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Abstract 

Nanocrystalline transition metal oxides, chromites and ferrites as advanced functional 

materials, reveal numerous unique and interesting properties because of their small 

dimensions. The present research work intends to develop novel approach for the 

synthesis of nanocrystalline transition metal oxides, chromites and ferrites using 

hydrothermal and sol-gel auto-combustion methods, owing to their high purity, good 

chemical homogeneity, low calcination temperature and cost effective processes. This 

includes optimizing the experimental parameters and conditions with and without 

using surfactants in order to achieve nanostructures of metal oxides with control over 

phase and morphology. Three metal oxides systems, i.e., transition metal chromites 

(MCr2O4 where M= Cu, Ni, Mg, Mn, Co and Zn), ferrites (MFe2O4 where M= Mg, Ni 

and Cu) and oxides (CuO, Co3O4 and MgTiO3) were at the focus of our research 

work. All the synthesized materials were characterized for thermal stability, phase 

purity, crystallinity, structure composition and surface morphology using Thermal 

analyzer (TGA-DTA-DSC), X-ray diffraction (XRD), Rietveld refinement, Fourier 

transform infrared (FTIR) spectroscopy and scanning electron microscopy (SEM). 

Optical, electrical and Mössbauer properties were investigated using UV-Visible, 

impedance and Mössbauer spectroscopy. 

Synthesized spinel chromites XRD study showed that the products remained 

amorphous up to 250oC and their mean crystallite sizes were found to be <100 nm. 

However, well-crystalline single phase spinel structures were formed after calcination 

confirmed by Rietveld refinements of XRD spectra and FTIR studies. Well-developed 

and fine octahedron-like crystals of copper chromite (CuCr2O4), nickel doped copper 

chromite (Cu0.5Ni0.5Cr2O4), manganese chromite (MnCr2O4) and cobalt doped 

manganese chromite (Mn0.5Co0.5Cr2O4) were developed after sintering with average 

particle size ranges between 1-3 µm. In case of MgCr2O4 and ZnCr2O4 well-faceted 

crystals were formed with average grain size between 50-80 nm. Band gap of 

MgCr2O4 was found to be 0.693 eV whereas in case of ZnCr2O4, direct and indirect 

band gap found at 3.771 eV and 3.147 eV respectively. Impedance study of sintered 
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specimens of synthesized spinel chromites showed different relaxation processes 

associated with grain, grain boundary and electrode effect. In CuCr2O4 material, 

frequency related to grain boundary electro active region showed dc conductivity and 

higher dielectric values. In high temperature sintered specimens of MnCr2O4 and 

Mn0.5Co0.5Cr2O4, total resistant of the samples decreased with increasing sintering 

temperature. Frequency dependent conductivity and dielectric constant of the all 

chromite materials showed increasing and decreasing trend, respectively.  

Cubic phase magnesium ferrite (MgFe2O4) spinel oxide was achieved after 

calcination at 850ºC synthesized by nitrate-citrate sol-gel auto-combustion process. 

MgFe2O4 spinel ferrite revealed an optical band gap of 2.17 eV. Impedance study 

showed, that the resistance of grain, grain boundary and electrode effect decreased 

with an increase of sintering temperature (1050-1450oC) and associated grain growth. 

Mössbauer studies indicated that MgFe2O4 had a mixed spinel structure. Nickel ferrite 

(NiFe2O4) and copper nickel ferrite (Cu0.5Ni0.5Fe2O4) materials were synthesized 

through surfactant Tween-80-assisted hydrothermal reaction. Sintering of 

Cu0.5Ni0.5Fe2O4 at 1050C, results in the formation of depletion layer at grain 

boundaries that act as a trapping centers for the carriers and an increase in the 

impedance values was conferred. Whereas, impedance study of high temperature 

(1250ºC-1550ºC) sintered specimens of NiFe2O4 showed that total resistance of the 

materials was decreased with increase of sintering temperature.  

Nanocrystalline transition metal oxides (Co3O4 and CuO) with high 

crystallinity and phase purity were developed by CTAB-assisted hydrothermal 

method. The average size of cobalt oxide (Co3O4) nanocubes were in the range 

between 60-70 nm, whereas copper oxide (CuO) were composed of nanoflakes of 

about 500-600 nm in length and width, and 60-80 nm in thickness. The band gap 

energy of CuO was found to be 2.15 eV, whereas Co3O4 nanocrystals possessed 

multiple band gap at 1.54 eV and 3.19 eV. Nanocrystalline perovskite oxide powder 

of well crystallinity with rhombohedral single phase magnesium titanate (MgTiO3) 

was developed by hydrothermal method. The average crystallite size of as synthesized 

MgTiO3 nanocrystals was in the range of 28-56 nm. High temperature sintering study 

(1050oC to 1250oC for 4 h) showed that best sintering temperature is up to 1050oC 

and above this temperature MgTiO3 phase was not stable and converted into MgTi2O4 

cubic phase.  
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1 Introduction 

1.1 Nanocrystalline Metal Oxides 

Recently nanocrystalline metallic oxide materials have been paid great attention, 

because they have a variety of novel and interesting physical properties [1]. Research 

in the field of fine grained nanosized metal oxides; have gained immense importance 

in a view of their applications in high density information, magnetic materials, dyes, 

catalyst, gas sensor elements and biomedical treatment. In technological applications, 

metal oxide nanomaterials are used in the manufacturing of sensors, microelectronic 

circuits, fuel cells, piezoelectric devices, coatings for the passivation of surface 

against corrosion and as catalysts [2-5]. 

Nanotechnology and nanoscience mainly deal with the synthesis, 

characterization, exploration and utilization of nanostructured materials. These 

materials are characterized by at least one dimension in the nanometer (1nm = 10-9 m) 

range. The physical, chemical, optical and mechanical properties of nanomaterials can 

vary significantly from bulk materials of the same composition. Nanomaterials are 

also much more formable than their commercially available conventional materials 

like metals, glass, semiconductors, polymers or ceramic. The spectrum of 

nanomaterials ranges from amorphous or crystalline, organic or inorganic particles, 

which can be found as aggregates, single particles, powders or dispersed in a matrix, 

over suspensions, colloids and emulsions, films and nanolayers, up to the class of 

fullerenes and their derivates. Also super molecular structures such as micelles, 

dendrimers or liposomes belong to the field of nanomaterials. Nanomaterials are 

remarkably hard, strong, chemically active and ductile at high temperature, erosion-

resistant, corrosion-resistant and wear resistant. Because of these properties, 

nanomaterials are useful as catalysts, sensors, coating materials and miniaturization of 

devices such as integrated circuits (IC) chips [6, 7]. Oxide nanomaterials are able to 

reveal distinctive chemical and physical properties owing to their narrow size and a 

high density of edge or corner surface sites. In any material, size of the particle is 
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likely to influence three important groups of properties. The first property consists of 

the structural characterization, that is, cell parameters and lattice symmetry [8]. Oxide 

materials in bulk are generally stable and strong systems with distinct crystallographic 

structures. On the other hand, the growing importance of stress and surface-free 

energy with decreasing particle size must be considered: Thermodynamic stability 

changes linked with size can bring alteration of structural changes and/or cell 

parameters [9] and in extreme cases, the nanoparticles can disappear because of 

contacts with its surrounding environment and a high surface-free energy.    

1.2 Types of Metal Oxides 

Depending on the structure and properties, metal oxides mainly classified into 

following classes  

 Spinel Oxides 

 Perovskite Oxides 

1.2.1 Spinel Oxides 

The word spinel has been derived from Italian word spinella, means spiky crystal. 

First time Bragg discovered the spinel structure in 1915. Spinels are also the well-

known ternary metal oxide beside perovskite metal oxides. The properties of spinel 

oxides depend on constituting atoms nature, their positioning in the crystal structure, 

coordination and oxidation states [10]. Spinel oxides form an important range of 

ceramic compounds with enormous remarkable mechanical, electrical, optical and 

magnetic properties [11], thus appropriate for many technological applications, such 

as superconductors [12], magnetic cores [13] and high-frequency devices [14]. 

Magnetic materials with nano-scale materials will be most promising in large device 

and large-scale applications. 

The spinel structure is a simple crystal structure that has the AB2O4 

stoichiometry, where, A is a divalent cation and B is a trivalent cation occupying 

tetrahedral and octahedral sites, respectively, and O is a divalent anion. Spinel 

materials crystallize in cubic system with Fd3¯m (No. 227) space group. In the spinel 

structure (Fig. 1-1), the O anions are arranged in a close packed cubic lattice and 

located at (u, u, u), with u ≈ 0.25. The cations A occupy tetrahedral (1/8, 1/8, 1/8)  
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sites and B cations occupy octahedral (1/2, 1/2, 1/2) sites, in the lattice respectively 

[15]. 

 

 

 

 

Figure 1-1 Spinel structure schematic view of tetrahedral (yellow) and 
octahedral (blue) units. Oxygen anions are shown with red colour. In the lower 
section the tetrahedral (left) and octahedral (right) coordination of cations is 

represented [15].  

 

Based on cation distribution between tetrahedral and octahedral sites, spinels 

of A2+B2
3+O4 type are classified as follows; 

 Normal Spinel 

 Inverse Spinel 
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Normal Spinel 

Normal spinel structure is represented as A2+[B2
3+]O4, in which the divalent (A2+) and 

trivalent (B3+) cations occupy the tetrahedral and octahedral sites respectively. 

Examples of normal spinels are Co3O4, MgCr2O4, MgCr2O4 etc. 

Inverse Spinel 

Inverse spinel structure is represented as B3+[A2+B3+]O4, in which  all the A2+ and half 

of B3+ cations are in octahedral sites and the other half of B3+cations are in tetrahedral 

sites. Example of inverse spinels are NiFe2O4 , CuFe2O4, MgFe2O4 etc. [16]. 

Members of Spinel Group 

There are many compounds, which belong to spinel group including: 

 Aluminum spinels (Aluminates) 

 Spinel: MgAl2O4 

 Gahnite: ZnAl2O4 

 Pleonaste: (Mg, Fe)Al2O4 

 Hercynite: FeAl2O4 

 Chromium spinels (Chromites) 

 Chromite: FeCr2O4 

 Zincochromite: ZnCr2O4 

 Magnesiochromite: MgCr2O4, etc.  

 Ferrous spinels (Ferrites) 

 Magnetite: Fe3O4 

 Cuprospinel: CuFe2O4 

 Jacobsite: MnFe2O4 
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 Zinc ferrite: ZnFe2O4 

 Magnesioferrite: MgFe2O4 

 Trevorite: NiFe2O4 

1.2.2  Perovskite Oxides 

Perovskite oxides are also very important ABO3-type oxides known to exist with a 

broad range of A (divalent-metal) and B (tetravalent-metal) cations. The ideal 

perovskite structure has a cubic unit cell in which orthorhombic symmetry is lower 

[17]. The structure of perovskite is shown in Fig. 1-2. 

 

 

 

 
Figure 1-2 Structure of Perovskite. 
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Relative ion size is very important for the stability of cubic structure 

requirement, so minor distortion and deformation can produced many types of lower 

symmetry distortion, where the coordination numbers for A cation or B cation or 

equally are reduced. With tilting of octahedral BO6 the coordination number of A 

cation is decreasing from 12 to 8. Furthermore, B cation that is off-center with in its 

octahedron allows achieving stable bond pattern. Ferroelectricity is property governs 

due to the electric dipole, which has presented by perovskite such as BaTiO3 that is 

distorted in this manner. Mostly non-cubic phase deviations are orthorhombic and 

tetragonal phase. Complex perovskite structures have two different cations on B-site. 

This leads to the possibility of ordered and disordered variations. Synthetic perovskite 

oxides have been well known for its low cost and high efficiency in commercial 

photovoltaic systems [18]. 

A lot of superconducting materials match with perovskite like structure, e.g. 

MgTiO3, CaTiO3, BaTiO3 etc [19]. Perovskite oxides show a large range of useful 

properties, like switchable polarization, pyroelectricity, piezoelectricity and nonlinear 

dielectric behavior like multiferroic property. These properties are very important for 

electronic devices applications like micro actuators, sensors, infrared detectors and so 

on [20].  

Examples of Perovskite Structure 

There are many types of Perovskite oxides like; 

 Magnesium Titanate (MgTiO3) 

 Calcium Titanate (CaTiO3) 

 Barium Titanate (BaTiO3) etc. 

In this work, our research is on Magnesium Titanate (MgTiO3) perovskite oxide 

material. 

1.3 Wet Chemical Methods for Synthesis of Metal Oxides 

Nonomaterials  

Wet chemical method is also called liquid phase synthesis or soft solution processing 

route. This method is very important for the syntheses of metal oxide powders, 
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particularly nanometer sized particles with controlled size and morphology [21]. Wet-

chemical syntheses have been generally known as a good approach to prepare 

nanocrystalline fine particles at low temperatures. The major advantages of the wet-

chemical synthesis include:  

 The process can be scaled up easily due to its bulk-processing nature.  

 The process is more controllable because chemical reactor technologies developed 

for chemical synthesis may be adopted for the production of nanoparticles.  

 Some processes required only mild conditions like low pressure and temperature.  

 Surface controlling agents like surfactants can be added in the liquid phase during 

and after nanoparticles synthesis in order to control the size and unnecessary 

agglomeration. 

 Monodispersed nanoparticles can be made in the liquid phase via a homogeneous 

nucleation, growth and aggregation mechanism 

Uniform particle size is extremely important to nanoparticle self assembly-

based systems. Wet chemical methods are particularly suited for the synthesis of 

nanoparticles (solid, core-shell, or hollow) with tightly controlled parameters, such as, 

size and shape, monodispersity, chemical composition and purity, bulk substructure, 

crystallinity, the shell-layer thickness in a core shell nanoparticle or even the size and 

shell thickness of a hollow sphere particles. The most widely and common used wet 

chemical methods, for the synthesis of nanosized spinel oxides (chromites and 

ferrites) and transition metal oxides are (binary and ternary oxides); 

 Hydrothermal Method  

 Sol-Gel Auto-Combustion Method  

1.3.1 Hydrothermal Method 

The application of hydrothermal method for metal oxides synthesis has gained a 

pronounced significance in recent years. In hydrothermal method, modifying reaction 

conditions like operating pressure, temperature and reaction path affects the size and 

shape of the nano-particles.  

 Hydrothermal method, also called thermal hydrolysis, generally refers to 

processing aqueous solutions of metal salts or autoclaving of precursor materials such 
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as gels at moderately elevated temperatures above their normal boiling points e.g., 

aqueous solution mostly at 100-300ºC and pressures above 1 atm. Hydrothermal 

method is a soft chemical process with high impact in the synthesis of new 

nanomaterials due to its versatility, ability to control growth mechanisms as well as 

nucleation and possibility to get nanomaterials in single step with least energy 

consumption and low environmental impact as compared to other synthesis methods 

[22]. Hydrothermal synthesis has been considered a cost effective and less 

complicated technique, suitable for large scale production. There has been a trend to 

develop mild hydrothermal processes for the synthesis of advanced mixed ceramics 

like binary and ternary metal oxides [23]. The low temperature technique is also 

important for the synthesis of metastable phases, which cannot be attainable by 

conventional high temperature methods. Hydrothermal process parameters like pH of 

the solution, temperature and cations and anions concentrations are optimized for 

desired solid phases. Surfactants act as the structure directing species or template for 

the synthesis of nanoporous or mesoporous (2-50 nm) materials. By changing the 

condition of the solutions (pH, cation and anion concentrations, surfactant 

concentrations and solvents), and processing parameters (temperature, time and 

stirring), one can effectively control the shape and size of nanoparticles and the extent 

of agglomeration. Major advantages of  hydrothermal synthesis as compared to other 

chemical synthesis techniques [24] are; 

 By changing synthesis conditions, it is easy to control particle morphology and 

size.  

 Materials can be prepared in the required crystalline phase directly at low 

temperature.  

 The resulting sol can be used directly in the production of green bodies via 

pressure filtration or extraction. 

An important quality of the hydrothermal process is the high potential in 

producing a broad range of doped metal oxides nanomaterials with controlled 

compositional and structural homogeneity at the nano level. 

In the typical hydrothermal synthesis, Figure 1-3, metal salts dissolved in 

distilled water under stirring, and then adjusted the solution pH by adding acid or base 

into the solution with continuous stirring for some time, resulting in precipitation. The 
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resultant feedstock solution containing precipitates is shifted into a Teflon-lined 

stainless steel autoclave, hydrothermal reactor, then sealed and kept at different 

temperatures and various time durations. After the hydrothermal process, pressure and 

temperature of the autoclave are allowed to decrease naturally. The resulting green 

material is filtered, washed and then dried. The dried powder is calcined and then 

sintered at different temperatures.  

Major salient features of hydrothermal technique for powder synthesis are as 

follows; 

 Powders are directly synthesized from solution. 

 Powders can be crystalline, anhydrous or amorphous depending on optimized 

parameters. 

 It is possible to control particle shape and size by hydrothermal temperature 

and starting materials respectively. 

 Powders are highly reactive in sintering. 

 In many cases, powders do not need milling and calcination processes. 

 

Figure 1-3 General schematic layout diagram of hydrothermal synthesis 
procedure. 
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1.3.2 Sol-Gel Auto-Combustion Method 

The sol-gel auto-combustion method was widely used for the preparation of simple, 

complex or doped multiphase oxides and complex oxides especially nanocrystalline 

spinel ferrites materials. This method involves the rapid exothermic reactions to form 

solid fine particles directly. It utilizes a molecular mixture of oxidizers (e.g., metal 

nitrates, ammonium nitrates or ammonium perchlorate) and reducers (e.g., 

carbonaceous materials such as urea, carbohydrazine, glycine, polyvinyl alcohol, 

sucrose, and ethylenediaminetetraacetic acid) which can be ignited at relatively low 

temperatures. The ratio of oxidizer to reducer is usually calculated according to 

method [25]. The combustion reaction can be initiated in a lab muffle furnace or even 

on a hot plate at temperature lower than 500ºC. The principle of this method is to 

atomistically disperse the metal ions in a matrix provided by polymeric reagent or 

through complexation with various chelating agents that possess good coordination 

properties with metal ions. Evaporation of the precursors solution results in a fluffy, 

voluminous carbonaceous mass that constitutes the precursor materials. The resulting 

particles from sol-gel auto combustion of the precursors powders are <100 nm in 

diameter with fine size distribution and high purity [26]. 

The sol-gel auto-combustion process can be illustrated in Fig. 1-4. In this 

layout diagram, the synthesis route usually involves metal nitrates as metal precursors 

(oxidizers) and polymers (fuels) such as polyvinyl alcohol (PVA), poly (acrylic acid) 

(PAA) or sucrose, or complexing agents such as organic acid like citric acid or 

organic amines [27-29] as starting materials [30] . These materials are dissolved in 

water, mixed and evaporated to obtain gel. The metal ions and organic compound 

present in the gel act as reductant and oxidizer, respectively. On heating, as the 

ignition point of fuel is attained a self propagated exothermic reaction starts within the 

system. Upon further heating, the gel is automatically burnt out and a fluffy product is 

obtained. The powder is calcined and sintered at desired temperatures. 

The advantages of sol gel auto combustion include: fine particle size and good 

chemical homogeneity, crystallinity and stoichiometry, high product purity, dopants 

can be easily introduced; simple preparation process and equipment; low external 

energy utilization and low processing time [31-33]. 



 

11 
 

 

Figure 1-4 General schematic layout diagram of sol-gel auto-combustion 
synthesis procedure. 

 

1.4  Spinel Chromites 

It has been well known for more than 40 years that the spinel chromiums (ACr2O4) 

span an enormous range of magnetic exchange strengths and different magnetic 

ground states. Chromite (FeO.Cr2O3) is one of the major chromium ores and it is 

found as orthocumulate lenses of chromite in peridotite from the Earth's mantle. It is 

also found in invasive igneous rocks [34-37]. It is usually linked with corundum, 

magnetite, serpentine and olivine [38]. Chromite is an oxide mineral belonging to 

the spinel group. The majority of the chromite is of metallurgical grade with 40% 

Cr2O3 and a chrome-to-iron ratio of 2.6:1[11, 39]. Spinel chromites are an important 

class of mixed-metal oxides and has the common chemical formula of AB2O4 in 

which A and B are cations occupying tetrahedral and octahedral sites, respectively. 

The nature of the cations and their division over the sites determine the chemical and 

physical properties of the material [40]. The cations occupy one-half of the octahedral 

sites and only one-eighth of the tetrahedral sites [41] as shown in Fig1-5 [42]. 
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Figure 1-5 In ACr2O4 spinels structure the Cr3+ and the A2+ ions are located on a 
pyrochlore and a diamond lattice, respectively. Around Cr3+ ions, the oxygens 
form octahedral environment, while A2+ ions are surrounded by tetrahedral 

oxygen cages [48]. 

 

Metal chromites MCr2O4 (where M = Cu, Ni, Mg, Co, Zn and Mn), with 

spinel crystal structures, have attracted much attention because of their great 

technological significance as ceramic pigment. In pigment industries the majority of 

the ceramic dyeing materials used are of transition metal oxides with the spinel 

structure having high chemical resistance, thermal stability, surface area and used as 

protective coating materials for interconnects in solid oxide fuel cell stack systems, 

refractories with optical properties [43] and as catalysts for the decomposition of 

chlorinated organic pollutants [44].  

