x) (M=Zn, Mg,  

W, Sn and Ni) Nanocomposites. 

 Sample Composition  Maximum  

(RL) 

Effective 

Band Width  

(G Hz) 

Particle 

Size              

(nm) 

Ms 

(emu/gm) 

   Hc (Oe) 

    Pristine CuFe2O4 -19.39 1.23 31 30.78 0 

(ZnO)0.10/(CuFe2O4)0.90            -18.40 1.87 55 24.10 0 

(ZnO)0.20/(CuFe2O4)0.80            -20.91 2.94 61 19.77 0 

(ZnO)0.30/(CuFe2O4)0.70            -42.35 4.33 67 17.02 0 

(ZnO)0.40/(CuFe2O4)0.60            -30.17 10 79 16.45 0 

(ZnO)0.50/(CuFe2O4)0.50            -27.99 9.9 81 13.71 0 

(MgO)0.10/(CuFe2O4)0.90 -17.15 2.02 32 28.62 0 

(MgO)0.20/(CuFe2O4)0.80 -18.96 3.58 29 20.20 0 

(MgO)0.30/(CuFe2O4)0.70 -20.46 4.08 30 18.52 0 

(MgO)0.40/(CuFe2O4)0.60 -24.34 10 26 14.47 0 

(MgO)0.50/(CuFe2O4)0.50 -25.35 10 20 11.78 0 

(WO3)0.10/(CuFe2O4)0.90          -19.39 2.2 20 20.68 0 

(WO3)0.20/(CuFe2O4)0.80          -18.02 2.7 27 13.95 0 

(WO3)0.30/(CuFe2O4)0.70          -18.74 2.6 25 12.15 0 

(WO3)0.40/(CuFe2O4)0.60          -26.32 1.8 30 7.69 0 

(WO3)0.50/(CuFe2O4)0.50          -18.38 2.3 22 5.16 0 

(SnO2)0.10/(CuFe2O4)0.90            -22.22 3.86 20 24.03 26.44 

(SnO2)0.20/(CuFe2O4)0.80            -28.37 3.57 25 20.10 24.12 

(SnO2)0.30/(CuFe2O4)0.70            -15.37 3.17 27 15.97 20.77 

(SnO2)0.40/(CuFe2O4)0.60            -19.69 3.07 28 8.77 12.28 

(SnO2)0.50/(CuFe2O4)0.50            -20.58 2.69 30 6.98 10.47 

(NiO)0.10/(CuFe2O4)0.90 -45.21 2.33 22 9.00 146.20 

(NiO)0.20/(CuFe2O4)0.80 -33.08 2.45 25 5.99 137.68 

(NiO)0.30/(CuFe2O4)0.70 -47.26 2.2 31 4.23 129.76 

(NiO)0.40/(CuFe2O4)0.60 -33.32 2.52 32 3.44 122.07 

(NiO)0.50/(CuFe2O4)0.50          -18.66 1.42 36 1.63 112.02 
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Chapter No. 10 

Conclusions and Future Perspectives 

 10.1 Conclusions  

              In this research study the (MOs)x/(CuFe2O4)1-x nanocomposites with different weight 

fractions of MOs nanostructures were synthesized by ex-situ method. Their structural, 

morphological, magnetic and MW absorbing properties were also studied extensively. The XRD 

pattern and vibrational analysis confirm the formation of nanocomposites without any impurity 

phase. The SEM analysis demonstrates the different morphologies for MOs nanostructures 

attributed to the difference in electronegativity and oxygen vacancies. The TEM micrographs of 

composite samples show that the particles are in nanoscale and behave like core/shell structures in 

which MNPs of CuFe2O4 embedded in MOs matrix. The VSM study elucidates the 

superparamagnetic behavior of pristine CuFe2O4 MNPS and manifestation of RTFM behavior is 

also observed in MOs nanostructures. The impregnation of nonmagnetic contents of MOs (M=Zn 

Mg and Sn) nanostructures in composite samples show the same superparamagnetic behavior with 

decrease in Ms values from 30.78 emu/gm to 5.16 emu/gm.  However, M-H loops of WO3 and NiO 

composite samples demonstrate the same decrease in Ms value with systematic change in 

coercivity. The increase in coercivity from (600 to 718 Oe) in WO3 samples is attributed to the 

shape anisotropy that originates with changing the shape of particles from spherical to 

nanoplatelets.  The NiO composite samples show decrease in coercivity from 146.20 to 112.02 