In this research work, we have selected some spinel chromites having their 

important electrical characteristics. We have developed nanosized structures of spinel 

chromites through hydrothermal method and studied their thermal, structural and 

impedance behavior in various ways. The selected nanostructured spinel chromites for 

this work are given as: 
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 Copper chromite (CuCr2O4)  

 Nickel doped copper chromite (Cu0.5Ni0.5Cr2O4)  

 Magnesium chromite (MgCr2O4)  

 Manganese chromite (MnCr2O4)  

 Cobalt doped manganese chromite (Mn0.5Co0.5Cr2O4)  

 Zinc chromite (ZnCr2O4)  

For the development of homogenous, high purity and sinterable chromite 

materials different methods are reported in literature like wet mixing [45, 46], 

cocrystallization [47], sol-gel [48] sonochemical [49], thermolysis of polymer-metal 

complex [50], gel combustion [51, 52], microwave [53] coprecipitation [54, 55] and 

hydrothermal methods [56-58]. Among these, the hydrothermal method shows 

promising potential for the synthesis of nanosized chromite spinel oxides, with good 

chemical homogeneity, high purity and controlled nanostructure. 

Yuan et al. [59] have prepared CuCr2O4 nanoparticles with cubical 

morphology by hydrothermal process without adding template. The CuCr2O4 samples 

were characterized by XRD, TGA–DSC, TEM, XPS, UV–vis diffuse reflectance 

spectra (DRS) and Zeta potentials, respectively. The results showed that cubical 

morphology of CuCr2O4 achieved after calcination at 600ºC and the calcination 

temperature affected the structural and optical properties of copper chromite. They 

evaluated photocatalytic activity of CuCr2O4 for degradation of methylene blue, 

methyl orange and rhodamine B in the presence of H2O2 under visible light irradiation 

and studied the effects of the dosage of photocatalyst, calcination temperature etc., on 

photocatalytic activity in detail.  

Prabhulkar et al. [54] synthesized nickel doped copper chromite spinel 

nanoparticles by ecofriendly, simple and economic coprecipitation method and 

characterized by different analytical tools like XRD, FTIR, FESEM and EDX for the 

determination of metal-oxygen bonding, crystallinity, morphology and elemental 

composition respectively. They studied the synthesized nanoparticles of nickel doped 

copper chromite for the photocatalytic degradation of Thiazole Yellow G an azo dye 

indicator. A variety of parameters were studied which affect the degradation of 

photocatalytic dye such as catalyst quantity, time and extent of doping. 
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Morozova et al. [47] synthesized magnesium chromium spinel nanopowders 

through cocrystallization. They have investigated the formation and structural 

perfection of the MgCr2O4 crystalline phase in the temperature range 500-1400°C. 

The grain size of the MgCr2O4 synthesized material was calculated at different 

temperatures. They also studied the influence of reducing medium, temperature and 

porosity on electrical conductivity of the MgCr2O4 phase. 

Diao et al. [60] prepared spinel structure of MnCr2O4 by using polymeric 

precursor method. They studied grain size, surface morphology and thermal stability 

of MnCr2O4 specimens calcined at different temperatures by using XRD, SEM, TGA-

DSC. They fabricated YSZ-based sensors using MnCr2O4 sintered specimens at 

different temperatures (800, 900, 1000, 1100 and 1250ºC) as electrode and 

investigated their NO2 sensing properties. Results illustrate that MnCr2O4 specimen 

calcined at 1000ºC shows higher response to 100 ppm NO2, which is around 73 mV. 

It is observed that the calcination temperature affect the sensing properties of 

material. Moreover, the sensing characteristics like repeatability and selectivity were 

investigated. 

It is generally observed that spinel chromites were prepared by different 

methods and their different properties were studied for instance in case of CuCr2O4 

and Ni doped CuCr2O4 most studied are catalytic behavior [46, 55, 59, 61-64]. 

Magnesium chromite has been reported as magnetic [65], humidity sensitive [66] and 

catalytic [67] material. Researchers mostly investigated magnetic properties of 

MnCr2O4 [68-70]. Structural, optical, electrical, magnetic, catalytic and humidity 

sensing properties of ZnCr2O4 material were reported [71-75]. However, it is difficult 

to find electrical properties of spinel chromites from the literature [76] especially high 

temperature impedance properties of chromite materials were not studied previously. 

The main focus of the present work is to determine the electrical properties of metal 

spinel chromites from room temperature to high temperature (450ºC) by using 

impedance spectroscopy. 

1.5 Spinel Ferrites 

Spinel ferrites or ferrospinels are very important oxide materials due to their large 

number of applications as magnetic, electronic, catalytic, optical materials, etc. [77]. 
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General formula of ferrospinel is M2+[Fe3+]O4
2− in which metal ion M2+ occupy 

tetrahedral site and ferric ion Fe3+ occupies octahedral position. M2+ represents the 

divalent ion such as Mg2+, Mn2+, Co2+, Zn2+, Ni2+, Cu2+, etc. Ferrite spinels may also 

contain two divalent metal ions combination with varying ratio of these divalent metal 

ions, are called mixed ferrite. Magnetic mixed oxides are known to be technologically 

key materials due of their controllable properties like high thermodynamic stability, 

specific heating, electrical conductivity and corrosion resistance, low melting point 

and low magnetic transition temperature [78]. This makes them appropriate in many 

technical applications like catalysts, semiconductors [79], nanodevices [80], 

photoelectrical devices [81], microwave devices [82], sensors [83], pigments as well 

as biomedical applications [84]. 

 Spinel ferrite structures can be normal spinel and inverse spinel structures. A 

large number of ferrites, metal oxides and mixed metal oxides have shown improved 

sensitivity to certain humidity and gas. The vacant tetrahedral and octahedral holes 

may accommodate the analyte spices and may act as good sensor materials. Copper 

ferrite (CuFe2O4) [85], nickel ferrite (NiFe2O4) [86]  and Cobalt ferrite (CoFe2O4) 

[87] are inverse spinels in which the tetrahedral (A) sites are taken by ferric ions and 

the octahedral (B) sites by ferric and the particular metal ions as in 

(Fe3+)A[M2+Fe3+]BO4
2−. ZnFe2O4 has a normal spinel structure with Fe3+ in octahedral 

sites and Zn2+ occupying tetrahedral sites. Magnesium ferrite is a normal spinel with a 

soft magnetic. Magnesium ferrite has many applications in magnetic technologies, 

adsorption, sensors and in heterogeneous catalysis. Nickel ferrite, as a p-type 

semiconducting oxide, is good sensor for detecting oxidizing gases like chlorine [88]. 

Copper and cobalt ferrites are p-type semiconductors, whereas magnesium and zinc 

ferrites are n-type semiconductors. NiFe2O4, CdFe2O4 and ZnFe2O4 spinel ferrites 

have been broadly studied for different gas-sensing applications [89-91]. For 

nanocrystalline spinel ferrites applications in a variety of devices, it is very important 

to have a good control on particles shapes and sizes and to consolidate the chemical 

and thermal stability of the nanoparticles [92].  

1.6 Transition Metal Oxides Nanomaterials 

Transition metal oxides are a very important class of materials owing to their variety 

of structures and large ranging properties. They are also gaining increasing attention 
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for their thermoelectric (TE) properties due to their high temperature stability, phonon 

transport properties and tunable electronic and well established synthesis techniques. 

Transition metal oxides nanostructures have shown their revival of interest in 

the development of energy saving and harvesting devices like solar cells, transistors 

[93], Lithium ion batteries, fuel cells [94], light emitting devices (LEDs) [95], water 

and air purification by adsorption and degradation of inorganic/organic pollutants and 

toxic gases [96], environmental monitoring by their applications in the manufacturing 

of humidity, temperature and gas sensors, UV-screening  [97] and photo detectors 

[98]. The metal-oxygen bonding nature can differ between nearly ionic to highly 

covalent or metallic. The remarkable properties of transition metal oxides are mainly 

due to the distinctive metal-oxygen bonding structure, which results in a good 

association among magnetic, electronic and structural properties. A number of these 

phenomenon taking place in transition metal oxides which are based on transition 

metal valence d electrons.  

CuO is very important transition metal oxide semiconductor material has 

many applications in sensors [99-101], catalysis [102, 103], photovoltaic and 

electrical devices [104, 105], superconductors [106], field emission emitters [107, 

108], Li ion batteries [109-112], etc. In literature different methods have been 

reported for the synthesis of CuO nanostructures such as sonochemical [113, 114], 

microemulsion [115, 116], gas phase oxidation [100], sol-gel [117], hydrothermal 

[118, 119], etc. With the help of these synthetic methods, different nanostructures of 

CuO like flower shaped, urchin-like structures, nanotubes, nanorods,  nanowires, 

nanoribbons, nanosheets and honeycomb nanostructures have been synthesized [120-

123].  

Seo et al. [124] explained large scale fabrication of CuO nanodiscs through 

dehydrogenation of 1D Cu(OH)2  nanowires at 60oC. The diameter of nanodiscs was 

approximately 500 nm and thickness was 50 nm. Hsieh et al. [107] used 

polycarbonate nanoporous membranes to synthesize CuO nanofibers by using a 

combined electrodeposition-oxidation route., Zhao et al. [125] has mentioned the 

synthesis of two dimensional nano-leaves of copper oxide nanocrystals by using 

sodium oleate as template. Zhang et al. [126] has reported a seed mediated aqueous 
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chemical route to produce nanoflowers of CuO and used them for hydrazine detection 

on a modified glassy carbon electrode as sensors.  

Cobalt oxide (Co3O4) has also been paid significant attention in recent years 

and has many applications in catalysts, magnetic semiconductors, gas sensors, 

negative electrodes in rechargeable lithium-ion batteries [127-132]. The Co3O4 

performance in its applications such as magnetic materials and catalysts can be 

promising owing to narrow size distribution and high surface area. Therefore, the 

synthesis of uniform Co3O4 nanocrystals has been the target of material chemists. In 

this field, a variety of synthesis techniques have been reported, such as thermal 

decomposition of solid phase [133], chemical spray pyrolysis [134],  sol-gel [135] and 

hydrothermal method [136]. Using these methods, a variety of Co3O4 nanostructures 

such as nanosheets, nanoparticles, nanocubes, nanorods and nanowires have been 

prepared. 

It is well-known that the nature of nanocrystalline materials strongly depend on 

the particles size and shape [128]. Zhang et al. [137] studied the effects of 

hydrothermal process conditions, such as the starting concentration of Co(NO)3 

solution, pH value, temperature and holding time on the size and shape of Co3O4 

cubes in Co(NO)3.NH3.H2O system. The Co3O4 and β-Co(OH)2 mixtures were 

achieved when the temperature was below 180°C and time was 1-36 h, and the cubic 

Co3O4 could be obtained by calcining the mixtures in air. Jiang et al. [138] studied 

that Co(OH)2 gel, which was prepared using CoSO4.7H2O and NH3.H2O as starting  

precursor materials, oxidized to nanocrystalline Co3O4 by the addition of hydrogen 

peroxide in a hydrothermal system at 180°C for 24 h. The morphology of synthesized 

nanocrystalline Co3O4 was irregular. 

1.7 Perovskite Oxides 

Perovskite-type oxides, originated from CaTiO3, are a family of oxides having the 

general formula of ABO3 (where A is a rare or alkaline earth metal and B is a first 

row transition metal), in which cations with a large ionic radius coordinate to twelve 

oxygen atoms and occupy A-sites and cations with a smaller ionic radius are six 

coordinate and occupy B-sites [139]. Because perovskite oxides reveals a broad range 

of piezoelectrical, ferroelectrical and pyroelectrical characteristics and electro-optical 
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effects, they have been used as structural, electronic, refractory and magnetic 

materials in many technological applications [139, 140].  

 Among different perovskite oxide, magnesium titanate (MgTiO3) is an 

excellent microwave dielectric material and has the following characteristics such as 

low high dielectric constant, dielectric loss and near zero temperature coefficient of 

resonant frequency [141]. Thus, MgTiO3 has wide applications in low-loss microwave 

resonators, capacitors, filters, cellular telephones, radars and direct broadcasting 

satellites [141, 142].  

 Several methods are reported in literature for the development of 

nanocrystalline MgTiO3 powder such as solid state mixed oxide [143, 144], high 

energy mechanochemical activation [145, 146] and thermal decomposition [147]. 

However, these methods require repeated grinding and calcination at high 

temperatures, which causes agglomerated crystallites of different micron sizes and 

irregular morphologies with impure phases. In solid state and mechano-chemical 

complexation methods, a metastable phase MgTi2O5  persists to a certain extent in the 

final products and sintering temperature is over 1500oC [148]. These problems can be 

minimized by means of wet chemical methods including co-precipitation [149, 150], 

sol-gel [142], auto-igniting combustion [151], complex polymerization [152] and 

hydrothermal [153, 154] have been used for the synthesis of metal titanate nanowires 

of perovskite oxides and great consideration has been given to the advancement of 

these synthesis techniques.  

1.8 Objective and Primary Focus of the Present Work 

In material science, the synthesis of nanomaterial is one of the main challenges 

nowadays. Nanomaterials exhibit unique properties, which can be different to those of 

bulk materials. As a result, many processes have been investigated for the synthesis of 

nanomaterials aiming to control their size, structure, morphology and chemical 

composition. Nanocrystalline transition metal oxides, chromites and ferrites as 

advanced useful materials, reveal excellent and attractive properties due to their small 

dimensions. For instance structural, optical, magnetic and electrical properties of 

oxide nanomaterials are sensitive to size effects. The diversification of synthesis 

methods is acceptable by attaining most favorable conditions like homogeneity of the 
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oxide, low-temperature synthesis, controlled morphology and phase purity, stability, 

high specific surface, low-cost reagents and good electrochemical and physical 

properties. Wet chemical methods for the synthesis play a very essential role in 

designing and fabrication of novel nano-oxides materials, especially metastable one 

that cannot be synthesized by other methods.  

The present research work intends to develop novel approach for the synthesis 

of nanocrystalline transition metal oxides, chromites and ferrites by using 

hydrothermal and sol-gel auto-combustion methods, owing to its high purity, good 

chemical homogeneity, low calcination temperature, effortless, and cost effective 

processes. This includes optimizing the experimental parameters and conditions with 

and without using surfactants in order to achieve nanostructures of metal oxides with 

control over phase and morphology. Three metal oxides systems, i.e., transition metal 

chromites (MCr2O4 where M= Cu, Ni, Mg, Mn, Co and Zn), ferrites (MFe2O4 where 

M= Mg, Ni and Cu) and oxides (CuO, Co3O4 and MgTiO3) were focus of this 

research work.  

At the first stage, synthesis parameters were optimized like temperature, pH 

and time of hydrothermal and auto-combustion methods according to our 

requirements for the development of nanocrystalline metal oxides. X-ray diffraction 

(XRD), Rietveld refinement, Fourier transform infrared (FTIR) spectroscopy, 

scanning electron microscopy (SEM) and energy dispersive X-rays (EDX),  UV-

Visible spectroscopy were performed for crystallinity, phase identification, surface 

morphology and elemental analysis and optical properties of the synthesized oxide 

materials.  

Effect of calcination and sintering temperature on phase composition, 

crystallinity, structure and surface morphology of all the synthesized metal oxides 

materials was studied. The dependence of the particle size on the sintering 

temperature and sintering time was also investigated. 

Electrical properties of the metal chromites and ferrites materials have been 

studied with effect of high temperature sintering as well as variation of heating rate of 

the sintered specimens during analysis. In literature, very few studies have been 

reported on electrical properties of spinel chromites. High temperature sintering and 
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electrical studies on transition metal chromites and ferrites have not been carried out 

before that’s why, chromites and ferrites materials were selected mainly due to their 

impedance study with temperature. Structural details and oxidation states of prepared 

spinel ferrites were investigated at various temperatures using Mössbauer 

spectroscopy. 

Morphological and optical properties of nanostructures metal oxides (CuO and 

Co2O3) have been investigated synthesized by CTAB-assisted hydrothermal method. 

The development of nanocrystalline pure phase MgTiO3 perovskite oxide at low 

sintering temperature is a difficult task due to enhance grain growth during the final 

stage of sintering. For this task nanocrystalline perovskite MgTiO3 was developed by 

hydrothermal method. The effect of high temperature sintering on microstructure and 

phase composition of developed MgTiO3 ceramic material was also ascertained. 

1.9 Thesis Outline 

Chapter 1 covers a brief introduction of metal oxides, their classifications and 

synthesis methods in details. An overview of nanocrystalline metal oxides with 

emphasis on size effects arising in nanomaterials, and a literature review of selected 

spinel chromites, spinel ferrites, transition metal oxides and perovskite oxides. 

Chapter 2 presents the working principles of different characterization techniques 

which were employed frequently in the research work. 

Chapter 3 describes in detail the studies of hydrothermal synthesis, characterization 

and applications of nanocrystalline metal chromites (CuCr2O4, Ni doped CuCr2O4, 

MgCr2O4, MnCr2O4, Co doped MnCr2O4 and ZnCr2O4). 

Chapter 4 covers synthesis and characterization of metal ferrites (MgFe2O4, NiFe2O4 

and Cu doped NiFe2O4) and their thermal, structural, optical, electrical and Mössbauer 

properties. 

Chapter 5 includes the development of nanocrystalline transition metal oxides (CuO 

and Co2O3) by CTAB-assisted hydrothermal method and their characterization and 

study of optical properties. 
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Chapter 6 presents the hydrothermal synthesis, characterization and sintering studies 

of perovskite (magnesium titanate) ceramic powder.  

Chapter 7 summarizes the thesis by drawing main conclusions of the present research 

work. This chapter also presents conclusions of the thesis, as well as future 

recommendations.  
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2 Characterization Techniques 

2.1 Thermal Analysis 

Thermal analysis is very important analytical technique based on the measurement of 

chemical and physical changes in a material with temperature. This include 

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

differential scanning calorimetry (DSC). Other thermal analytical techniques are 

thermomechanical/ thermodilatometry analysis (in which dimensional changes of a 

substance are measured with temperature) or evolved gas analysis (where qualitative 

and quantitative evaluations of volatile products formed during thermal analysis are 

made).  

TGA measures the sample mass changes with temperature. DTA is mostly 

helpful when used in combination with TGA. The DTA signal corresponds to the 

difference of temperature between a reference blank sample and the sample. DTA 

detect exothermic and endothermic effects in materials and determine temperatures 

that crosspond to thermal effects. DSC measures the heat flow to and from a reference 

material and a sample with temperature at constant rate. The DSC signal measurement 

is the energy released by or absorbed by the sample in milliwatts. DSC measure peak 

areas (reaction enthalpies and transition) and specific heat capacity, detect exothermic 

and endothermic effects and find out temperatures that characterize a peak or other 

effects. 

Thermomechanical Analysis (TMA) / thermodilatometry  is another thermal 

analysis tool that measures the changes in dimensions and deformation of a sample 

with temperature. Volume thermodilatometry and linear thermodilatometry are 

distinguished on the basis of dimensions measured. In TMA, the sample is under a 

constant increasing force, or a varying force, while in dilatometry, using the smallest 

possible load dimensional changes are calculated. Based on the measurement 

technique, TMA/ thermodilatometry identify thermal changes (shrinkage or swelling, 
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expansion coefficient change, softening), measure deformation step heights and 

determine expansion coefficients and temperatures that characterize a thermal effect. 

In the present work, thermal studies of as prepared samples were performed by 

using simultaneous thermal analyzer (SDT Q600 TA instruments) and Netzsch STA-

409 thermoanalyzer in air atmosphere. The green specimens were heated in 

temperature range of ambient to 1000oC in flowing air with heating rate of 10ºC/min. 

For the study of shrinkage behavior of compact calcined powders, horizontal 

assembly dilatometer (NETZSCH 409) was used. 

2.2 X-ray Diffraction 

X-ray diffraction (XRD) has been a valuable tool for obtaining the structural 

parameters of metal oxides like phase composition, crystallinity and crystal structure 

and can give information about crystallize size, lattice constants and phase analysis of 

a system. X-rays are electromagnetic in nature having wavelength in the range from 

0.5 Å to 2.5 Å that is equivalent with inter atomic distance. Therefore, it is effectively 

utilized for crystal structure identification. When X-rays incident on a crystalline 

material, a diffraction pattern is produced having different peaks at certain values of 

angle (2θ), which is a characteristic for that material. The diffraction pattern is 

obtained only when the paths travelled by reflected beams from the two surfaces of a 

crystal differ by integral multiple of wavelength (n) and when the angle 2θ satisfies 

the Bragg’s law (eq. 2-1). 

)12(             sin  2d  = n   

Where, n is an integral number that represents the diffraction order,  is 

monochromatic X-ray beam wavelength, d is inter-planner spacing and θ is diffraction 

angle. The crystallite size of the material can be measured with the help of Scherrer’s 

formula  [155] (eq. 2-2).;  

)22(              cos /k  = D   

Where D is the average crystallite size, k is Scherer’s constant and its value is 

0.89, λ is the X-ray wavelength i.e., 1.5406 Å, β is broadening of the diffraction line 
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and is the full width to half-maximum of the diffraction peak and θ is the angle of 

diffraction. Scherrer’s formula is valid for mono-dispersed strain free sample [156]. 

In this research work, XRD analysis of all the samples was carried out on 

Rigaku Geiger flux diffractometer (Dmax-IIIA) with CuKα radiation (λ = 1.5406 Å). 

The XRD data was collected from 10° to 80° in 2θ range with 3°/minute scan rate. 

2.2.1  Rietveld Refinement 

It is a refinement technique, which is mostly used to characterize a material whose 

crystal structure is known. Rietveld, named after a scientist Hugo Rietveld who 

discovered this technique. In this technique, a material can be analyzed by decreasing 

the difference between observed and calculated data. Because of overlapping, some 

information about structural data could be lost but Rietveld technique overcomes this 

problem [157]. In present research work, Rietveld refinement was applied on the 

XRD data of synthesized samples by using software called as Rietica. The change in 

the values of lattice constants and χ2 were observed. 

2.3 Scanning Electron Microscopy (SEM) and Energy 

Dispersive X-Ray (EDX)  

Scanning electron microscopy (SEM) is another useful analytical tool for the 

determination and investigation of morphology of materials. The SEM is an electron 

microscope through which an image of the material can be produced by scanning it 

with a beam of high energy electrons. The electrons emitted from electron gun, focus 

by electromagnetic lenses, interact with the sample and producing secondary electrons 

emission and  back-scattered electrons which generate signal that accumulates on an 

output detector in the form of image [158]. The emitted photons form the basis of 

Auger electron spectroscopy and EDX analysis. An excited atom during decay to its 

ground state emitted X-rays having energies characteristic of the element. These X-

ray photons are used to find out the chemical composition of the sample by a 

technique called, energy dispersive x-ray (EDX) spectroscopy. 

Microstructural study of all synthesized samples in this work was conducted 

on four different microscopes; Jeol-JSM-6510LV, Jeol-JSM-6490A, LEO 4401 and 



 

25 
 

NOVA Nanosem-430 (FESEM) microscope. The powder samples for SEM study 

were prepared by 10 minutes ultrasonic dispersion of a small amount of sample in 

ethanol and drop of the solution was put onto double-sided carbon tape. For the SEM 

of pellet samples, a small piece of pellet was cut manually and was stuck on 

aluminum stub. A very thin layer of gold is deposited in each case in order to 

dissipate the accumulated charge. 

2.4 Fourier-Transform Infrared (FTIR) Spectroscopy  

Fourier transform infrared spectroscopy (FTIR) is another important characterization 

technique that can provides a rapid, simple and non-destructive means for the 

characterization and identification of materials. It is used to determine the presence of 

molecular groups within the structure in an efficient way. This spectroscopy is 

vibrational spectroscopy in which signal of the absorption band generates due to the 

interaction of infrared radiation with recorded vibration of atoms. Only those vibrational 

band signals are recorded which have distance of changing dipole moment in a sample is 

comparable with the wavelength of infrared radiation i.e., 2-200 μm [158]. 

 In the present work, all the samples were prepared in pressed KBr pellets for 

FTIR analysis, in which 1 mg of the powder sample is mixed with 100 mg of 

potassium bromide. Spectra were recorded at room temperature in the range of 4000-

400 cm-1 in transmission mode using NICOLET 6700, thermo electron and Perkin 

Elmer Spectrum 1000 spectrometers. 

2.5 Ultraviolet-Visible Spectroscopy  

Ultraviolet-Visible spectroscopy is an analytical technique used to measure the light 

that is absorbed and scattered by a sample. The response of material to 

electromagnetic radiation is related with optical properties of that material. Many 

processes occur due to interaction between electromagnetic radiations and the 

material. When radiations interact with a material, some radiations vanished and 

converted into heat, called absorption. While, some radiations pass without loss, i.e. 

transmitted and scattered back from the material, called reflectance. 

The most easy and direct technique for the determination of band structure of 

a material, is to measure the absorption spectrum. Absorption depends on the nature 
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of materials interacting with radiation and frequency of radiation. Absorption 

coefficient ‘α’, is the relative rate of decreasing in light intensity in material and 

expressed as the absorption. Measurement of absorption coefficient, particularly near 

the absorption edge is the standard method of finding the electronic transitions, band 

structure and band energy of materials. Mostly two types of optical transitions occur, 

that are direct and indirect transitions. In case of direct transitions, wave vector of 

electron remains same. However, wave vector change in indirect transitions. For the 

optical transitions, Tauc et al. [159, 160] reported following relation, which is 

independent of free electron-hole interactions and temperature: 

  )32()(  n
optEh

h
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Where hν is incident photon energy, Eopt is optical band gap and A is constant 

depending on the type of transition and n is the power coefficient whose values is 

determined by the types of possible electronic transitions e.g. for allowed direct 

transition n = 1/2  and for forbidden indirect transition n = 2. Absorption in most of 

the non-crystalline materials is related with direct transitions, which follow the above 

Tauc’s equation [161]. 

2.6 Mössbauer Spectroscopy  

Mössbauer spectroscopy is a simple, sensitive and cost effective technique for the 

determination of local environment of the probe atom. The particle size effect and the 

spin structure to study the supertransferred hyperfine interactions in nanostructured 

materials can be studied very efficiently; especially in the case of iron oxide 

nanoparticles. A Mössbauer spectrum which is illustrated by the hyperfine parameters 

like internal magnetic field (Heff), quadrupole splitting () and isomer shift (δ) 

provides information regarding iron’s local chemical environment, ionic and magnetic 

state very accurately. 

Mössbauer study of all the synthesized metal ferrites were performed at room 

temperature using a 57Co source of 25 mCi with the conventional constant 

acceleration-type Mössbauer spectrometer, calibrated with -Fe foil. The Mössbauer 
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data analysis was conducted using a computer programme Mos-90, assuming that the 

peaks are Lorentzian. Quality of fitting was checked by 2-test. 

2.7 Impedance Spectroscopy 

Impedance spectroscopy is a very important nondestructive tool for the electrical 

measurement of the materials. It is very important technique to study the electrical 

behavior of a material on the basis of its microstructural features and presence of 

different phases in the material [162]. This spectroscopic technique is generally 

employed to study the conduction mechanism in different types of materials like 

insulators, semiconductors and superconductors. In impedance spectroscopy, all 

electrical measurements are made under a small applied ac signal within selected 

frequency range.  

Two impedance spectrometers (Alpha-N Analyzer, Novocontrol Germany and 

Precision Impedance Analyzer, Agilent 42948A) with frequency range 1 Hz - 107 Hz 

were used to perform impedance measurements of sintered pellets. For most of the 

samples, the impedance measurements were made at different temperatures from 

ambient to 450ºC by using THMSE 600 heating stage. The contacts were made on 

surfaces of both sides of the pellet by silver paint, which were cured at 150ºC for 3 h. 

The dispersive behavior of the leads was carefully checked before the impedance 

experiments, to exclude any extraneous inductive and capacitive coupling in the 

experimental frequency range. The AC signal amplitude employed for all studies was 

0.5 V. The Windeta software was used for data acquisition. The ZView software was 

used for fitting and analyzing the measured impedance results within 2–3% fitting 

error. 
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3 Metal Chromites  

Chromite is one of the major chromium ores and it is found as orthocumulate lenses 

of chromite in peridotite from the Earth's mantle. It is also found in invasive igneous 

rocks [34-37]. It is usually linked with corundum, magnetite, serpentine and olivine. 

Chromite is an oxide mineral belonging to the spinel group. Spinels are the best 

known ternary compounds. Their properties depend on the nature of the constituting 

atoms, their coordination, positioning in the structure and oxidation states [163]. The 

spinel structure is a relatively simple crystal structure that has the AB2O4 

stoichiometry, where, A is a divalent cation (alkaline earth/transition metal cation) 

and B is a trivalent cation (transition metal), occupying tetrahedral and octahedral 

sites, respectively, and O is a divalent anion [11, 39]. Nanocrystalline chromite 

materials, MCr2O4 where M is a divalent metals such as Mg, Cu, Co, Ni, Mn and Zn 

with spinel structure, have enormous unique physicochemical properties and 

tremendous technological applications as magnetic and electrical materials [164, 165], 

refractories with optical properties and high temperature ceramics [166, 167], sensor 

elements [72, 168, 169], nanodevice fabrications [170], combustion catalysts [67, 

171] and catalyst for chlorinated organic pollutants decay [172]. 

Copper chromite (CuCr2O4) is very important spinel oxide material, has many 

applications like used as catalysts in the organic synthesis like in hydrogenation, 

dehydrogenation, oxidation, alkylation, propellant combustion and decay of organic 

compounds [173-176]. CuCr2O4 has tetragonally distorted spinel structure. The 

distortion in its structure is related to the cooperative Jahn-Teller effect of Cu2+ at the 

tetrahedral sites [177]. The substitution of tetrahedral Cu2+ ions by any bivalent cation 

like Ni2+ does not affect the distribution of cations in the substituted spinel oxides 

[178, 179]. Site preference energies for oxide spinels show that Cr3+ and Ni2+ occupy 

octahedral sites, although Cr3+ is also capable of forcing Ni2+ into tetrahedral sites 

[178].  Magnesium chromite (MgCr2O4) is another important spinel oxide has a cubic 

crystal structure. MgCr2O4 has some paramagnetic effect at 380-400°C and has high 

melting point and low thermal conductivity [67]. It is also used as refractory material 
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[180, 181]. Manganese chromite (MnCr2O4) and cobalt doped manganese chromite 

(Mn0.5Co0.5Cr2O4) are very important spinel oxides as well and both have a normal 

spinel structure with AB2O4 stoichiometry. In these oxides,  Mn2+ / Co2+ and Cr3+ ions 

have a strong preference for the tetrahedral A-sites and the octahedral B-sites, 

respectively [182, 183]. Zinc chromite (ZnCr2O4) also has cubic normal spinel 

structure. The nanocrystalline ZnCr2O4 spinel has many applications, e.g., it is used as 

air depollution catalytic material [184-187], humidity sensing [186, 188, 189], 

catalysts [190, 191], sensors for toxic gases [169] and semiconductors [192].  

Different synthesis techniques are being used for the development of chromite 

powders and a great consideration has been given to the improvement of these 

synthesis techniques. In solid state process [193-195], the spinel powder with low 

surface area can be produced by mixing oxides, carbonates, the mixture being 

calcined and followed by grinding. However, in wet chemical process, the spinel 

oxides with high surface area are being prepared by processing the precursors by 

means of wet commixing [46, 63], co-precipitation [196, 197], co-crystallization [47], 

thermolysis of polymer-metal complex [50], microemulsion [198], sol-gel [48, 199], 

sol-spray process [200], sonochemical [49], gel-combustion [201-204], microwave 

[53] and hydrothermal methods [56, 57, 205]. Among these methods, the 

hydrothermal method shows capable potential for the development of nanosized 

chromite and ferrite spinel oxides, owning to its high purity, controlled nanosturctured 

and high-quality chemical homogeneity. 

In this chapter we have developed a modified low temperature hydrothermal 

method by optimizing the pH, time and temperature conditions for the large scale 

synthesis of nanocrystalline metal chromites (CuCr2O4, Ni doped CuCr2O4, MgCr2O4, 

MnCr2O4, Co doped MnCr2O4 and ZnCr2O4) spinel oxides. The surfactant CTAB was 

used in case of manganese chromite and cobalt doped manganese chromite spinel 

oxides synthesis in order to control the morphology and phase purity. Therefore, these 

two spinel oxides were developed by CTAB-assisted hydrothermal method. Thermal 

stability of the synthesized spinel chromites was studied with the help of thermal 

analysis (TGA-DTA-DSC). XRD, FTIR and FESEM analysis have been performed to 

study the effect of calcination and sintering on crystallinity, phase purity, particle size 

and morphology of synthesized materials. Thermodilatometric analysis of the 

compact calcined chromite powders were performed in order to investigate the 
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sintering/densification behaviour and on the basis of dilatometric study, sintering 

temperature of each chromite oxide was selected. The effect of heat treatment on 

particle size and morphology was studied by FESEM. 

Optical and impedance properties of the developed metal chromites were 

investigated by using UV-Visible and Impedance spectroscopy. Impedance 

spectroscopy will enable us to understand the microstructure and nature of the 

dipoles. The information obtained from impedance spectroscopy about the physical 

parameters of different relaxation processes present in spinel oxides will help us to 

understand the overall properties of these materials for their best possible utility. In 

literature it is difficult to find electrical properties of metal chromites by using 

impedance spectrometry especially high temperature impedance studies of sintered 

metal chromite materials were not reported previously. Therefore, in this chapter, 

electrical properties of compact chromite specimens were studied by impedance 

spectroscopy with respect to sintering temperature and different electro active regions 

were determined. First time high temperature impedance studies (from room 

temperature to 450ºC) on MnCr2O4 and Co doped MnCr2O4 sintered pellets was 

performed. 

3.1 Experimental  

3.1.1 Materials   

The reagents used in metal chromites synthesis were magnesium nitrate (Mg(NO3)2, 

Merck, 99.9%), cobalt nitrate (Co(NO3)2.6H2O), copper nitrate (Cu(NO3)2.3H2O), 

manganese nitrate (Mn(NO3)2.4H2O), nickel nitrate (Ni(NO3)2 .6H2O), zinc nitrate 

(Zn(NO3)2.6H2O) and chromium nitrate (Cr(NO3)3.9H2O) (all from Merck, 99.9%), 

sodium hydroxide pellets (NaOH, Merck) and Cetyltrimethylammonium bromide 

(CTAB, Sigma Aldrich 95% ). All chemicals of analytical grade were used. Double-

distilled water (DDW) with conductivity less than 5μS.cm-1 (Iwaki WS-6 Water Still/ 

Metrohm 712 Conductometer) was used in all the experiments 

3.1.2 Hydrothermal Synthesis Method 

The metal chromites MCr2O4 (M = Cu, Ni, Mg, Mn, Co and Zn) syntheses were 

performed acceding to the specified hydrothermal conditions as mentioned in Table 3-

1. In a typical synthesis, an aqueous solution containing the respective metal nitrate 



 

31 
 

and chromium (III) nitrate in different mole ratios were combined and dissolved in a 

250 ml evaporator flask. The NaOH aqueous solution (10 M) was added drop wise to 

adjust the pH of the solution at 11-12 and checked with pH-regulator (Selectra pH-

2006). The evaporator flask was fitted in rotary evaporator (Heidolph Laborota 4001) 

maintained at 70-80oC for 4 h until a homogeneous suspension was obtained. In order 

to minimize the contamination of the product from the atmospheric carbon dioxide the 

evaporator flask was first thoroughly degassed. The suspension was transferred in 

PTFE-lined stainless steel digestion bomb and was kept in an oven maintained at 170-

200oC for 5-10 h. General schematic layout diagram for the hydrothermal synthesis of 

metal chromites (MCr2O4) is shown in Fig. 3-1. The digestion bomb was naturally 

cooled to room temperature in oven. The resulting green product was collected, 

washed with acid (0.1 N HCl), which was followed by rinsing in double distilled 

water and absolute ethanol. The product specimens were dried at 90oC for 12 h in 

vacuum dry oven (Heraeus Series 6000 Type-P). Finally, soft powders of different 

colors were obtained. The powder samples were calcined in static air box furnace 

(Thermolyne 1500-Sybron) at different temperatures. 

For pellets fabrication, calcined specimens were uniaxial pressed under a load 

of 3 ton in-2 (1 ton in-2 = 15.444 MPa). The 5 wt.% organic polymer (polyvinyl 

alcohol, PVA) was used as binder material. Sintering of green pellets was performed 

at different temperatures. Heating rate was 5oC min-1 and cooling was performed in 

the furnace (static air). 

Table 3-1 Hydrothermal parameters for the synthesis of nanocrystalline metal 
chromites. 

Specimens 

Molar 

proportion 
Surfactant 

(%) 

(CTAB) 

Reaction  conditions 

M+2/Cr+3 pH 
Temperature 

(oC) 

Time 

(h) 

CuCr2O4 0.5 - 11 170 7 

Cu 0.5Ni 0.5Cr2O4 0.5  11 170 7 

MgCr2O4 0.5 - 12 200 10 

MnCr2O4 0.5 3 11 170 9 

Mn 0.5Co0.5Cr2O4 0.5 2 11 180 8 

ZnCr2O4 0.5 - 11 180 5 
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Figure 3-1 Schematic layout diagram for the hydrothermal synthesis of metal 
chromites (MCr2O4). 

 

3.1.3 Characterization 

Structural characterization of synthesized products was performed by using Rigaku 

Geiger flux diffractometer (Dmax-IIIA) with CuKα radiation. Thermal analysis 

(TGA-DTA-DSC) of as synthesized products was carried out by using simultaneous 

thermogravimetric analyzer (SDT Q600 TA instruments) and Netzsch STA-409 

thermoanalyzer in air atmosphere. FTIR spectrum of calcined chromite specimens 



 

33 
 

were recorded on FTIR spectrometer (Thermo-Nicolet Avatar 370) using potassium 

bromide (KBr) thin wafer method. Morphology and elemental composition of 

chromite specimens were observed by SEM (NOVA Nanosem-430, FESEM, LEO 

4401 and Jeol JSM-6510 LV). Elemental analysis was performed by ICP-OES using 

ICP-OES iCAP6500. The absorption spectrums of calcined chromite samples were 

recorded in transmission mode in the wavelength range of 200–900 nm on UV–visible 

spectrophotometer (Specord 205, Analtik Jena). For the study of shrinkage behavior 

of calcined powder, horizontal assembly dilatometer (NETZSCH 409) was used. The 

sintered pellets were polished and densities were measured by Archimedes buoyancy 

method. Impedance spectroscopy of sintered chromite specimens was performed 

using impedance spectrometer (Alpha-N Analyzer, Novocontrol Germany) and 

Precision Impedance Analyzer (Agilent 42948A) at different temperatures with 

THMSE 600 heating stage.  

3.2 Copper Chromite 

Copper chromite (CuCr2O4) is very important spinel oxide material has tetragonally 

distorted spinel structure. The results of synthesized CuCr2O4 are presented here. 

3.2.1 Thermal Studies 

Figure 3-2 shows the TG, DTG and DSC curves of as synthesized green powder of 

CuCr2O4. TG curve (Fig. 3-2a) shows an overall mass loss of ~23.68%. DTG curve 

(Fig. 3-2b) shows a pronounced peak at 208 °C, although minor peaks are seen at 

other temperatures as well that correspond to removal of water molecules. A weight 

loss of about 7.25%  around 100 °C seems related with desorption of water. A peak at 

208 °C in DTG curve (Fig. 3-2b) corresponds to the most profound removal of water 

from hydroxides. Apparently, this removal of water continues up to 800 °C with steps 

at about 400 °C, 500 °C and 700 °C.  

The expected chemical reactions involved in this process in the simplified 

form are summarized below: 

)13(2)(2)( 32
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Figure 3-2 Thermal analysis of as-synthesized green powder of CuCr2O4 (a) TG 
curve ( b) DTG curve and (c) DSC curve. 
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The reactions (3-1) & (3-2) primarily occur during hydrothermal processing & 

(3-3) to (3-5) occur during heating above 100 ºC (calcination). If we assume that 

decomposition of hydroxides to form their oxides takes place at 100-800 °C, the 

weight loss should be 29%. By contrast, the weight loss at this temperature range is 

only 16%. This suggests that bound water after hydrothermal synthesis is lower than 

expected for hydroxides, which may be due to partial formation of oxides at this stage 

as well.  

Figure 3-2c shows the DSC curve of CuCr2O4. The first endothermic peakmax 

at 90 oC is due to the desorption of water molecules and second endothermic peakmax 

at 230 oC is due to decomposition of metal hydroxides, in agreement with TG results 

(Fig. 3-2a). The exothermic peak at 417 oC relates to crystallization of CuCr2O4 

phase. These results were comparable with the literature [206]. 

3.2.2 Phase and Structural Analysis 

Figure 3-3 shows X-ray diffraction patterns of CuCr2O4 powder calcined at 400ºC, 

800ºC and sintered at 1050ºC for 4 h. After calcination at 400 ºC for 4 h (Fig. 3-3a), 

the XRD pattern of the sample confirms the formation of tetragonal CuCr2O4 phase as 

matched with ICDD card # 34-0424 [207]. At 400 ºC, less pronounced diffraction 

peaks with relatively lower crystallinity were observed. All the peaks are not 

completely resolved especially appearing at 2θ angles of 30º and 57º as shown in Fig. 

3-3a. But these diffraction peaks are completely resolved after calcination at 800 ºC 

for 4 h (Fig. 3-3b), and crystallinity of the sample is also improved. In TG results 

(Fig. 3-2a), weight loss continues upto 800 ºC which may suggest water as hydroxyl 

ions are still present within the CuCr2O4 or in the form of hydroxides impurity phases. 

The later are, however, not resolved in the XRD pattern for the sample treated at 400 

ºC. After sintering at 1050 ºC for 4 h (Fig. 3-3c), the diffraction peaks of CuCr2O4 

become stronger and sharper, revealing improvement in crystallinity. The values of 

2θ, orientation and d spacing of each of the peaks of CuCr2O4 sintered specimen XRD 

data are given in appendix A.1 Table 1. 
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Figure 3-3 X-ray diffraction patterns of CuCr2O4: calcined (a) at 400 ºC, (b) at 
800 ºC, (c) pellet sintered at 1050ºC (all the peaks were indexed consist of 
tetragonal CuCr2O4 phase) and (d) Rietveld refined diffraction pattern of 

CuCr2O4 pellet specimen sintered at 1050 °C. 
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In order to obtain structural parameters of the CuCr2O4, Rietveld refinement 

was applied using Rietica software [208, 209].  Rietveld refined pattern of CuCr2O4 

sample sintered at 1050 ºC is shown in Fig. 3-3d. The reliability factors of Rp = 

5.54%, Rwp =7.08 %, Rexp = 4.73 %, and χ2 (GOF) = 2.24 were achieved. Rietveld 

refinement confirms that synthesized CuCr2O4 pellet specimen is tetragonal space 

group I-4 2 D, with cell parameters of a = b = 6.0336 Å and c = 7.82650, unit cell 

volume of 283.569946 Å3. Rietveld refinement results are listed in Table 3-2. The 

crystal system and cell parameters for CuCr2O4 specimen are in good agreement with 

the literature [207].  