Oe) due to the growth in particle size that results in decrease the anisotropic energy.  This decrease 

in Hc values make this composite materials (NiO)x/(CuFe2O4)1-x a potential candidate for 

transformer core where low eddy current losses are required at higher frequency.    
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The MW absorption measurement, which is the main objective of this research have been 

performed in the frequency range 2-10 GHz and also studied in detail. The pristine CuFe2O4 MNPs 

having large value of anisotropy energy and small value of dielectric loss shows a maximum RL -

19.39 dB at 5.21 GHz. The selected MOs nanostructures with different morphologies behave as a 

dielectric loss filler in the magnetic nanocomposite and tune the MW absorption properties. The 

MW absorption properties of material depend upon the interfacial polarization, dipolar polarization 

and the impedance matching condition. In (ZnO)/(CuFe2O4)  nanocomposites, the 30 wt.% of ZnO 

contents  gives maximum RL -42.35 dB (99.999 %) at 8.35 G Hz. The further increase in ZnO 

contents up to 50 wt. % enhance the effective absorption (90 %) in the whole frequency band 2-

10 G Hz due to increase in the interfacial polarization.  

In MgO/CuFe2O4 nanocomposites, there is no absorption  band (below -10dB)  up to 30 wt.% of 

MgO was observed but 40 wt.% of MgO contents shift the absorption curve to higher frequency, 

enhance the strength of absorption abilities and widen the effective absorption band (2-10 GHz). 

The 50 wt. % of MgO contents in composite sample reduces the effective absorption bandwidth to 

8 GHz due to mismatch of dielectric and magnetic loss. The WO3/CuFe2O4              nanocomposites 

demonstrate the slight variation in absorption peaks towards higher frequency with increase in 

WO3 weight fractions up to 20 wt. %.  The 30 wt. % additions of WO3 contents in composite sample 

produce an enhancement in RL to -26.32 dB at 6.6 GHz. The further addition of WO3 weight 

fraction lower the RL and shift the absorption peak towards higher frequency attributed to tailor in 

the resonant frequency.  The chapter eight also demonstrates the high frequency MW absorption 

properties of (SnO2)x/(CuFe2O4)(1-x) (x=10 to 50 wt. %) nanocomposites from 2-10 G Hz. The 10 

to 20 wt. % loading of SnO2 enhance the strength of   RL from -22.37 dB to -28.37 dB respectively. 

The higher loading fraction (30-50 wt.%)  reduce the strength of MW absorption due to the 
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decrease in the synergistic effect in the dielectric and magnetic properties in the composite 

samples. This reduction in synergistic effect disturbs the impedance of material and lowers the 

absorption of MW in required frequency. Finally, the effect of NiO weight fractions on MW 

absorption characteristics of composite samples has also been analyzed in chapter nine.  There is 

increase in RL from -19.39 dB to -47.26 dB (30 wt. % NiO) towards higher frequency was 

observed. This increase in strength of MW absorption properties is attributing to the increase in 

dipolar polarization as compared to interfacial or space charge.  Therefore, increased in the strength 

of absorption peaks in the frequency range 7-8 G Hz with incremental change in NiO contents is 

attributed to the enhancement of dipole polarization.       

Hence the loading of MOs nanostructures with different morphologies lead the composite sample 

towards higher dielectric loss and also tunes the resonant frequency. The impregnation of dielectric 

fillers in MNPs produces large number of grain boundaries and interfaces. The growth of charges 

at the grain boundaries produces the polarization and hence this mechanism contributes to enhance 

the strength of MW absorption in wide band. The strength of MW absorption of nanocomposites 

material also demands a matching of dielectric loss and magnetic loss. Therefore, the choice of 

dielectric filler and optimal size and shape of particles also play an important role to enhance the 

strength of MW absorption. Hence, depending upon the dielectric filler properties and as well as 

filler loadings, one can tune absorption properties of nanocomposites in required frequency band 

width. 

     Hence in this study it is concluded that a judicious choice of MOs nanostructures with 

appropriate weight fractions can give a combination of dielectric and magnetic properties suited 

for various applications.  
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10.2 Future Perspectives 

           In future research, we would like to conduct a comprehensive MW study, to investigate the 

probable mechanism involved for MW absorption properties of (MOs)x/(CuFe2O4)(1-x) (M=Zn, Mg, 

W, Sn and Ni) nanocomposites. The response of complex permittivity and permeability with 

frequency may provide the exact mechanism involved for the dissipation of     energy responsible 

for MW absorption. Unfortunately this technique is not available to us and we may search new 

collaboration in order to fulfill this requirement. 

Further work can also be carried out with different ferrites and metal oxides nanostructures having 

light weight, which enhance the strength of absorption in wide band. 
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