 
Table 3-2 Refined positional parameters obtained from the Rietveld refinement 

of CuCr2O4 XRD data. 

Atoms 
Wy/ 

Position 
x Y z B/A2 n  

Cu 8a 0.12500 0.12500 0.12500 1.00000 1.00000  
Cr 16d 0.50000 0.50000 0.50000 1.00000 2.00000  
O 32e 0.25310 0.25310 0.25310 0.00000 4.00000  

Lattice 
parameter 

(Å) 

Unit cell volume 
(Å3) 

Space 
group 

Rp  
(%) 

Rwp 

(%) 
Rexp 
(%) 

GOF 
(%) 

a=b= 6.03360 
c= 7.82650 

283.569946 I -4 2 D 5.54 7.08 4.73 2.242 

 

3.2.3 FTIR Study 

Figure 3-4 shows typical FTIR results for the CuCr2O4 powder calcined at 800ºC. The 

FTIR spectrum reveals absorption bands at around 463, 559 and 604 cm−1. These 

bands are due to M3+-O2- stretching vibrations on tetrahedral and octahedral sites, 

respectively, characteristic of spinel structure of CuCr2O4 [210]. 

3.2.4 Thermodilatometry Study 

Dilatometry was performed in order to study thermodilatometric behavior of the 

calcined copper chromite powder. Figure 3-5 shows the non-isothermal dilatometric 

curve of CuCr2O4 powder calcined at 800 °C and pressed into green compact. There is 

no major change in length on heating up to 250 °C. However, a substantial change in 

length is observed between 400 ºC and 800 °C. The gradual expansion appears to be 

caused by decomposition of organic binder (polyvinyl alcohol, PVA). A sharp 



 

expansion at about 520 °C possibly relates

CuCr2O4 [211]. According to 

undergoes a first-order structural transition from a tetragonal distorted spinel structure 

in space group (I41/amd) to a cubic spinel structure in Fd3¯m, near  600 °C.  The 

structure changes as a result of a transition from an orbitally ordered to disordere

state associated with a Jahn

Figure 3-4 FTIR spectrum of CuCr

Figure 3-5 Dilatometry curves of CuCr
dilatometric change and
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expansion at about 520 °C possibly relates to tetragonal to cubic phase transition 

According to Kennedy et al., [211], copper chromite (CuCr

order structural transition from a tetragonal distorted spinel structure 

/amd) to a cubic spinel structure in Fd3¯m, near  600 °C.  The 

structure changes as a result of a transition from an orbitally ordered to disordere

state associated with a Jahn–Teller-type distortion of the CuO4 -tetrahedron. 

FTIR spectrum of CuCr2O4 powder specimen calcined at 800°C

Dilatometry curves of CuCr2O4 specimen calcined at 800°C 
dilatometric change and (b) differential dilatometric change

to tetragonal to cubic phase transition in 

, copper chromite (CuCr2O4) 

order structural transition from a tetragonal distorted spinel structure 

/amd) to a cubic spinel structure in Fd3¯m, near  600 °C.  The 

structure changes as a result of a transition from an orbitally ordered to disordered 

tetrahedron.  

 

powder specimen calcined at 800°C. 

 

specimen calcined at 800°C (a) 
differential dilatometric change. 



 

3.2.5 Microstructural Analysis

Figure 3-6 shows SEM images of 

image of CuCr2O4 speci

irregular shaped spherical particles consisting of fine primary particles (crystallites) 

and their agglomerates/ aggregates (secondary particles). 

 

Figure 3-6 Scanning electron micrographs of CuCr
powder at 800ºC for 4
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Microstructural Analysis 

shows SEM images of calcined and sintered specimens

specimen calcined at 800 oC (Fig. 3-6a) reveals agglomerated 

irregular shaped spherical particles consisting of fine primary particles (crystallites) 

and their agglomerates/ aggregates (secondary particles).  

Scanning electron micrographs of CuCr2O4 specimens: 
ºC for 4h and (b) ceramic pellet sintered at 1050ºC for 4

calcined and sintered specimens of CuCr2O4. SEM 

) reveals agglomerated 

irregular shaped spherical particles consisting of fine primary particles (crystallites) 

 

 

specimens: (a) calcined 
sintered at 1050ºC for 4 h. 



 

Figure 3-7 Composition analysis of CuCr
(a) SEM image of CuCr

 

The size of primary small particles is in the range of 100

large secondary particles is in range of 600

of the sample sintered at 1050 °C having well developed, octahedron shaped crystals 

with an average size of  ~1 µm. The smaller particles/ crystals of about 500 nm are 

also numerously seen. The formation of bigger particles must be the result of the 

coalescence and sintering of CuCr

process. Intergranular pores have smaller radii and they seem to eliminate rapidly 
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Composition analysis of CuCr2O4 pellet specimen sintered at 1050ºC: 
SEM image of CuCr2O4 pellet and (b) the EDX analyzed specimen.

The size of primary small particles is in the range of 100-300 nm and that of 

large secondary particles is in range of 600-800 nm. Fig. 3-6b shows the morphology 

of the sample sintered at 1050 °C having well developed, octahedron shaped crystals 

with an average size of  ~1 µm. The smaller particles/ crystals of about 500 nm are 

also numerously seen. The formation of bigger particles must be the result of the 

cence and sintering of CuCr2O4 crystallites within an aggregate during sintering 

process. Intergranular pores have smaller radii and they seem to eliminate rapidly 

 

cimen sintered at 1050ºC: 
the EDX analyzed specimen. 

300 nm and that of 

shows the morphology 

of the sample sintered at 1050 °C having well developed, octahedron shaped crystals 

with an average size of  ~1 µm. The smaller particles/ crystals of about 500 nm are 

also numerously seen. The formation of bigger particles must be the result of the 

crystallites within an aggregate during sintering 

process. Intergranular pores have smaller radii and they seem to eliminate rapidly 
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such that the agglomerates have grown to faceted crystals (~1 µm) after sintering at 

1050 oC (Fig. 3-6b). On the other hand, large pores within the secondary particles 

agglomerates and loose particles due to less effective compaction have not been 

removed even at 1050 oC, because of slower sintering rate for pores with larger radii 

is generally accepted. Any way, it is demonstrated that a successful compaction or 

deagglomeration would result in smaller pore radii in the compacts and sintering 

would be successful at 1050 °C for the nanocrystalline CuCr2O4 powder. It may be 

worth mentioning that such problems are generally present in case of ceramic 

nanopowder with agglomerates. 

Figure 3-7 shows the SEM image (Fig. 3-7a) and EDX spectrum (Fig. 3-7b) of 

CuCr2O4 specimen sintered at 1050°C. EDX analysis of both the large and small 

particles shows that they have same composition, excluding the chance of any 

impurity phase in agreement with XRD results. The resultant peaks of Cu, Cr and O 

confirm the formation of single phase CuCr2O4 spinel. Elemental analysis in different 

sample regions gives (inset Table in Fig. 3-7b) Cu:Cr elemental ratio of 

approximately 1:2. 

3.2.6 Impedance Analysis 

Figure 3-8a shows the complex impedance plane plot (Nyquist plot) of CuCr2O4 

specimen sintered at 1050ºC for 4 h at room temperature. In this spectrum, the 

frequency of applied field increases from right to left and intersection of the arc at low 

frequency gives the total dc resistance of the sample. The appearance of one or more 

semicircular arcs generally tells the presence of one or more relaxation processes. An 

arc-like behavior is observed in which colored circles represent the actual 

experimental data, whereas the solid red line (Fig. 3-8a) shows the results of fitting 

using Z-View software. The semicircular arc (Fig. 3-8a) at room temperature is a 

depressed semicircle arc and is composed of two depressed semicircular arcs which 

are identified by fitting the experimental data. The Z-View software is used to identify 

the contribution of different phases in the form of depressed semicircles. An 

equivalent circuit model (R1Q1)(R2Q2) has been used to fit the impedance data of 

CuCr2O4 materials in order to calculate the values of resistance and capacitance of 

difference electroactive regions. These two depressed semicircular arcs are due to the 

grain and grain boundaries effect contributing in CuCr2O4 material with different 
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relaxation times ,  = RC, where  is the relaxation time of the charge carriers, R is the 

resistance and C is the capacitance associated with the electroactive region and can be 

determined from the diameter and height of the corresponding arcs. These parameters 

are used to correlate the  electrical properties with the microstructure of synthesized 

material [212].  

Two different electroactive regions are represented by 1 and 2 in the suffix of 

the equivalent circuit model and Q is the constant phase element used in circuit for the 

deviation of capacitor from the ideal behavior like C = R(1-n/n) Q1/n, where n measures 

the deviation from ideal Debye behavior and its value is zero for pure resistor and is 

unity for pure capacitor. First, RC circuit (with suffix 1) in Fig. 3-8a is related with 

grains and second RC circuit (with suffix 2) is associated with grain boundaries. 

Fitting of impedance data of CuCr2O4 materials using equivalent circuit model 

(R1Q1)(R2Q2), the resistance and constant phase element (Q) of grains comes out to be 

R1 = 62524 Ω and Q1 = 1.818×10-10 (n1 = 0.8496), respectively. Whereas, associated 

resistance and Q of grain boundaries is calculated as R2 = 236610 Ω and Q2 = 

1.935×10-9 (n2 = 0.68962). Form these results; it is observed that the resistance of 

grains is less as compared to grain boundaries in the sintered specimen of CuCr2O4 

which is in accordance with the grain growth as discussed previously in the SEM 

results (Fig. 3-6b). All fitted parameters are presented in Table 3-3. 

The Fig. 3-8b and Fig. 3-8c show frequency dependence plots of Z′ and Z″ of 

CuCr2O4 sintered specimen. The value of Z′ decreases with increasing frequency and 

thus conduction increases with increase of frequency indicating the possible release of 

space charges. Frequency dependence of Z″ is shown in Fig. 3-8c. A feeble peak is 

observed at ≈104 Hz for the 1050ºC sintered specimen. This multirelaxation process is 

translated into a prominent change in the conductivity of the sintered samples which 

will be discussed in the next paragraph. 

Table 3-3 Impedance analysis of CuCr2O4 sintered specimen (fitting error 2-
3%). 

Sintering 

Temp. (oC) 

R1 

(Ω) 
Q1 n1 

R2 

(Ω) 
Q2 n2 

CuCr2O4 -1050 62524 1.818×10-10 0.8496 236610 1.935×10-9 0.68962 

 



 

Figure 3-8 Impedance analyses of CuCr
Impedance plane plots, (b) variation of
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Impedance analyses of CuCr2O4 specimens sintered at 1050ºC: (a) 
Impedance plane plots, (b) variation of real part Z′ and (c) imaginary part Z″ of 

impedance with frequency. 

 
specimens sintered at 1050ºC: (a) 

′ and (c) imaginary part Z″ of 



 

Figure 3-9 Variation of: 
frequency

 

The AC conductivity plot (Fig. 3

up to 104 Hz followed by a frequency dependent region. The conductivity increases 

with increase in frequency between 10

at which the slope of th

called the characteristics or hopping frequency 

with frequency at room temperature shows in Fig. 3

value of dielectric constant can be seen; 

observed. This decrease in dielectric constant is due to

applied frequency, which

frequencies. 
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Variation of: (a) conductivity and (b) dielectric constant with 
frequency for CuCr2O4 specimen sintered at 1050ºC.

onductivity plot (Fig. 3-9a) shows a frequency independent region 

Hz followed by a frequency dependent region. The conductivity increases 

with increase in frequency between 104 Hz to 106 Hz frequency region. The frequency 

at which the slope of the conductivity starts to change with increasing frequency is 

called the characteristics or hopping frequency [213]. Real part of dielectric constant 

with frequency at room temperature shows in Fig. 3-9b. At lower frequencies, large 

value of dielectric constant can be seen; however, at higher frequencies, dispersion is 

observed. This decrease in dielectric constant is due to the reversal of dipoles with the 

frequency, which results in the decrease of dielectric constant at higher 

 

 
ectric constant with 

specimen sintered at 1050ºC. 

9a) shows a frequency independent region 

Hz followed by a frequency dependent region. The conductivity increases 

Hz frequency region. The frequency 

e conductivity starts to change with increasing frequency is 

part of dielectric constant 

At lower frequencies, large 

at higher frequencies, dispersion is 

the reversal of dipoles with the 

results in the decrease of dielectric constant at higher 
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3.3 Nickel Doped Copper Chromite  

In this section of chapter no. 3, nickel is doped in copper chromite (Cu0.5Ni0.5Cr2O4) 

spinel oxide and studied the effect of nickel doping on phase, crystal structural and 

morphology of copper chromite in comparison of already synthesized copper 

chromite spinel oxide without doping.  

3.3.1 Thermal Analysis 

Figure 3-10 shows the TGA and DTA curves of as synthesized nickel doped copper 

chromite powder. The TGA curve (Fig. 3-10a) shows an overall mass loss of 

~45.85%. This mass loss occurs in three steps, first mass loss (~17.69%) below 200ºC 

is due to dehydration of water molecules. In second step mass loss (14.61%) occurs 

due to decomposition of adsorbed moisture. In third step (13.55%) Cu, Ni and Cr 

hydroxides decomposed for the formation of Cu0.5Ni0.5Cr2O4 as shown in equation 3-

11. The DTA curve (Fig. 3-10b) shows a sharp endothermic peak at 58.14ºC due to 

dehydration of adsorbed moisture and this result corresponds to TGA result. The DTA 

exothermic peak at 313.87ºC exhibits crystallization reaction of Cu0.5Ni0.5Cr2O4 phase 

and this phase is stable above 850ºC. 

The chemical reactions during hydrothermal and calcination processes for 

Cu0.5Ni0.5Cr2O4 synthesis are given from equations (3-6) to equation (3-11).  

)63(7)()()(7)()()( 3322
11,7/170

332323   NaNOOHCrOHNiOHCuNaOHNOCrNONiNOCu pHhCo

 

)73()( 22  HeatOHCuOOHCu  

)83()( 22  HeatOHNiOOHNi  

)93(3)(2 2323  HeatOHOCrOHCr  

)103(5.0)()( 425.05.0
4/600

321   xHeatOCrNiCuOCrNiOCuO hCnCalcinatio
xx

o

 

The overall chemical reaction is; 

  )113(5.04)(2)()(1 2425.05.0322  xHeatOHnOCrNiCuOHCrOHxNiOHxCu

 



 

Figure 3-10 Thermal analysis curves of as synthesized 

 

3.3.2 Phase Analysis

Figure 3-11 shows the 

sintered at 850ºC for 4

have poor crystallinity. 

11b) are in agreement with the JCPDS No.

formation of spinel Cu

developed crystallinity is achieved, as revealed by the sharpening of the XRD peaks 

(Fig. 3-11b), which 

increases after sintering. All 

indexed as shown in Fig. 

the peaks of XRD data of Cu

appendix A.1 Table 2. 
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Thermal analysis curves of as synthesized Cu0.5Ni0.5

(a) TGA and (b) DTA. 

nalysis 

shows the XRD patterns of Cu0.5Ni0.5Cr2O4 powder calcined 

for 4 h. The XRD patterns of calcined powder at 600ºC 

poor crystallinity. After sintering at 850ºC for 4 h, the diffraction peak

agreement with the JCPDS No. 37-0223 [207], which confirm

Cu0.5Ni0.5Cr2O4 tetragonal phase. Moreover, after sintering, well

developed crystallinity is achieved, as revealed by the sharpening of the XRD peaks 

 indicates that the crystallite size of Cu0.5

increases after sintering. All XRD peaks of Cu0.5Ni0.5Cr2O4 sintered specimen were 

indexed as shown in Fig. 3-11b. The values of 2θ, orientation and d spacing of each of 

the peaks of XRD data of Cu0.5Ni0.5Cr2O4 specimen sintered at 850ºC

 

 

0.5Cr2O4 powder: 

powder calcined at 600ºC and 

XRD patterns of calcined powder at 600ºC (Fig. 3-11a) 

, the diffraction peaks (Fig. 3-

, which confirms the 

after sintering, well-

developed crystallinity is achieved, as revealed by the sharpening of the XRD peaks 

0.5Ni0.5Cr2O4 sample 

sintered specimen were 

The values of 2θ, orientation and d spacing of each of 

at 850ºC are given in 
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Figure 3-11 XRD patterns of Cu0.5Ni0.5Cr2O4 (a) calcined at 600ºC and (b) 
sintered at 850ºC. 

 

3.3.3 FTIR Study  

The FTIR spectrum of the Cu0.5Ni0.5Cr2O4 calcined specimen is shown in Fig. 3-12. 

The FTIR spectrum shows two principal absorption bands at higher (589 cm−1) and 

lower (428 cm−1) wavelength regions are assigned by Yur’eva et al. [214] associated 

with vibrations of tetrahedral metal-oxygen bond (Ni-O and/or Cu-O) and octahedral 

metal-oxygen bond (Cr-O) respectively, indicate the formation of spinel structure of 

Cu0.5Ni0.5Cr2O4 nanocrystals [215]. The absorption bands at 1150 cm−1 and 906  cm−1 

were  assigned to NO3
-1 stretching bonds. 

3.3.4 Dilatometry  

Figure 3-13 shows the non-isothermal dilatometric curve of green pellet of nickel 

doped copper chromite powder that was calcined at 600°C. There is no major change 

in length on heating up to 150°C. A large change in length was observed in 

temperature range of 200oC - 700oC and material showed the large expansion in 

dimensions. This expansion appears to be caused by decomposition of organic binder 

(polyvinyl alcohol, PVA) and steady increase in dimensional changes (lattice 

parameters)  as a result of transformation and development of Cu0.5Ni0.5Cr2O4 crystal 

structure.  
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Figure 3-12 FTIR spectrum of 

Figure 3-13 Thermodilatometric curves of green compact (pellet) of 
Cu0.5Ni0.5Cr2O4 powder calcined at 600°C (a) dilatometric change and (b) 
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FTIR spectrum of Cu0.5Ni0.5Cr2O4 specimen calcined at 600°C.

Thermodilatometric curves of green compact (pellet) of 
powder calcined at 600°C (a) dilatometric change and (b) 

differential dilatometric change. 

500

 

 

pecimen calcined at 600°C. 

 

Thermodilatometric curves of green compact (pellet) of 
powder calcined at 600°C (a) dilatometric change and (b) 



 

3.3.5 Microstructural A

Figure 3-14 shows the SEM micrographs of 

morphology of as synthesized 

particles having sized less than 

3-14b) but fully well developed structure was not achieved. The sample consist of 

small and large irregular particles having size in the range 100

(Fig. 3-14c) of the sintered sample shows 

crystals of Cu0.5Ni0.5

agglomerates [215]. 

 

      

 

Figure 3-14 Scanning electron micrographs

synthesized, (b) calcined at 600ºC for 4
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structural Analysis                                        

shows the SEM micrographs of Cu0.5Ni0.5Cr2O

morphology of as synthesized Cu0.5Ni0.5Cr2O4 (Fig. 3-14a) consist of small eq

particles having sized less than 100 nm. After calcinations, grain size increases (Fig. 

14b) but fully well developed structure was not achieved. The sample consist of 

small and large irregular particles having size in the range 100-500

14c) of the sintered sample shows that loose and fine octahedron

0.5Cr2O4 developed which are characteristic of spinel and 

 

 
 

Scanning electron micrographs of Cu0.5Ni0.5Cr2O4

(b) calcined at 600ºC for 4 h and (c) sintered at 850ºC for 4

                                         

O4 specimens. The 

a) consist of small equi-axed 

After calcinations, grain size increases (Fig. 

14b) but fully well developed structure was not achieved. The sample consist of 

500 nm. SEM image 

that loose and fine octahedron-shaped 

characteristic of spinel and 

 

4 specimens (a) as 

(c) sintered at 850ºC for 4 h. 
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Grain size also increased after sintering having size about 1µm. The whole 

sintered sample consists of small and large octahedron shaped particles. The bigger 

well developed particles formed due to coalescence and sintering of nickel doped 

copper chromite crystallites during the sintering process. In order to check the purity 

of sample, EDX analysis along with elemental composition (Fig. 3-15) of the sintered 

sample was performed. EDX analysis of both large and small particles of the sintered 

samples shows that both contained the same Cu0.5Ni0.5Cr2O4 composition without any 

impurity and the whole sample consist of only Cu Ni, Cr and O. Elemental analysis in 

different sample regions gives (inset Table in Fig. 3-15) Cu:Ni:Cr elemental ratio of 

approximately 0.5:0.5:2. EDX analysis confirms that the Cu0.5Ni0.5Cr2O4 synthesized 

materials is chemically homogeneous without any impurity and in coincidence with 

XRD results.  

 

Figure 3-15 EDX spectrum and elemental analysis of Cu0.5Ni0.5Cr2O4 specimen 
sintered at 850ºC. 

 

3.4 Magnesium Chromite 

Magnesium chromite (MgCr2O4) is another very important metal chromite with spinel 

structure. The Mg and Cr ions in MgCr2O4 occupy the tetrahedral and octahedral 

sites, respectively [216]. Magnesium chromite is synthesized in order to study the 
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effect of magnesium element on different properties of spinel chromite as compare to 

other metal chromites having spinel structure. 

Synthesized nanocrystalline magnesium chromite (MgCr2O4) powder 

specimens named as MC1, MC2, MC3 and MC4 according to specified hydrothermal 

conditions as mentioned in Table 3-4. The as-synthesized magnesium chromite 

powder specimens (MC1-MC4) were examined for purity and crystallinity. All four 

synthesized specimens were analyzed physically and chemically and the results are 

given in Table 3-5. XRD analyses were used to detect the phases present in 

hydrothermally synthesized specimens. The chromium oxide (Cr2O3)  phase was 

detected in  specimens like MC1 (14.5%), MC2 (6.5%) and MC3 (3.5%) whereas 

some minor amount of Cr2O3 phase was present in MC4 specimen and was found to 

be ultrafine and well crystalline light green powder material. In present study, the 

MC4 powder specimen was selected as the best representative specimen for 

characterization and impedance analysis on the basis of phase purity and good 

crystallinty as compared to other as-synthesized magnesium chromite powder and 

sintered pellet specimens.   

 

Table 3-4 Hydrothermal reaction conditions for the formation of magnesium 
chromite. 

Specimens Molar proportion Reaction  conditions 
Mg+2/Cr+3 Na+/Cr+3 pH Temperature 

(oC) 
Time 

(h) 
MC1 0.5 1.72 9 170 6 
MC2 0.5 2.96 10 180 9 
MC3 0.5 3.12 11 190 9 
MC4 0.5 3.35 12 200 10 

 

 

Table 3-5 Thermal, FTIR  and XRD analysis of hydrothermally synthesized 
magnesium chromite specimens. 

Specimen 

TGA-DTA  and 
FTIR analysis 

XRD  analysis 

Mass 
(%) 

Wavenumber  
(cm-1) 

Phase (%*) Symmetry 
 

Space 
group 

Crystallite 
size (nm) CO3

-2 Cr2O3 MgCr2O4 
MC1 30.6 605, 450 4.0 14.5 81.5 Cubic/spinel Fd3m 124 

MC2 31.2 608, 458 3.0 6.5 90.5 Cubic/spinel Fd3m 112 

MC3 30.8 604, 455 1.9 3.5 94.6 Cubic/spinel Fd3m 102 

MC4 32.3 607, 452 0.5 2.0 97.5 Cubic/spinel Fd3m 85 

*  JCPDS 82-1529 [217]  
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3.4.1 Phase and Microstructure Analysis   

Figure 3-16 shows the XRD patterns of MC4 powder specimen calcined at 350oC 

(Fig. 3-16a), 650oC (Fig. 3-16b), 750oC (Fig. 3-16c), 850oC (Fig. 3-16d), and at 

950oC (Fig. 3-16e) for 4 h in air. The sharp peaks appearing in the diffractograms 

show crystalline phase of magnesium chromite (MgCr2O4) with well-pronounced 

cubic spinel crystal structure. The main peak is centered at 2θ = 35.75º and 

corresponds to crystal plane with Miller indices {311} which is characteristic of 

MgCr2O4 cubic spinel. The sharp peaks in XRD patterns were indexed in terms of 

cubic spinel structure Mg0.99Cr0.1Cr1.99 Mg0.1O4 according to standard JCPDS 82-1529 

[217]. The values of 2θ, orientation and d spacing of each of the peaks of XRD data of 

MgCr2O4 (MC4) specimen calcined at 950ºC are given in appendix A.1 Table 3. 

Rietveld refinement was performed using Rietica software [157, 209]. After 

the refinement, the peak position and relative intensities of XRD pattern (Fig. 3-17) 

indicates that synthesized MC4 powder specimen calcined at 950oC is magnesium 

chromite (MgCr2O4) cubic spinel with cell parameters a = 8.33473(5) Å, unit cell 

volume = 578.99Å3 and space group Fd3m.The crystal system and cell parameters for 

MC4 specimen are in good agreement with the literature for MgCr2O4 [53]. It is 

noticed that hydrothermal process provides well-developed MgCr2O4 spinel crystals 

at 950°C. The average crystallites size was estimated with the help of Scherrer 

formula given in chapter no. 2 (eq. no. 2-2). The average size of crystallites is about 

38.7, 49.3, 54.7, 67.4 and 85.3 nm for as-synthesized specimens dried at 350oC and 

calcined at 650, 750, 850 and 950oC respectively. It can be seen that the peaks 

reflection become sharper with increase of calcination temperature and enhancement 

of crystallinity takes place. For specimen, calcined at 950C, the peak broadening is 

small and large crystallites were detected. It shows that the average grain size 

increases with temperature and the maximum grain size was about < 100 nm.  

SEM was used to observe the influence of hydrothermal treatments on 

morphology of the synthesized MgCr2O4 spinel powder. Figure 3-18 shows SEM 

images of MC4 powder calcined at 650, 750, 850 and 950°C. The micrographs of heat 

treated specimens (Fig. 3-18a,b), show highly crystallized particles which are 

agglomerated to form irregular morphologies. Some void and pores are also observed 

(Fig. 3-18c). Still there are very large numbers of crystals with uniform size 



 

distribution. However, the crystal size increases with increase of calci

temperature (950oC) and lump size reached around 0.2

results are comparable with XRD data, where sharp peaks are the indication of well 

define crystallization of MgCr

major effect on particle morp

porosity decreases with increase of calcination temperature. Dutta et al. 

reported that increase of temperature leads to size enlargement through 

agglomeration. 

Figure 3-16 XRD patterns of MC
650

Figure 3-17 Rietveld refinement of XRD pattern of MC4 powder specimen
calcined at 950ºC o

53 
 

distribution. However, the crystal size increases with increase of calci

C) and lump size reached around 0.2-2.5 μm (Fig. 3

results are comparable with XRD data, where sharp peaks are the indication of well 

define crystallization of MgCr2O4 which reveals that calcination temperature has 

major effect on particle morphology, structure and porosity. In the present case, 

porosity decreases with increase of calcination temperature. Dutta et al. 

reported that increase of temperature leads to size enlargement through 

patterns of MC4 powder specimen calcined at: (
650oC, (c) 750oC, (d) 850oC and (e) 950oC. 

Rietveld refinement of XRD pattern of MC4 powder specimen
calcined at 950ºC observed (black dot), calculated (lines

distribution. However, the crystal size increases with increase of calcination 

2.5 μm (Fig. 3-18d). These 

results are comparable with XRD data, where sharp peaks are the indication of well 

which reveals that calcination temperature has 

hology, structure and porosity. In the present case, 

porosity decreases with increase of calcination temperature. Dutta et al. [218] also 

reported that increase of temperature leads to size enlargement through 

 
4 powder specimen calcined at: (a) 350oC, (b) 

 

Rietveld refinement of XRD pattern of MC4 powder specimen 
lines). 



 

 

Figure 3-18 SEM images

 

3.4.2 Thermal Analysis

Figure 3-19 shows the TG

MC4 specimen. The results of percent mass loss of synthesized specimens (MC1

MC4) are given in Table 3

first step, removal of water molecules takes pl

step, (374-793oC, ~3.1%) decomposition of adsorbed moisture and nitrates takes 

place. In third step a small change occur at 793

carbonates. The DTA curve (Fig.

274oC (Tmax126oC) as a result of

endothermic peak at 265

nitrates and hydroxides
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SEM images of MC4 powder specimen calcined at: 
750ºC, (c) 850ºC and (d) 950ºC. 

nalysis 

shows the TG-DTA-DSC curves of as-synthesized crystalline powder of 

MC4 specimen. The results of percent mass loss of synthesized specimens (MC1

Table 3-4. The mass loss is occurring in three steps (Fig. 3

first step, removal of water molecules takes place (85-385oC, ~27.0%), in the second 

C, ~3.1%) decomposition of adsorbed moisture and nitrates takes 

In third step a small change occur at 793-980oC (~2.2%) due to breakdown of 

carbonates. The DTA curve (Fig. 3-19b) shows a broad first endothermic peak at 90

as a result of adsorbed moisture dehydration

endothermic peak at 265-351 (Tmax 335oC) attributes to the decomposition of 

nitrates and hydroxides. The third endothermic peak at 352-407 (Tmax

 
men calcined at: (a) 650ºC, (b) 

synthesized crystalline powder of 

MC4 specimen. The results of percent mass loss of synthesized specimens (MC1-

The mass loss is occurring in three steps (Fig. 3-19a), in 

C, ~27.0%), in the second 

C, ~3.1%) decomposition of adsorbed moisture and nitrates takes 

(~2.2%) due to breakdown of 

st endothermic peak at 90-

adsorbed moisture dehydration. The second 

decomposition of metal 

max 381oC) is due to 
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decomposition of adsorbed moisture nitrates and carbonates. The exothermic peakmax 

at 445oC exhibits crystallization reaction of magnesium chromite (MgCr2O4) within 

magnesium and chromium hydroxide gel. The volatiles were completely removed at 

900oC and no other thermal effects were observed above 900oC [219]. TG/DTA 

results revealed that MgCr2O4 crystalline phase is thermally stable >800oC.  

Figure 3-19c shows the heat flow curve of DSC. The enthalpy changes 

observed in DSC curves at different temperatures. The DSC curve shows first 

endothermic peakmax at 128oC and enthalpy change ΔH = 384.1 Jg-1 due to the 

dehydration of adsorbed moisture and second endothermic peakmax at 354oC (ΔH = 

15.5 Jg-1) appears due to the decomposition loosely bound metal nitrates and 

hydroxides confirmed by TG-DTA results. The exothermic peakmax at 442oC (ΔH= -

6.9 Jg-1), is due to initiation of crystallization reaction. This exothermic reaction 

indicates the phase transformation from magnesium and chromium hydroxide into 

complete crystallization of magnesium chromite and spinel phase formation takes at 

this temperature. At this step bond breaking and formation of new phase magnesium 

chromite take place. The DSC curve of the MgCr2O4 indicated a remarkable 

exothermic peak appears at ~445oC.  

The chemical reactions during hydrothermal process and calcination are 

mentioned in equations (3-12) to (3-16). 

)123()()()()( 32
129,200170

3323    OHCrOHMgNaOHNOCrNOMg pHCo

 

)133()( 22  HeatOHMgOOHMg  

)143(3)(2 2323  HeatOHOCrOHCr  

)153(4232  HeatOMgCrOCrMgO  

The overall chemical reaction 

)163()()( 242
850450

32    HeatOxHOMgCrOHCrOHMg CnCalcinatio o

 



 

Figure 3-19 TG-DTA and DSC curves of as

 

3.4.3 FTIR and UV

The formation of spinel structure of MgCr

visible spectra. Figure 3

pellet) as a function of 

range 400-650cm-1. The IR band in 
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DTA and DSC curves of as-synthesized MC4 specimen: 
(b) DTA and (c) DSC. 

FTIR and UV-Visible Analysis 

The formation of spinel structure of MgCr2O4 was also monitored by FTIR 

visible spectra. Figure 3-20 shows FTIR spectrum of crystalline MC4 specimen (KBr 

pellet) as a function of wave number. Two significant peaks are observed in the lower 

. The IR band in short-wave region (vibration 457 

 

synthesized MC4 specimen: (a) TG, 

was also monitored by FTIR and UV-

m of crystalline MC4 specimen (KBr 

. Two significant peaks are observed in the lower 

wave region (vibration 457 cm-1) is usually 



 

attributed to the stretching vibrations of the Cr

environment of O-atoms, and the vibration frequency at 608cm

O stretching modes in tetrahedral sites 

range 2300-1650 cm-1

nanocrystals. The FTIR spectrum of MC4 specimen, calcined at 850

spinel structure (MgCr

Figure 3-20 FTIR spectrum of as
 

 

Figure 3-21 shows UV

nanocrystals as a function of wavelength in 

two bands, one is centered

bands around 355-385

magnesium chromite spinel.

coordination [221]. The higher bands are correspond

region of visible spectrum (62

Band gap energy was calculated using Tauc’s plot Fig. 3

out to be 0.69 eV. According to Tauc

semiconducting material the absorption coefficient near the band 


h
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attributed to the stretching vibrations of the Cr-O bonds of Cr atoms in the octahedral 

atoms, and the vibration frequency at 608cm-1 is characteristic Mg

O stretching modes in tetrahedral sites [220]. The absorption band observed at higher 

1 proves the presence of absorbed water on the sur

nanocrystals. The FTIR spectrum of MC4 specimen, calcined at 850

spinel structure (MgCr2O4) is formed at temperature >750oC.  

FTIR spectrum of as-synthesized MC4 specimen calcined at 850

shows UV-vis absorption spectrum of hydrothermal 

nanocrystals as a function of wavelength in nanometer. The spectrum (

centered at 380nm while other one at 620 nm.The charac

385 nm are clearly pronounced in optical absorption spectrum of 

magnesium chromite spinel. These bands are due to Cr3+ ions in the octahedral 

. The higher bands are corresponded to the bluish green/dark gree

region of visible spectrum (620 nm).  

Band gap energy was calculated using Tauc’s plot Fig. 3-

out to be 0.69 eV. According to Tauc’s equation [160, 222], for a direct band gap 

semiconducting material the absorption coefficient near the band edge is:  

)( 2
1

 gEh
h

A




bonds of Cr atoms in the octahedral 

is characteristic Mg-

. The absorption band observed at higher 

proves the presence of absorbed water on the surface of the 

nanocrystals. The FTIR spectrum of MC4 specimen, calcined at 850oC revealed that 

 

imen calcined at 850oC. 

vis absorption spectrum of hydrothermal derived MC4 

spectrum (Fig. 3-21a) has 

nm.The characteristic 

nm are clearly pronounced in optical absorption spectrum of 

ions in the octahedral 

ed to the bluish green/dark green 

-21b, which comes 

, for a direct band gap 

edge is:   

)173(   



 

Where α is the absorption coefficient, 

optical band gap and A

for any energy can be rearranged and written in the form

( h

From the eq. 3-18 it is clear when 

determined by plotting (αhν)

extrapolating the plot to (αhν)

   

Figure 3-21 UV-visible absorption properties of MC4: 
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Where α is the absorption coefficient, hν is incident photon energy, 

A is constant depending on the type of transition

for any energy can be rearranged and written in the form; 

)() 22  gEhA 

it is clear when hν = 0 then Eg = hν. The band gap energy is 

determined by plotting (αhν)2 against hν and finding the intercept on the 

the plot to (αhν)2 = 0 as shown in Fig. 3-21b.  

visible absorption properties of MC4: (a)  UV-
and (b) Tauc’s plot. 

is incident photon energy, Eg is 

is constant depending on the type of transition. Equation 3-17, 

)183(   

= hν. The band gap energy is 

hν and finding the intercept on the hν axis by 

 

 

-visible spectrum 



 

The absorption cut

nanocrystals absorb visible light in the wavelength range 500

energy is determined from the intercept of the straight line at α= 0, which is found to 

be 0.69 eV slightly lower than the reported values 

3.4.4 Compaction and Sintering S

Dilatometry 

Figure 3-22 displays the dilatometry curve of 

calcined at 650°C. The curve shows no 

at about 120-400oC. Th

expansion in the material 

PVA). Above 850°C, there is gradual increase in dimensional changes (lattice 

parameters) which are due to development 

dilatometry results, sintering was conducted between 900

the crystalline MgCr2O

Figure 3-22 Dilatometry curves of MC4 specimen as f
dilatometric change and
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rption cut-off wavelength is 620 nm, suggesting that MC4 

nanocrystals absorb visible light in the wavelength range 500-650

energy is determined from the intercept of the straight line at α= 0, which is found to 

be 0.69 eV slightly lower than the reported values [223].    

Compaction and Sintering Study 

displays the dilatometry curve of green pellet of MC4

. The curve shows no dimensional changes up to 100°C, but started 

C. The temperature between 400 and 700°C shows the sl

expansion in the material due to the expulsion of organic binder (polyvinyl 

PVA). Above 850°C, there is gradual increase in dimensional changes (lattice 

parameters) which are due to development of MgCr2O4 phase. On the basis of 

dilatometry results, sintering was conducted between 900-1300°C in order to obtain 

O4 cubic phase.  

Dilatometry curves of MC4 specimen as function of temperature: 
dilatometric change and (b) differential dilatometric change

nm, suggesting that MC4 

650 nm. The band gap 

energy is determined from the intercept of the straight line at α= 0, which is found to 

MC4 specimen powder 

up to 100°C, but started 

e temperature between 400 and 700°C shows the slight 

due to the expulsion of organic binder (polyvinyl alcohol, 

PVA). Above 850°C, there is gradual increase in dimensional changes (lattice 

phase. On the basis of 

1300°C in order to obtain 

 

unction of temperature: (a) 
differential dilatometric change. 
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Sintering  

The Archimedes buoyancy density, ρ (sintered density) and porosity (%P) of MC4 

sintered pellets are estimated according to published method whereas the theoretical 

density (ρth) of MgCr2O4 is calculated by using the following equation 3-19 [224]: 

)193( 
ac

c
th

NV

AN
  

Where Nc = number of molecules per unit cell, A = molecular weight, Vc = 

volume of one molecules and Na = Avogadro’s number. So the theoretical density of 

MgCr2O4 was calculated by cubic spinel nature of structure considering eight formula 

units per unit cell, the molecular weight of one cell is MgCr2O4 was calculated. 

Volume of cubic structure unit cell is (8.3347)3 Å3.  

   
)203(.3977.4

10023.6103347.8

)7.191(8 1

2338



 


cmgth  

The percent porosity of specimen was calculated by using the relation as 

below: 

)213(1001% 









th

P



 

Where ρ is the measured density. Some characteristics of sintered ceramic 

bodies are summarized in Table 3-6. It can be noticed that MC4 sintered ceramic 

composed of uniformly sized grains, >90% of theoretical density (relative density) 

could be obtained after sintering at 1250oC for 6 h. The properties of sintered ceramic 

materials depend upon the sintered density and porosity of ceramic. It is well known 

that during sintering of homogeneous materials, the porosity decreases and the 

microstructures of the material develop, depending upon the morphology, 

agglomeration and sintering conditions. MC4 specimen sintered at 1000oC has lower 

% relative density as compared to specimen sintered at 1250oC. The results are 

comparable with literature [224, 225].  

 



 

Table 3-6 Green and sintered densities of  magnesium chromite (MgCr

Physical Characteristics

 

Sintered density (g.cm

Relative density (%) 

Porosity (%) 

 

 Analysis of crystallization

sintering temperatures 

peak which appeared in XRD patterns (Fig. 3

the magnesium chromite MgCr

All sintered specimens exhibit cubic spinel symmetry and lattice constant a

Å [217]. The crystallite size wa

chapter no. 2 (equation no. 2

Figure 3-23 XRD patterns of MC4 specimens sintered at : 
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Green and sintered densities of  magnesium chromite (MgCr
spinel ceramic. 

Physical Characteristics Sintering temperature (

 1000 1150 

g.cm-3) 3.364 3.684 

76.54 83.82 

23.45 16.18 

crystallization behavior of MC4 powder sintered at various 

atures is presented in Figure 3-23. It can be seen 

appeared in XRD patterns (Fig. 3-23a-c) is 2θ = 31.75

the magnesium chromite MgCr2O4 crystalline phase (MgCr2O4, JC

All sintered specimens exhibit cubic spinel symmetry and lattice constant a

. The crystallite size was calculated by using Scherrer 

chapter no. 2 (equation no. 2-2).  

patterns of MC4 specimens sintered at : (a) 1000
and (c) 1250oC for 6 h. 

Green and sintered densities of  magnesium chromite (MgCr2O4) 

Sintering temperature (oC) 

1250 

3.974 

90.42 

9.58 

behavior of MC4 powder sintered at various 

. It can be seen that the strongest 

31.75o corresponded to 

JCPDF # 82-1529). 

All sintered specimens exhibit cubic spinel symmetry and lattice constant a = 8.3347 

 equation given in  

 

1000oC, (b) 1150oC 
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 The SEM microstructures of MC4 powder sintered at different temperatures 

for 6 h (1000-1250oC) in air atmosphere is shown in Fig. 3-24. The MC4 specimens 

sintered at 1000oC and 1150oC (Fig. 3-24a,b), both specimens are well sintered and 

consist of well dispersed spherical like particles of uniform size in submicron regime 

corresponding to cubic form. There is no abnormal grains growth or exaggerated i.e. 

secondary recrystallization was noticed in these specimens. However, the MC4 

specimen, sintered at 1250oC exhibits irregularly shaped particles indicating that a 

second phase is investigated with rods-like particles at 1250oC high sintering 

temperature (Fig. 3-24c). There is evidence for exaggerated grain growth, with the 

development of inter-particle necks and consequent new particle fusion. The 

morphology of MC4 sintered at 1250oC markedly varies from spherical shape to rod-

like clusters. Microstructural features of sintered specimens show uniform distribution 

of grain size varies from 4-10 μm.  

 
 

  

Figure 3-24 SEM images of MC4 specimen sintered at (a) 1000oC, (b) 1150oC and 
(c) 1250oC for 6 h. 
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3.4.5 Impedance Analysis 

Figure 3-25 shows the impedance plane plots of MC4 specimen at three different 

sintered temperatures (1000-1250oC). The Fig. 3-25a shows a typical impedance 

plane plot between Z/ and Z// of MC4 specimen sintered at 1000oC. An arc-like 

behavior was noticed and intersection of the arc at low frequency (right hand side) 

gives the total resistance of the sample [226]. Using ZView software, depression 

angle was measured to understand the heterogeneity of the specimen. Depression 

angle is a measure of the displacement of semicircular arc below the x-axis [227].  

The depression angle is very high around 35o and it can be inferred that 

specimen was heterogeneous and this semicircular was formed from the combinations 

of different electroactive region relaxations [228]. The specimens heated at 1150oC 

and 1250oC also show distorted semicircle as shown in Fig. 3-25b,c. The intersection 

of arcs on the right hand side shows a decrease in the magnitude of Z/, when sintering 

temperature was increased from 1000oC to 1250oC. This decrease can be explained as 

heating will cause grain growth which results in a decrease in the impedance values of 

the specimen. However, upon further increase in sintering temperature, a 

comprehensive increase in the size of the impedance plane plot was observed. As we 

discussed previously, these specimens are heterogeneous in nature because of 

different electroactive regions present in the specimen. For the sake of consistency, 

we employed an equivalent circuit model (R1Q1)(R2Q2)(R3Q3), where R1, R2 and R3 

are the resistance of different phases present in the specimens and Q1, Q2 and Q3 is the 

constant phase element which is connected in parallel to the resistance of different 

phases like, respectively for all sintered specimens [226-228]. The suffix 1, 2 and 3 

was used for grain, grain boundary and electrode effect, respectively in the sintered 

specimens. All fitted parameters are presented in Table 3-7. 

Table 3-7 Impedance analysis of magnesium chromite sintered specimens (fitting 
error 2-3%). 

Sintering 

Temp. (oC) 

R1 

(Ω) 
Q1 n1 

R2 

(Ω) 
Q2 n2 

R3 

(Ω) 
Q3 

Tan 

δ 

MC4-1000 
4.13e5 2.87e-12 0.96 1.74e6 7.86e-12 0.90 2.33e6 2.38e-10 0.22 

MC4-1150 
3.23e5 6.64e-12 0.92 7.98e5 4.08e-11 0.84 1.90e6 3.69e-10 0.28 

MC4-1250 
1.92e7 4.32e-12 0.94 1.06e8 7.57e-12 0.93 5.49e8 2.77e-11 0.08 



 

                  

Figure 3-25 Impedance analysis of MC4 specimen sintered at: 
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Impedance analysis of MC4 specimen sintered at: 
1150oC and (c) 1250oC. 

 

 

 

Impedance analysis of MC4 specimen sintered at: (a) 1000oC, (b) 
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According to fitted parameters of the annealed MgCr2O4 samples given in 

Table 3-7, it was observed that resistance of the different phases present in the 

samples first decreases with annealing temperature from 1050oC to 1150oC due to 

grain growth. The grain, grain boundary and electrode resistance increases with 

further increase of annealing temperature from 1150oC to 1250oC because 

heterogeneity of the material increases after this heat treatment, as a result material 

showed resistive nature. 

The total resistance (RT) of the specimen was calculated by the addition of all 

respective relaxation resistances of that sintering temperature. The RT of MC4-1000 

specimen is 4.48 × 106 Ω which decreased to 3.02 × 106 Ω for MC4-1150 specimen 

and a huge increase in resistance was observed for MC4-1250 specimen and RT 

becomes 6.74 × 108 Ω.  

To further substantiate the changes in the electrical properties of these 

specimens at different sintered temperatures, conductivity plots are shown in Fig. 3-

26. All AC conductivity plots show a frequency independent region followed by a 

frequency dependent region where conductivity increases with the increase in 

frequency [229]. The frequency at which the linear conductivity trend changes is 

called the hopping frequency. When we compared MC4 specimens at 1000C and 

1150C an increasing trend in the DC conductivity was observed with the increase in 

sintering temperatures which is in accordance with above impedance results. 

However, a substantial increase of the order of magnitude in DC conductivity was 

observed when sintering temperature was raised to 1250C. Frequency dependent real 

part of dielectric constant at room temperature shows only one relaxation for these 

entire sintered MC4 specimen [230]. At higher frequencies, i.e. above 106 Hz 

relatively independent values of dielectric constant are ascribed to the atomic and 

electronic polarizations. At higher frequencies i.e. around 106 Hz the dielectric 

constant measured was around 1. The peak in tangent loss is an indication of 

maximum absorption of electrical energy due to the coupling of the oscillating field 

with oscillating charges.  Tan δ measured for all sintered MC4 specimens at higher 

frequencies are tabulated in Table 3-6. Due to the larger values of impedance for MC4 

specimen sintered at 1250C, a decreasing trend in the values of tan δ is observed 

[229].  



 

Figure 3-26 Variation 

 

3.5 Manganese Chromite 

In this part of research 

oxide material was synthesized by 

also very important oxide of the

electrical properties [231

hydrothermal synthesis in order to achieve 

phase purity because surfactant play a vital role in order to control the

the materials. 

3.5.1 Thermal Studies

Figure 3-27 shows the 

of  MnCr2O4. In TGA curve (Fig. 

absorbed moisture (80

Mn and Cr hydroxides decomposition

change occurs at 650-1000

The DTA curve (Fig. 

removal of water molecules

commencement of crystallization reaction of ma

66 
 

Variation of conductivity with frequency for MC4 sintered at
1000oC, (b) 1150oC and (c) 1250oC. 

Manganese Chromite  

In this part of research work, nanocrystalline manganese chromite (MnCr

al was synthesized by CTAB-assisted hydrothermal method.

oxide of the spinel group and it has excellent magnetic

231, 232]. Surfactant CTAB is first time added in 

hydrothermal synthesis in order to achieve good crystals morphology

phase purity because surfactant play a vital role in order to control the

tudies of Manganese Chromite  

the TGA-DTA-DSC curves of as-synthesized crystalline powder 

In TGA curve (Fig. 3-27a) , the first mass loss is due to removal

(80-200oC, ~13.96%), in the second step mass loss

Mn and Cr hydroxides decomposition (200-600oC, ~13.98%). In third

1000oC (~5.759%) due to breakdown of nitrate

The DTA curve (Fig. 3-27b) shows a sharp first endothermic peak at 51.08

water molecules. The exothermic peak at 260.37

of crystallization reaction of manganese chromite

 

for MC4 sintered at; (a) 

nanocrystalline manganese chromite (MnCr2O4) spinel 

hydrothermal method. MnCr2O4 is 

and it has excellent magnetic and 

Surfactant CTAB is first time added in MnCr2O4 

morphology along with 

phase purity because surfactant play a vital role in order to control the morphology of 

synthesized crystalline powder 

he first mass loss is due to removal of 

step mass loss occurs due to 

%). In third step a small 

nitrates and carbonates. 

first endothermic peak at 51.08oC due to 

peak at 260.37oC is due to 

chromite (MnCr2O4) within 



 

Mn and Cr hydroxide gel. 

were completely removed at

No other thermal effect was

          

Figure 3-27 TGA, DTA and DSC curves of as
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hydroxide gel. The endothermic peak at 830oC shows that all

were completely removed at this temperature and stable phase of MnCr

other thermal effect was observed above 900oC.  

DTA and DSC curves of as-synthesized MnCr
(a) TGA, (b) DTA and (c) DSC. 

C shows that all volatiles 

MnCr2O4 is formed. 

 

 

MnCr2O4 specimen: 
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TGA and DTA results revealed that MnCr2O4 crystalline phase is thermally 

stable above 850oC. Fig. 3-27c shows the DSC curve in which first endothermic 

peakmax at 48.16oC and enthalpy change ΔH = 7.295 Jg-1 which is due to removal of 

water molecules. The exothermic peakmax at 274.61oC (ΔH = -11.33 Jg-1) is due to the 

start of crystallization reaction of MnCr2O4. The phase transformation from Mn and 

Cr hydroxide into complete crystallization of manganese chromite completed at 

800ºC because endothermic peakmax at 773.77oC (ΔH = 58.34.5 Jg-1) confirms that all 

metal hydroxides convert into stable spinel phase of MnCr2O4.  

The chemical reactions during hydrothermal and calcination processes for 

MnCr2O4 are given in equations from (3-22) to (3-26). 

)223(5)()(5)()( 332
11,9/170

3323   NaNOOHCrOHMnNaOHNOCrNOMn pHhCo  

)233()( 22  HeatOHMnOOHMn  

)243(3)(2 2323  HeatOHOCrOHCr  

)253(42
4/850

32   HeatOMnCrOCrMnO hCnCalcinatio o

 

The overall chemical reaction (calcination at 850ºC) 

)263(4)(2)( 24232  HeatOHOMnCrOHCrOHMn  

 

3.5.2 XRD Analysis of Calcined Manganese Chromite  

Figure 3-28(a-b) shows XRD of MnCr2O4 powder calcined at 850ºC and sintered at 

1050ºC for 4 h. After calcination (Fig. 3-28a), the XRD pattern verifies the cubic 

spinel structure of MnCr2O4 matched with JCPDS card # 75-1614 [207]. The 

diffraction peaks of MnCr2O4 become stronger and sharpen after sintering at 1050ºC 

for 4 h (Fig. 3-28b) revealing that the crystallinity improves with increase in 

temperature. The values of 2θ, orientation and d spacing of each of the peaks of XRD 

data of sintered specimen are given in appendix A.1 Table 4. 
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Figure 3-28 XRD patterns of MnCr2O4 (a) calcined at 850ºC and (b) sintered at 
1050ºC. 

 
Figure 3-29 Rietveld refined diffraction pattern of MnCr2O4 pellet specimen  

sintered at 1050°C. 

 

Rietveld refinement was performed using Rietica software [208, 209]. 

Rietveld refined pattern of MnCr2O4 pellet sintered at 1050ºC is shown in Fig. 3-29 

and Rietveld refinement results are given in Table 3-8. The reliability factors of Rp = 

12.22%, Rwp = 16.95%, Rexp = 8.10 %, and χ2 (GOF) = 4.38 were achieved, which 

shows that synthesized MnCr2O4 sintered specimen is cubic with spinel structure. The 

cell parameters and crystal system of  MnCr2O4 specimen are in good agreement with 

the literature [207]. 



 

Table 3-8 Structural parameters obtained from the Rietveld refinement of X
diffraction data of 

Material Atoms 

MnCr2O4 

Mn 

Cr 

O 

 
Cell 

parameters 
(Å) 

MnCr2O4 8.43720

 

3.5.3 FTIR Study

Figure 3-30 shows FTIR s

spectrum shows characteristic MnCr

cm−1 commonly assigned to 

and octahedral group (Cr

are associated with MnCr

MnCr2O4.  The absorption band at 2360 cm

Figure 3-30 FTIR spectrum of 
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Structural parameters obtained from the Rietveld refinement of X
diffraction data of MnCr2O4 pellet sintered at 1050°C

x y z 

0.12500 0.12500 0.12500 

0.50000 0.50000 0.50000 

0.26550 0.26550 0.26550 

parameters 
Unit cell 
volume 

(Å3) 

Space 
group 

Rp 

(%) 
Rwp  

 (%) 

8.43720 598.874    Fd3m 12.225 16.957 

FTIR Study 

30 shows FTIR spectrum of MnCr2O4 powder calcined at 850ºC.

spectrum shows characteristic MnCr2O4 stretching vibration bands 

commonly assigned to vibrations of metal ions, i.e., tetrahedral group 

(Cr-O) complexes in the spinel structure, respe

are associated with MnCr2O4 and indicate the formation of spinel structure of 

.  The absorption band at 2360 cm−1 is due to absorbed moisture.

FTIR spectrum of MnCr2O4 powder calcined at 850ºC.

Structural parameters obtained from the Rietveld refinement of X-ray 
pellet sintered at 1050°C. 

Occupancy 

1.0000 

2.0000 

4.0000 

Rexp 

(%) 
GOF 
(%) 

 8.100 4.387 

cined at 850ºC. The FTIR 

stretching vibration bands at 594 and 452 

metal ions, i.e., tetrahedral group (Mn-O) 

in the spinel structure, respectively. All bands 

and indicate the formation of spinel structure of 

is due to absorbed moisture. 

 

powder calcined at 850ºC. 



 

3.5.4 High Temperature Sintering Study of Manganese Chromite

X-ray Diffraction 

XRD spectra of MnCr

are shown in Fig. 3-31 (a

[207] confirmed that 

structure even after sintering at high temperature (

it was observed that the phase of 

temperature. As the 

diffraction peaks of MnCr

crystallinity improves with temperature.

Figure 3-31 XRD patterns of 
(b) 1350ºC for 4

 

Microstructure 

In order to study the effect of sintering temperature on the microstructures of 

MnCr2O4 ceramic materials, scanning electron micr

microstructure was observed

specimens sintered at 12

at different magnifications
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High Temperature Sintering Study of Manganese Chromite

MnCr2O4 specimens sintered at 1250°C, 1350°C and 1450

31 (a-c). All XRD pattern matched with JCPDS card # 

confirmed that MnCr2O4 specimens consist of single phase cubic spinel 

structure even after sintering at high temperature (1450°C for 4 h). From these results 

it was observed that the phase of MnCr2O4 synthesized material remain

 sintering temperature increases from 1250

MnCr2O4 samples become sharpen and stronger revealing that the 

nity improves with temperature. 

patterns of MnCr2O4 specimens sintered at; (a) 1250ºC for 4
(b) 1350ºC for 4 h and (c) 1450ºC for 4 h. 

In order to study the effect of sintering temperature on the microstructures of 

ceramic materials, scanning electron microscopy was per

observed by fracturing the sintered pellets. SEM images of the 

specimens sintered at 1250oC, 1350oC and 1450oC for 4 h are shown in Fig.3

ations. The specimen sintered at 1250oC (Fig

High Temperature Sintering Study of Manganese Chromite 

C and 1450°C for 4 h 

JCPDS card # 75-1614 

consist of single phase cubic spinel 

h). From these results 

synthesized material remains stable at high 

1250°C to 1450°C 

samples become sharpen and stronger revealing that the 

 

ed at; (a) 1250ºC for 4 h, 

In order to study the effect of sintering temperature on the microstructures of 

oscopy was performed. The 

by fracturing the sintered pellets. SEM images of the 

are shown in Fig.3-32(a-f) 

C (Fig. 3-32a,b) exhibits 



 

small irregular shaped particles with average size in range of 0.5

loose and fine octahedron shaped large particles. The morphology of whole sintered 

sample powder is not developed and composed of irregular shaped partic

Prominent grain growth is noticed at the sintering temperature of 1350

32c,d) and 1450oC (Fig. 3

 

  

Figure 3-32 SEM images
sintered at: (a & b) 1250ºC, (c & d) 1350ºC, and (e & f) 1450ºC for 4 h.
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small irregular shaped particles with average size in range of 0.5

loose and fine octahedron shaped large particles. The morphology of whole sintered 

sample powder is not developed and composed of irregular shaped partic

Prominent grain growth is noticed at the sintering temperature of 1350

C (Fig. 3-32 e,f) 

 

SEM images of MnCr2O4 specimens at different magnefications
ntered at: (a & b) 1250ºC, (c & d) 1350ºC, and (e & f) 1450ºC for 4 h.

small irregular shaped particles with average size in range of 0.5-1 µm along with 

loose and fine octahedron shaped large particles. The morphology of whole sintered 

sample powder is not developed and composed of irregular shaped particles. 

Prominent grain growth is noticed at the sintering temperature of 1350oC (Fig. 3-

 

 

 

at different magnefications: 
ntered at: (a & b) 1250ºC, (c & d) 1350ºC, and (e & f) 1450ºC for 4 h. 
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The specimen sintered at 1350ºC (Fig. 3-32c,d) composed of uniform coarse 

structure with well-clear microstructures having small as well as large octahedral and 

prism-shaped crystallites. The average grain size for the specimen sintered at 1350°C 

is in range of 0.5-3 µm. Well developed and large irregular shaped crystallites with 

octahedral, prism-shaped and pyramid with prism-shaped morphology were achieved 

after sintering at 1450oC for 4 h (Fig. 3-32e,f). The grain size is in range of 1-5 µm. It 

can be noticed that the grain size of the MnCr2O4 specimens increases with increase in 

sintering temperature form 1250oC to 1450oC. EDX analysis of the MnCr2O4 

specimen sintered at 1450oC was performed for elemental analysis. In the EDX 

spectra (Fig.3-33) no impurity element is seen and whole sample consists of only Mn 

and Cr elements. 

 

+  

Figure 3-33 EDX spectrum of MnCr2O4 specimen sintered at 1450ºC for 4 h.  
  

Impedance Study 

The complex impedance spectra (Z″ plotted against Z′) (Nyquist plots) for MnCr2O4 

specimens sintered at high temperatures (1250C, 1350C and 1450C) for 4 h were 

recorded in the temperature range from 200C to 450C with 10C step size as shown 

in Fig. 3-34, 3-35 and 3-36 respectively. All three impedance plots (Fig. 3-34, 3-35 

and 3-36) show two semicircular arcs associated with grains and grain boundaries 

effect contributing in MnCr2O4 samples. The intersections of the semicircles at right 
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hand side (low frequencies) give the total dc resistance of the MnCr2O4 sintered 

samples. The diameters of semicircular arcs are bigger (higher resistance) at 200ºC in 

all sintered samples then decrease with temperature up to 450ºC in each sample 

(Nyquist plots Fig. 3-34, 3-35 and 3-36). This is because the charge carriers at higher 

temperatures get thermally activated therefore reducing the overall impedance of the 

material.  

From these results is was observed that the total dc resistance of each 

MnCr2O4 sintered specimen decreases in the temperature range from 200ºC to 450ºC 

as indicated that the diameters and heights of the all semicircular arcs in all three 

impedance plots decrease with temperature. However, individual impedance value of 

MnCr2O4 sintered sample increases with increase in sintering temperature from 

1250ºC to 1450ºC as shown in Fig. 3-37.  

From Z′ and Z″ plots  (Fig. 3-37) of sintered samples at 200ºC operating 

temperature, the values of total dc resistance increases from 260000 Ω (1250ºC 

sintered sample) to 775000 Ω (1450ºC sintered sample). As discussed before (in the 

SEM section), sintering causes grain growth in these specimens (Fig. 3-32) and it is 

expected that the resistance of the specimen sintered at high temperature should be 

smaller than the low temperature sintered specimen. However, impedance of the 

specimen increases for MnCr2O4 sample sintered at 1450C. This increase in 

resistance with the sintering temperature can be explained by correlating the SEM 

results where along with grain growth melting forms  depleted regions between grains 

(Fig. 3-32e,f). The probable explanation can be that these depleted regions act as 

trapping centers for the carriers, which result in an increase in the resistance of grain 

boundaries.  

 

 



 

Figure 3-34 Impedance 

 

Figure 3-35 Impedance 
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Impedance plane plots of MnCr2O4 specimen sintered at 1250ºC.
 

  
Impedance plane plots of MnCr2O4 specimen sintered at 1350ºC.

 

sintered at 1250ºC. 

 

sintered at 1350ºC. 



 

Figure 3-36 Impedance plane plots of MnCr

   

Figure 3-37 Impedance plane plots of MnCr
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Impedance plane plots of MnCr2O4 specimen sintered at 1450ºC.
 

Impedance plane plots of MnCr2O4 sintered specimens

 

specimen sintered at 1450ºC. 

 

sintered specimens at 200ºC. 
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3.6 Cobalt Doped Manganese Chromite  

In this case, cobalt is doped in manganese chromite for the synthesis of 

Co0.5Mn0.5Cr2O4 spinel oxide material by CTAB- assisted hydrothermal method. The 

doping of cobalt oxide in manganese chromite was done in order to study the effect of 

this doping on structural, morphological and electrical properties of manganese 

chromite. 

The chemical reactions during hydrothermal and calcination processes for 

Mn0.5Cu0.5Cr2O4 are presented in equations (3-27) to (3-32). 

)273(7)()()(7)()()( 3322
11,8/180

332323   NaNOOHCrOHCoOHMnNaOHNOCrNOCoNOMn pHhCo

 

)283()( 22  HeatOHMnOOHMn  

)293()( 22  HeatOHCoOOHCo  

)303(3)(2 2323  HeatOHOCrOHCr  

)313(5.0)()( 425.05.0
4/850

321   xHeatOCrCoMnOCrCoOMnO hCnCalcinatio
xx

o

 

The overall chemical reaction (calcination at 850°C) 

  )323(5.04)(2)()(1 2425.05.0322  xHeatOHnOCrCoMnOHCrOHxCoOHxMn

 

3.6.1 Phase and Structural Analysis 

Figure 3-38 shows X-ray diffraction patterns of Mn0.5Co0.5Cr2O4 powder calcined at 

850ºC and sintered at 1050ºC for 4 h. After calcination (Fig. 3-38a), the XRD pattern 

confirms the formation of single phase cubic spinel structure of Mn0.5Co0.5Cr2O4 as 

matched with JCPDS card # 70-2465 [207]. The diffraction peaks of Mn0.5Co0.5Cr2O4 

become stronger and sharper, revealing that the crystallinity improves after sintering 

at 1050ºC for 4 h (Fig. 3-38b). The values of 2θ, orientation and d spacing of each of 

the peaks of XRD data of sintered specimen are given in appendix A.1 Table 5. 



 

Figure 3-38 XRD patterns of 
4 h, (b) pellet sintered at 1050

pattern of Mn
 

Rietveld refinement was applied 

refined pattern of Mn0.5

and Rietveld refinement results are listed in Table 3

11.46%, Rwp =15.80%, 

indicate that synthesized 

system and cell parameters for 

data [207]. 
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patterns of Mn0.5Co0.5Cr2O4: (a) powder calcined at 85
h, (b) pellet sintered at 1050°C for 4 h and (c) Rietveld refined diffraction 

Mn0.5Co0.5Cr2O4 pellet specimen sintered at 1050°C.

Rietveld refinement was applied using Rietica software [208

0.5Co0.5Cr2O4 specimen sintered at 1050ºC is shown in Fig. 

and Rietveld refinement results are listed in Table 3-9. The reliability factors of 

=15.80%, Rexp = 11.41%, and χ2 (GOF) = 1.917 were achieved, which 

indicate that synthesized Mn0.5Co0.5Cr2O4 pellet specimen is cubic spinel.

system and cell parameters for Mn0.5Co0.5Cr2O4 specimen are matched with reported 

 

 

: (a) powder calcined at 850°C for 
(c) Rietveld refined diffraction 

pellet specimen sintered at 1050°C. 

208, 209]. Rietveld 

C is shown in Fig. 3-38c 

9. The reliability factors of Rp = 

(GOF) = 1.917 were achieved, which 

cubic spinel. The crystal 

specimen are matched with reported 



 

Table 3-9 Structural parameters obtained from the Rietveld refinement of X
diffraction data of  

Material Atoms

Mn0.5Co0.5Cr2O4 

Mn

Co
Cr

O
 

 
Cell 

parameters 
(Å

Mn0.5Co0.5Cr2O4 8.3400

 

3.6.2 FTIR Analysis

Figure 3-39 shows FTIR s

FTIR spectrum shows characteristic 

669, 596 and 496 cm−1

group and octahedral 

absorption at 2368 cm−

Figure 3-39 FTIR spectrum of 
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Structural parameters obtained from the Rietveld refinement of X
diffraction data of  Mn0.5Co0.5Cr2O4 pellet sintered at 1050°C

Atoms x y z 

Mn 0.1250 0.1250 0.1250 

Co 0.1250 0.1250 0.1250 
Cr 0.5000 0.5000 0.5000 

O 0.2616 0.2616 0.2616 

Cell 
parameters 

Å) 

Unit cell 
volume 

(Å3) 

Space 
group 

Rp 
(%) 

Rwp

(%)

8.3400 569.061    Fd3m 11.46 15.80

FTIR Analysis 

ows FTIR spectrum of Mn0.5Co0.5Cr2O4 powder calcined at 8

FTIR spectrum shows characteristic Mn0.5Co0.5Cr2O4 stretching vibration bands 

1 commonly assigned to vibrations of metal ions, i.e., tetrahedral 

group and octahedral group complexes of spinel structure, respectively. 

−1 is due to O-H bond of absorbed moisture. 

FTIR spectrum of Mn0.5Co0.5Cr2O4 powder specimen calcined at 
850°C for 4 h. 

Structural parameters obtained from the Rietveld refinement of X-ray 
pellet sintered at 1050°C. 

Occupancy 

0.5000 

0.5000 
2.000 

4.000 

wp 
) 

Rexp 
(%) 

GOF 
(%)  

15.80 11.41 1.917 

calcined at 850ºC. The 

stretching vibration bands at 

metal ions, i.e., tetrahedral 

of spinel structure, respectively. The strong 

 

 

pecimen calcined at 



 

3.6.3 High Temperature Sintering S

Shrinkage Study 

Figure 3-40(a-b) displays the thermodilatometric and differential dilatometric curves 

of green compact of 

850°C. The curve shows no dimensi

but a drastic contraction take place

shows the large contraction in dimension. This contraction is due to transformation 

and densification of Mn

sintering was performed 

growth. 

Figure 3-40 Thermodilatometric curves of 
850ºC: (a) Dimension change as a function of tempe

 

XRD Analysis of Sintered Samples

XRD spectra of Mn0.5Co

4 are shown in Fig. 3-

card # 70-2465 shown that single phase cubic structure is stable after sintering at high 
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High Temperature Sintering Study 

displays the thermodilatometric and differential dilatometric curves 

of green compact of Mn0.5Co0.5Cr2O4 specimen which was previously calcined 

The curve shows no dimensional change up to of 600°C heating temperature,

but a drastic contraction take place after heating at 600oC to 1000

the large contraction in dimension. This contraction is due to transformation 

Mn0.5Co0.5Cr2O4 phase. From the thermodilatometry findings, 

sintering was performed above 1000ºC in order to get the good densification

Thermodilatometric curves of Mn0.5Co0.5Cr2O4 powder calcined
0ºC: (a) Dimension change as a function of temperature and

change. 

XRD Analysis of Sintered Samples 

Co0.5Cr2O4 pellet specimens sintered at 1250

-41a-b. All the diffraction lines matched with standard JCPDS 

2465 shown that single phase cubic structure is stable after sintering at high 

displays the thermodilatometric and differential dilatometric curves 

specimen which was previously calcined at 

onal change up to of 600°C heating temperature, 

1000oC and material 

the large contraction in dimension. This contraction is due to transformation 

From the thermodilatometry findings, 

densification and grain 

 

powder calcined at 
rature and (b) differential 

pellet specimens sintered at 1250°C and 1350°C for 

ines matched with standard JCPDS 

2465 shown that single phase cubic structure is stable after sintering at high 



 

temperature (at 1350

specimens become stronger and sharpen with increase in sint

peaks width also decreases,

Figure 3-41 X-ray diffraction patterns of 
1250

 

Sintered Morphology 

Figure 3-42 shows the morphology of the 

1350°C for 4 h. SEM images at different magnifications (

sample is consists of well developed and fine oct

octahedron shaped crystals with average size in the range between 1

Figure 3-43 shows the EDX spectrum of 

1350°C for 4 h. The corresponding peaks of Co, Mn and Cr were observed a

confirmed the formation of 

SEM and EDX results are in coincidence with XRD results confirmed the chemical 

homogeneity of the Mn
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1350°C for 4 h). The diffraction peaks of 

specimens become stronger and sharpen with increase in sintering temperature 

peaks width also decreases, revealing that the crystallinity improves with temperature.

ray diffraction patterns of Mn0.5Co0.5Cr2O4 sintered pellets; (a) at 
1250°C for 4 h and (b) at 1350°C for 4 h. 

 

42 shows the morphology of the Mn0.5Co0.5Cr2O4 specimen sintered at 

1350°C for 4 h. SEM images at different magnifications (Fig. 3

sample is consists of well developed and fine octahedral morphology of well refined 

octahedron shaped crystals with average size in the range between 1

43 shows the EDX spectrum of Mn0.5Co0.5Cr2O4 specimen sintered at 

. The corresponding peaks of Co, Mn and Cr were observed a

confirmed the formation of single-phase spinel Mn0.5Co0.5Cr2O4 without any impurity. 

SEM and EDX results are in coincidence with XRD results confirmed the chemical 

Mn0.5Co0.5Cr2O4 synthesized material.  

The diffraction peaks of MnCr2O4 sintered 

ering temperature and 

revealing that the crystallinity improves with temperature. 

 

sintered pellets; (a) at 

specimen sintered at 

Fig. 3-42a-b) show that 

ahedral morphology of well refined 

octahedron shaped crystals with average size in the range between 1-3 µm. 

specimen sintered at 

. The corresponding peaks of Co, Mn and Cr were observed and 

without any impurity. 

SEM and EDX results are in coincidence with XRD results confirmed the chemical 



 

 

Figure 3-42 SEM images at different magnifications
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SEM images at different magnifications (a&b) of 
specimens sintered at 1350°C for 4 h. 

 

 

of Mn0.5Co0.5Cr2O4 
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Figure 3-43 EDX spectrum of Mn0.5Co0.5Cr2O4 specimen sintered at 1350ºC. 

 

Impedance Analysis 

Figure 3-44 shows Nyquist plot of cobalt doped manganese chromite 

(Mn0.5Co0.5Cr2O4)  specimen sintered at 1350ºC for 4 h in the temperature range of 

200ºC to 400ºC. In this plot, the frequency increases from right to left and intersection 

of the arc at right side (low frequency) gives the total dc resistance of the sample. An 

arc-like behavior is observed in all impedance plots at different temperatures. These 

semicircles are depressed semicircular arcs and are composed of two semicircular arcs 

due to the grain and grain boundaries effect contributing in Mn0.5Co0.5Cr2O4 material 

with different relaxation times,  = RC, where  is the relaxation time of the charge 

carriers, R is the resistance and C is the capacitance associated with the electroactive 

regions and can be determined from the height and diameter of the corresponding 

arcs. In impedance plots, the diameters of semicircular arcs are larger (higher 

resistance) at 200ºC  and then decrease with temperature up to 400ºC showing that dc 

resistance of the Mn0.5Co0.5Cr2O4 sintered specimen decreases with increase in 

temperature due to grain growth. This decrease in resistance with temperature is due 

to thermal activation of charge carriers at higher temperature therefore reducing the 

overall impedance of the Mn0.5Co0.5Cr2O4 material. 



 

Figure 3-44 Impedance plane plots 

 

3.7 Zinc Chromite

Zinc chromite is another very important

This spinel oxide material shows unique optical and electrical properties which have 

been investigated as discussed below.

3.7.1 Thermal Analysis

Figure 3-45 shows the TG and DTA curves of 

TG curve (Fig. 3-45a) shows an overall mass loss of ~13.48%. This mass loss 

occurring in two steps, 

dehydration of water molecules (~4.36%) and in

temperatures (300-650

and Zn hydroxides, as shown in equation 3

broad endothermic peak at 90

adsorbed moisture. The second endothermi
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Impedance plane plots of Mn0.5Co0.5Cr2O4 specimen
1350°C for 4 h. 

hromite 

is another very important spinel oxide material with cubic structure. 

This spinel oxide material shows unique optical and electrical properties which have 

been investigated as discussed below. 

nalysis 

shows the TG and DTA curves of as synthesized ZnCr

a) shows an overall mass loss of ~13.48%. This mass loss 

occurring in two steps, the first step below 200ºC which is attributed to the 

dehydration of water molecules (~4.36%) and in the second step, a wide range of 

650ºC, ~9.12%) due to decomposition of adsorbed moisture and Cr 

droxides, as shown in equation 3-38. The DTA curve (Fig. 3

broad endothermic peak at 90-150ºC (Tmax 108.44ºC) due to the dehydration of 

adsorbed moisture. The second endothermic peak at 300-400 (Tmax

 

specimen sintered at 

material with cubic structure. 

This spinel oxide material shows unique optical and electrical properties which have 

ZnCr2O4 powder. The 

a) shows an overall mass loss of ~13.48%. This mass loss 

which is attributed to the 

second step, a wide range of 

~9.12%) due to decomposition of adsorbed moisture and Cr 

e DTA curve (Fig. 3-45b) shows a 

) due to the dehydration of 

max 331.6ºC) is due to 



 

metal hydroxide decomposition. The exothermic peak of DTA at T

to the initiation of crystallization reaction of 

phase is stable. The chemical reactions during

are given in equation (3

5)()( 3323  NOCrNOZn

The overall chemical reaction

(2)( 2  OHCrOHZn

Figure 3-45 Thermal analysis curves of ZnCr

 

3.7.2 Phase Analysis

Figure 3-46(a-c) shows x

ZnCr2O4 powder dried at 300ºC 

calcination at 600ºC for 4
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metal hydroxide decomposition. The exothermic peak of DTA at T

to the initiation of crystallization reaction of ZnCr2O4 phase and above 650 

The chemical reactions during hydrothermal and calcinat

given in equation (3-33) to (3-37): 

)()(5 32
11,5/180   OHCrOHZnNaOH pHhCo

  

)343()( 22  OHOZnOHZn  

)353(3)(2 2323  OHOCrOHCr  

)363(4232  OZnCrOCrZnO  

The overall chemical reaction 

4) 242
4,600

3   OHOZnCrOH hCnCalcinatio o

Thermal analysis curves of ZnCr2O4 powder: (a) TG

nalysis 

shows x-ray diffraction patterns of the hydrothermally synthesized 

powder dried at 300ºC without and with the subsequent

C for 4 h and then sintering at 800ºC for 4 h. As shown in Fig.

metal hydroxide decomposition. The exothermic peak of DTA at Tmax 470.6 ºC is due 

phase and above 650 ºC this 

hydrothermal and calcination processes 

)333(5 3 NaNO

)373( O  

 

powder: (a) TG and (b) DTA. 

hydrothermally synthesized 

with the subsequent treatments of 

As shown in Fig. 3-



 

46a, XRD pattern of hydrothermally as

a sample with extremely poor crystallinity or predominantly an amorphou

After calcination (Fig. 3

ZnCr2O4 (a cubic phase with Fd3m 

1107 [207, 233]. More well

by the sharpening of the XRD peaks (Fig. 3

sintered specimen (Fig. 3

spacing of each of the peaks of XRD data 

Figure 3-46 XRD patterns of ZnCr
(b) calcined at

Figure 3-47 Rietveld refined diffraction pattern of ZnCr
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XRD pattern of hydrothermally as-synthesized product heated at 300

a sample with extremely poor crystallinity or predominantly an amorphou

After calcination (Fig. 3-46b), the XRD pattern confirms the formation of spinel 

(a cubic phase with Fd3m space group) and match with JCPDS

More well-developed crystallinity is seen after sintering, as revealed 

by the sharpening of the XRD peaks (Fig. 3-46c). All the peaks of XRD

(Fig. 3-46c) were indexed and the values of 2θ, orientation and d 

spacing of each of the peaks of XRD data are given in appendix A.1 Table 6.

patterns of ZnCr2O4 (a) as synthesized powder dried at 300º
(b) calcined at 600ºC and (c) sintered at 800ºC

Rietveld refined diffraction pattern of ZnCr2O4 
sintered at 800ºC. 

synthesized product heated at 300oC is typical 

a sample with extremely poor crystallinity or predominantly an amorphous nature. 

b), the XRD pattern confirms the formation of spinel 

match with JCPDS card # 22-

ity is seen after sintering, as revealed 

c). All the peaks of XRD pattern of 

the values of 2θ, orientation and d 

are given in appendix A.1 Table 6.  

 

(a) as synthesized powder dried at 300ºC, 
) sintered at 800ºC. 

 

 pellet specimen 
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The Rietveld analysis was performed with unit cell refinement and least 

squares program for simple cubic system using Rietica software [157, 209]. Rietveld 

refined pattern of ZnCr2O4 specimen sintered at 800ºC is shown in Fig. 3-47 and 

Rietveld refinement results are listed in Table 3-10. The reliability factors of Rp = 

7.77%, Rw = 10.98%, Rexp = 6.80%, and χ2 (GOF) = 2.608 were achieved, which 

indicate that synthesized ZnCr2O4 pellet specimen is zinc chromite (ZnCr2O4) cubic 

spinel. The crystal system and cell parameters for ZnCr2O4 specimen are matched 

with the literature [233].  

The crystallite size was measured using Scherer’s formula mentioned in 

chapter no. 2 (eq. no. 2-2). The average crystallite size of samples calcined at 600ºC 

and sintered at 800ºC  has been estimated as 17 ± 5 nm and 32 ± 5 nm respectively 

from the most intense peak (311) at 2θ =35.75o.  

 

Table 3-10 Refined positional parameters obtained from the Rietveld refinement 
of ZnCr2O4 XRD data. 

Atoms Wy/ Position x Y z B/A2 n 

 

 

Zn 8a 0.12500 0.12500 0.12500 1.00000 1.00000  

Cr 16d 0.50000 0.50000 0.50000 1.00000 2.00000  

O 32e 0.26160 0.26160 0.26160 0.00000 4.00000  

Lattice 

parameters 

( Å) 

Unit cell volume 

(Å3) 

Space 

group 

Rp 

(%) 

Rwp 

(%) 

Rexp 

(%) 

GOF 

(%) 

8.2874 579.0967 Fd3m 7.77 10.98 6.80 2.608 

 

3.7.3 FTIR Study  

The FTIR spectrum of the ZnCr2O4 specimen calcined at temperature of 600°C for 4 

h, with the wave number ranging from 400 to 2000 cm−1, is shown in Fig. 3-48. The 

FTIR spectrum shows two principal absorption bands of Cr-O and Zn-O located at 

around the range of 490 and 616 cm−1, respectively. These bands are related with 

ZnCr2O4 and indicate the formation of spinel ZnCr2O4 nanocrystals [234]. The 

absorption band at 1630 cm-1 is due to absorbed water on the surface of the 

nanocrystals.  



 

Figure 3-48 FTIR spectrum of ZnCr

 

3.7.4 Microstructural A

SEM images in Fig. 3

obtained after sintering at 800

consist of fine nanoparticles sized around 30

up to 80 nm), which must result from the coalescence of the ZnCr

embedded in some of the primary agglomerates and hierarchical structures formed 

during sintering at lower temperature

EDX analysis of the 

elemental analysis in order to check the purity of sample. 

that the entire sample contained only Zn

limited accuracy and sensitivity of EDX analysis, 

out by ICP-OES. The ICP

with only trace impurities of Mn (0.009%) and 

elemental ratio of Cr/Zn was 1.34 near to calculated ratio i.e. 1.65, which showed that 

the zinc chromite was non
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FTIR spectrum of ZnCr2O4 specimen calcined at 600°C.

Microstructural Analysis                                        

s in Fig. 3-49(a-b) show the morphology of the ZnCr

obtained after sintering at 800ºC for 4 h at different magnifications. The SEM images 

articles sized around 30-40 nm and well-faceted crystals (sized 

0 nm), which must result from the coalescence of the ZnCr2

embedded in some of the primary agglomerates and hierarchical structures formed 

during sintering at lower temperatures [235]. 

EDX analysis of the sample sintered at 800°C was performed along with its 

elemental analysis in order to check the purity of sample. The EDX analysis revealed 

that the entire sample contained only Zn, Cr and O without any impurities. Due to 

limited accuracy and sensitivity of EDX analysis, elemental analysis was also carried 

OES. The ICP-OES results showed that the sample consisted of Cr and Zn 

with only trace impurities of Mn (0.009%) and Cd (0.022%) and the measured 

elemental ratio of Cr/Zn was 1.34 near to calculated ratio i.e. 1.65, which showed that 

the zinc chromite was non-stoichiometric (Zn1Cr1.64O4). 

 

specimen calcined at 600°C. 

     

show the morphology of the ZnCr2O4 specimen 

h at different magnifications. The SEM images 

faceted crystals (sized 

2O4 nanocrystallites 

embedded in some of the primary agglomerates and hierarchical structures formed 

°C was performed along with its 

The EDX analysis revealed 

, Cr and O without any impurities. Due to 

elemental analysis was also carried 

OES results showed that the sample consisted of Cr and Zn 

Cd (0.022%) and the measured 

elemental ratio of Cr/Zn was 1.34 near to calculated ratio i.e. 1.65, which showed that 
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Figure 3-49 Scanning electron micrographs of ZrCr2O4 specimen sintered at 
800ºC (a) at 300 kX and (b) at 200 kX magnifications. 

 

3.7.5 Band Gap Energy 

Figure 3-50a shows UV-Visible absorption spectrum of hydrothermal derived 

ZnCr2O4 nanocrystals as a function of wavelength in nanometer. The spectra were 

characterized by two absorption bands in the 200-900 nm range. The peaks at 420-440 

nm and 590-610 nm can be assigned to transitions of octahedral Cr3+ (d3) ions. The 

strong peak in the UV region (~300 nm) can be attributed to band gap absorption of 

ZnCr2O4 nanoparticles. The absorption cut-off wavelength is 335 nm, suggesting that 

ZnCr2O4 nanocrystals absorb UV light. Band gap energies calculated by using Tauc’s 



 

plot (Fig. 3-50b,c) are 3.771 eV and 3.147 eV for direct and indirect band gaps 

respectively and are in

Figure 3-50 UV-visible absorption properties of ZnCr
spectrum, Tauc’s plot for (b) direct band gap and (c) for in direct band gap.
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c) are 3.771 eV and 3.147 eV for direct and indirect band gaps 

pectively and are in good agreement with literature [236]. 

visible absorption properties of ZnCr2O4: (a) UV
spectrum, Tauc’s plot for (b) direct band gap and (c) for in direct band gap.

c) are 3.771 eV and 3.147 eV for direct and indirect band gaps 

 
: (a) UV-visible 

spectrum, Tauc’s plot for (b) direct band gap and (c) for in direct band gap. 



 

91 
 

3.7.6 Impedance Analysis 

Impedance spectroscopy was performed in order to study the electrical properties of 

ZnCr2O4 nanocrystals having high band gap and showing absorption in visible band. 

The information obtained about the electroactive regions; conductivity and dielectric 

constant is usually helpful to understand the overall properties of ZnCr2O4 

nanocrystals [237]. Figure 3-51 shows impedance plane plot with two semi circles 

which are highly depressed due to the heterogeneity of the material. The arrow in Fig. 

3-51 shows the direction of an increase in frequency. Using (R1Q1)(R2Q2) circuit 

model, fitting was carried out and results were not satisfactory (not shown here). The 

smaller arc at a higher frequency was a highly depressed semicircular arc and seems 

to be a combined effect of two or more relaxation processes. Used equivalent circuit 

(R1Q1)(R2Q2) was changed by adding another circuit element (R3Q3) to accommodate 

the presence of a third relaxation process. Fitting of impedance data of ZnCr2O4 

nanocrystals using equivalent circuit model (R1Q1)(R2Q2)(R3Q3) gives acceptable 

fitting as shown by the line joining the experimental data in Fig. 3-51. From the fitting 

parameters, associated resistance and constant phase element (Q) of grains comes out 

to be R1=22732 Ω and Q1 = 1.91×10-10 (n1 = 0.83), respectively. Associated resistance 

and Q of grain boundaries calculated as R2 = 133670 Ω, Q2 = 4.62×10-9 (n2 = 0.64) 

and for the third electro active region (electrode) comes out to be R3 = 520540 Ω, Q3 

= 1.44×10-8 (n3 = 0.79), respectively. All fitted parameters are presented in Table 3-

11. 

Figure 3-52a shows the room temperature frequency dependent ac 

conductivity data of ZnCr2O4 nanocrystals. With the increase in frequency, 

conductivity data show an increasing trend since hopping conduction depends upon 

the presence of hopping channels. At low frequencies, a frequency independent part is 

followed by frequency dependent region. Using power Jonscher law [238], the ac 

conductivity ��� = 	�� + 	��
�, where �� is the frequency independent conductivity at 

low frequencies and is considered as dc conductivity, A is a constant and s is the slope 

of the frequency dependent region. Linear fitting of frequency dependent data yield 

slope s = 0.37 in 100-800 Hz range similarly, in the other frequency dependent region 

2×104 - 2×105 Hz, s = 0.35 and in the high frequency third region slope s = 0.65. 

These three regions in conductive regions support three electro active regions defined 

above in the impedance plane plots discussions.  



 

           
Figure 3-51 Impedance analyses of ZnCr

 

    

    
Figure 3-52 Typical variation in 

frequency, for ZnCr
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Impedance analyses of ZnCr2O4 specimens sintered at 800ºC.

Typical variation in (a) conductivity and (b) dielectric constant with 
frequency, for ZnCr2O4 sintered at 800ºC. 

 
specimens sintered at 800ºC. 

 

 
dielectric constant with 
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Figure 3-52b shows the frequency dependent real part of dielectric constant 

with the trend of the existence of two or more than two polarization in ZnCr2O4 

nanocrystals. Dispersion below 60 Hz is suggested to be due to the interfacial 

polarization (electrode) and around 1 kHz, due to rotational displacement of the 

dipoles. At frequencies higher than 2×106 Hz, an independent value of the dielectric 

constant was attributed to the atomic and electronic polarizations.    

Table 3-11 Impedance analysis of ZnCr2O4 sintered specimen (fitting error 2-
3%). 

Sintering 
Temp. 

(oC) 

R1 
(Ω) 

Q1 n1 
R2 
(Ω) 

Q2 n2 
R3 
(Ω) 

Q3 n3 

ZnCr2O4-

800 
22732 1.91×10-10 0.83 133670 4.62×10-9 0.64 520540 1.44×10-8 0.79 

  

3.8  Conclusions 

Single phase, ultrafine nanocrystalline metal chromites spinel oxides including copper 

chromite (CuCr2O4), nickel doped copper chromite (Cu0.5Ni0.5Cr2O4), magnesium 

chromite (MgCr2O4), manganese chromite (MnCr2O4), cobalt doped manganese 

chromite (Mn0.5Co0.5Cr2O4) and zinc chromite (ZnCr2O4) were successfully developed 

by modified hydrothermal low temperature process. The physical properties such as 

crystallite size and morphologies of hydrothermally synthesized chromite specimens 

were found to be modified by optimizing pH, temperature, time and precursor’s 

concentrations conditions. The synthesized chromites were characterized by TGA-

DTA-DSC, XRD, FTIR and SEM for purity, phase structure, crystallinity and particle 

size morphology. Shrinkage characteristics were measured by thermodilatometry. 

First time impedance characteristics of metal chromite compacts sintered at high 

temperatures have been investigated at room temperature as well as high temperature 

impedance properties (from 200 to 450oC) have also been ascertained. The findings of 

each synthesized chromite material are concluded one by one as summarized below; 

 Nanosized copper chromite crystalline powder was synthesized successfully by 

modified hydrothermal low temperature process and characterized by TG-DSC, 

XRD, FTIR and FESEM for evaluation of purity, phase structure, crystallinity 

and particle size morphology. From TG results of as synthesized CuCr2O4 
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powder, it was observed that weight loss associated with decomposition of 

hydroxides continues up to 800 ºC. Nevertheless, the calcined powder at 400 ºC 

shows most of the XRD peaks associated with CuCr2O4 tetragonal phase. Well 

established XRD pattern of  CuCr2O4 was achieved after calcination at 800 ºC 

but crystallinity improved after sintering at  1050 ºC for 4 h. From dilatometry 

study it was observed that CuCr2O4 calcined powder showed the large expansion 

in dimension near 520 ºC. This expansion appears to be caused by tetragonal to 

cubic phase transition in CuCr2O4 material. Fully developed octahedron shaped 

CuCr2O4 crystals with an average size of approximately 1 µm were achieved 

after sintering at 1050 ºC. EDX analysis confirmed the presence of Cu, Cr, and 

O in the spinel oxide materials in ratio (Cu:Cr) 1:2. Grain and grain boundary 

contribution was determined by employing equivalent circuit modeling. Grain 

boundaries play a dominant role in determining the resistive property of 

CuCr2O4 sample. The frequency corresponding to grain boundary electro active 

region showed dc conductivity and higher dielectric values. As a result, single 

phase CuCr2O4 can be used potentially as a dielectric material. 

 Nanocrystalline nickel doped copper chromite (Cu0.5Ni0.5Cr2O4) spinel structure 

was successfully achieved by hydrothermal method confirmed by X-ray 

diffraction patterns and FTIR analysis. Dilatometric behavior of the calcined 

powder was studied by thermodilatometry, and on the basis of these results, 

sintering was carried out above 750ºC in order to get the good crystallinity and 

grain growth. Grain size increased with temperature and well developed refined 

octahedron-like morphology of the synthesized Cu0.5Ni0.5Cr2O4 material was 

achieved which is characteristic of spinel structure. Elemental analysis from 

EDX confirmed the phase purity of Cu0.5Ni0.5Cr2O4 spinel oxide material and 

atomic ratio of Ni, Cu and Cr is approximately 0.5:0.5:2. 

 A mild hydrothermal synthesis (<200oC) method has been used to prepare 

ultrafine, phase pure nanocrystalline magnesium chromite (MgCr2O4) spinel 

oxide with average crystallite size <100 nm after heat treatment at 950oC. The 

as-synthesized chromite material was thermally stable at above 800oC. Rietveld 

refined X-ray diffraction pattern shows cubic structure with cell parameter a = 

8.3347 Å and Fd3m space group. SEM micrograph of sintered specimen shows 

a homogeneous grain size distribution and the grain size is estimated to be about 
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1-3 μm. The band gap energy of MgCr2O4 was found to be 0.693 eV. The 

relative density of dense sintered ceramic specimen was found >90% of the 

theoretical density at as low as 1250oC sintering temperature. Impedance 

spectroscopic studies reveal the variation of AC electrical properties of the 

MgCr2O4 specimen sintered at three different temperatures (1000ºC, 1150oC and 

1250oC). Using equivalent circuit model the presence of two phases and their 

interphase has been discussed. It is established that MgCr2O4 specimen sintered 

at 1250C shows highest impedance values with reduced dielectric constant and 

very low tangent loss. 

 Manganese chromite spinel oxide was successfully developed by simple CTAB-

assisted method. XRD results showed that single phase cubic spinel structure of 

MnCr2O4 was achieved after calcination at 850°C for 4 h. Rietveld refined X-ray 

diffraction pattern also confirmed the formation of pure phase MnCr2O4 cubic 

spinel with cell parameters a = 8.43720 Å and space group Fd3m. High 

temperature sintering was performed from 1250ºC to 1450 ºC  and observed that 

even at high temperature MnCr2O4 sintered specimens consist of single cubic 

phase. From these results it was observed that the phase of MnCr2O4 spinel 

oxide synthesized by CTAB-assisted hydrothermal method remained stable at 

high temperature. Impedance spectroscopy of high temperature sintered samples 

(1250ºC to 1450ºC) in the temperature range of 200ºC to 450ºC showed that 

resistance values of different electro active regions were decreased with increase 

of temperature due to grain growth with temperature whereas total dc resistance 

of the MnCr2O4 sintered samples increases with increase of sintering 

temperature due to the formation of depleted regions act as trapping centers for 

the carriers which result in an increase in the resistance of grain boundaries. 

 Cobalt doped manganese chromite (Mn0.5Co0.5Cr2O4) spinel oxide was also 

synthesized by CTAB-assisted hydrothermal process. XRD results and Rietveld 

refinement showed that complete cubic spinel structure of  Mn0.5Co0.5Cr2O was 

achieved after calcination at 850°C for 4 h with cell parameters a = 8.3400 Å 

and space group Fd3m. Shrinkage study of the calcined compact powder was 

done by thermodilatometry and sintering temperature was found to be above 

1000°C. On the basis of dilatometric findings, Mn0.5Co0.5Cr2O4 compact pellets 

were sintered at 1050°C, 1250°C and 1350°C for 4 h. Impedance spectroscopy 
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of sintered sample (1350°C) showed that resistance values of different electro 

active regions were decreased with increase of temperature from 200°C to 

400°C due to grain growth with temperature. 

 Similarly single phase nanocrystalline zinc chromite (ZnCr2O4) spinel oxide was 

synthesized by hydrothermal method at 180ºC for 5 h with average crystallite 

size <100 nm after heat treatment at 800ºC. Rietveld refinement of XRD pattern 

confirms that zinc chromite (ZnCr2O4) cubic spinel structure was developed 

with cell parameter a = 8.2874 Å and Fd3m space group. Thermal analysis (TG 

and DTA) reveals that as-synthesized chromite material was thermally stable 

above 700ºC. The FTIR results show two principal absorption bands of Cr-O 

and Zn-O at 490 and 616 cm-1 corresponding to the intrinsic lattice vibrations of 

octahedral and tetrahedral coordination compounds in the spinel structure, 

which confirms the formation of ZnCr2O4 nanocrystals. Homogeneous equi-

axed grain size distribution was observed by SEM micrograph of sintered 

specimen with average grain size being in the range between 50 and 80 nm. The 

direct and indirect band gap energy of ZnCr2O4 was found to be 3.771 eV and 

3.147 eV respectively. Impedance plane plots ZnCr2O4 from 1 Hz to 107 Hz 

show three relaxations associated with three electro active regions, i.e., bulk, 

grain boundaries and electrode in ZnCr2O4 nanoparticles. Frequency and 

conductivity of nanoparticles have found linear relationship. At a low frequency, 

dielectric constant of the material shows depression but at a high frequency 

independent value of dielectric constant was observed. 
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4 Metal Ferrites 

Metal ferrites are also very important member of spinel group like metal chromites as 

discussed in chapter 3. The spinel structure has the MN2O4 stoichiometry, where, M is 

a divalent cation and N is a trivalent cation occupying tetrahedral and octahedral sites, 

respectively, and O is a divalent anion. The nature of the cations and their division 

over the sites determine the chemical and physical properties of the material [40]. In 

the same way, the general formula of spinel ferrites is MFe2O4, where M represents a 

divalent metal ion with an ionic radius approximately between 0.6 and 1 Å. In case of 

simple ferrites, M is one of the transition elements Cu , Mn, Fe, Co, Ni and Zn, or Mg 

and Cd. When trivalent iron ions (Fe3+) in MFe2O4 can be completely or partly 

replaced by another trivalent ion such as Al3+
 or Cr3+, giving rise to mixed crystals 

with aluminates and chromites. 

Similar to metal chromites, metal ferrites are also known as technologically key 

materials, because of their controllable properties such as high thermodynamic 

stability, high specific heating, high electrical conductivity, low melting point and low 

magnetic transition temperature [78]. Nanocrystalline ferrite magnetic materials could 

provide more advantages over the bulk ferrite materials with reminiscent change of 

physical properties such as extremely small size and increase in surface area to 

volume ratio [239]. Because of these properties nanocrystalline spinel ferrites are 

widely used in many technical applications like ferrofluid technology, information 

storage and magnetic pigments [84, 240, 241], photoelectrical devices [81], 

microwave devices [242], semiconductors, catalysts [79], sensors [83], nanodevices 

[80], as contrast agents in magnetic resonance imaging (MRI) [243], thermo 

responsive drug carriers [244], as well as, in the thermal activation therapy of cancer 

[245]. 

4.1 Magnesium Ferrite 

Magnesium ferrite (MgFe2O4) is an important magnetic oxide with normal spinel 

cubic structure. It is a soft magnetic n-type semiconducting material with band gap of 
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2.18 eV [246, 247]. MgFe2O4 and allied compounds have found wide spread 

applications in microwave devices because of low magnetic and dielectric loss [248].  

It has also been utilized in high density recording media [249], heterogeneous 

catalysis [250], sensors [251, 252], etc. MgFe2O4 is known for its good photoelectric 

effect [253-255] and it is a promising candidate for local heating in human cancer 

therapy [256, 257].  

The synthesis of nonocrystalline spinel ferrites has been investigated 

extensively in recent years for their new and improved properties [258]. The methods 

of preparation play a very important role in determining the chemical, structural and 

magnetic properties of spinel ferrites. The micronsized  ferrites are commonly 

prepared by solid state method that involves high-temperature solid state reactions 

between the constituent oxides, carbonates or oxalates [259, 260] resulting in 

nonuniformity of particle size and shape, primarily caused by strongly bonded 

agglomerates, poor sintering behavior and reproducibility, poor control of cation 

stoichiometry and time consuming process. For crystallite ferrites, wet chemical 

techniques have been extensively recognized as an efficient approach for the synthesis 

of high surface area and homogenous magnetic spinel oxides at low temperature and 

great attention has been given for the improvement of these fabrication methods 

[261]. In wet chemical process, the various methods have been used to produce 

crystallite magnesium ferrite such as coprecipitation [262], mechanochemical [263], 

microemulsion [264, 265], sonochemical [266], sol-gel [267, 268], sol-spray drying 

[269], solvothermal [270] and hydrothermal processes [58, 271-276]. All these 

processes have their own advantages and disadvantages, depending on desired 

properties and applications. Recently, a simple and versatile sol-gel auto-combustion 

process has emerged as an important technique for synthesis and processing of 

advanced ceramics (structural and functional), catalysts, composites and crystalline 

spinel oxide materials [202, 277, 278]. Sol-gel auto-combustion is an attractive 

method for the manufacturing of technologically useful materials at low cost 

compared to conventional ceramic process [204, 279].  

The objective of present research work is to study the versatile and cost 

effective sol-gel auto-combustion process by combination of urea-citrate-nitrate in 

order to obtain crystalline magnesium ferrite and investigate structural, electrical and 
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Mössbauer properties after sintering at various temperatures using X-ray diffraction, 

SEM, UV-visible, FTIR, Mössbauer and impedance spectroscopic analysis.  

4.1.1 Experimental 

Materials   

Chemicals used in the present study were magnesium nitrate (Mg(NO3)2.6H2O, 

Merck, 99%), ferric nitrate 9-hydrate (Fe(NO3)3.9H2O, Merck, 99.9%), urea 

(CO(NH2)2, Merck, 99.9%), citric acid (C6H8O7.H2O, Merck 99.9%) and ammonium 

hydroxide  (NH4OH, Merck). All chemicals were of analytical reagent grade. Double-

distilled water (DDW) with conductivity less than 5μS.cm-1 (Iwaki WS-6 Water Still/ 

Metrohm 712 Conductometer) was used in all the experiments.  

Sol-Gel Auto-Combustion Method 

Crystalline magnesium iron ferrite powder was synthesized according to specified sol-

gel auto-combustion processes [202, 204, 277-279] with modifications. In a typical 

process, known concentration of nitrate solutions were prepared by dissolving ferric 

nitrate and magnesium nitrate in double distilled water (DDW). These nitrate 

solutions were then mixed by volume according to specified proportions and suitable 

amount of urea and citric acid was finally added in the mixed solution. The pH of the 

solution was adjusted in the range of 6-7. The solution was then heated at about 70oC 

in a rotary evaporator (Heidolph Laborota 4001) for 4 h until a viscous sol (xerogel) 

was obtained. The xerogel was transferred into a ceramic bowel and was heated on a 

hot plate. The gel initially started swelling, producing foamy precursor and then a 

rapid and vigorous auto ignition took place for about a minute, completing the 

reaction. Typical images of a sample being prepared by auto-combustion method are 

shown in Fig.4-1. The resultant foaming powder was grounded and calcined at a 

prescribed temperature (550-850oC) for 4 h. A fine powder with typical brown color 

of MgFe2O4 was obtained.  
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Figure 4-1 Sol-gel auto-combustion process for preparation of soft magnetic 
material (MgFe2O4): (a) sticky sol, (b) condense gel heated at 120ºC, (c) auto 

combustion started, (d) full combustion at 250ºC, (e) slow down combustion and 
(f) foaming powder material of MgFe2O4. 

 

Pellets Fabrication and Sintering  

The calcined powder was ground in acetone medium for about 1 h using a ball mill, 

for deagglomeration. The fine powder was pressed uni-axially using a hydraulic press 

(Komage Germany) of load capacity of 5 ton in-2 (1 ton in-2  =15.44 MPa) into 20 mm 

diameter pellets. The organic polymer polyvinyl alcohol (5wt.% PVA) was used as 
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binder material. The green pellets were then sintered at different temperatures ranging 

from 1050-1450oC for 4 h.  

Characterization  

Structural characterization of synthesized products were performed by using Rigaku 

Geiger flux diffractometer (Dmax-IIIA) with CuKα radiation. A horizontal assembly 

dilatometer (NETZSCH 409) was used to study the shrinkage behavior. SEM 

morphology of MgFe2O4 specimens were observed by NOVA Nanosem-430 

(FESEM). Densities of sintered polished pellets were measured by Archimedes 

method. Fourier transform infrared (FTIR) spectrum of magnesium ferrite powder 

specimen was recorded on FTIR spectrometer (Thermo-Nicolet Avatar 370). The 

absorption spectrum of magnesium ferrite sample was recorded in the wavelength 

range of 200–900 nm on UV–visible spectrophotometer (Specord 205, Analtik Jena). 

Mössbauer study was performed at room temperature using a 57Co source of 25mCi 

with the conventional constant acceleration-type Mössbauer spectrometer, calibrated 

with -Fe foil. Impedance spectroscopy of sintered specimens was carried on two an 

Alpha-N Analyzer (Novocontrol).  

4.1.2 Structural Characterization  

Figure 4-2 shows typical FTIR results for the sample calcined at 850oC. The spectrum 

reveals absorption bands at around 535 cm-1 and 410 cm-1. These bands are due to 

Fe3+-O2- stretching vibrations on tetrahedral and octahedral sites, respectively, 

characteristic of inverse spinel magnesium ferrite [280, 281].  

Phase Analysis   

Figure 4-3 shows typical XRD patterns of the specimens calcined at 550oC, 650oC, 

750oC and 850oC for 4 h in air. Upto 750oC (Fig. 4-3a-c) minor impurity of Fe2O3 is 

seen. At 850oC (Fig. 4-3d), Fe2O3 phase was completely eliminated and pure single 

phase of MgFe2O4 was achieved. The XRD patterns of the calcined samples (Fig.  4-

3a-d) show that as the calcination temperature increases, peaks associated with 

MgFe2O4 become sharper and more intense indicating an improvement in crystalline 

quality with calcination temperature (and enhanced stoichiometry with dissolution of 

Fe2O3). All the sharp diffraction peaks were compared with standard diffraction lines 

of magnesium ferrite JCPDS Card No. 88-1943 [217]. The most prominent peak 



centered at 2θ = 35.55

peak of MgFe2O4 spinel structure. The other peaks are also assigned to spinel cubic 

structure (Fig. 4-3d) with Miller indices of (111), (220), (3

(511) and (440). The values of 2θ, orientation and d spacing of each of the peaks of 

XRD data of MgFe2O4 

The calcined powder specimens were pressed into pellets and si

1050°C, 1350°C and 1450°C for 4 h in air. Figure 4

of MgFe2O4 pellet specimen sintered at 1050°C. All the peaks are well

indicating the high crystalline nature of the specimen. Rietveld refinement was carri

out to verify the formation of spinel phase using the Rietica 77 software 

Rietveld refined diffraction pattern (solid line) is shown in Fig. 4

the observed pattern (dots). Rietveld refinem

crystallizes in the space group of Fd3m with lattice parameters of a = b = c 8.3931 ± 

0.01 Å, consistent well with the literature 

are given in Table 4-1.

 

Figure 4-2 FTIR spectrum of MgFe
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centered at 2θ = 35.55º and corresponds to crystal plane (311) which is characteristic 

spinel structure. The other peaks are also assigned to spinel cubic 

3d) with Miller indices of (111), (220), (311), (222), (400), (422), 

The values of 2θ, orientation and d spacing of each of the peaks of 

4 specimen calcined at 850ºC are given in appendix A.1 Table 7.

The calcined powder specimens were pressed into pellets and si

1050°C, 1350°C and 1450°C for 4 h in air. Figure 4-4 shows the refined XRD pattern 

pellet specimen sintered at 1050°C. All the peaks are well

indicating the high crystalline nature of the specimen. Rietveld refinement was carri

out to verify the formation of spinel phase using the Rietica 77 software 

Rietveld refined diffraction pattern (solid line) is shown in Fig. 4-4 matches well with 

the observed pattern (dots). Rietveld refinement clearly indicates that MgFe

crystallizes in the space group of Fd3m with lattice parameters of a = b = c 8.3931 ± 

consistent well with the literature [217, 282]. Rietveld refinement parameters 

1. 

FTIR spectrum of MgFe2O4 powder calcined at 850ºC for 4 h.

 

º and corresponds to crystal plane (311) which is characteristic 

spinel structure. The other peaks are also assigned to spinel cubic 

11), (222), (400), (422), 

The values of 2θ, orientation and d spacing of each of the peaks of 

are given in appendix A.1 Table 7.  

The calcined powder specimens were pressed into pellets and sintered at 

4 shows the refined XRD pattern 

pellet specimen sintered at 1050°C. All the peaks are well-defined 

indicating the high crystalline nature of the specimen. Rietveld refinement was carried 

out to verify the formation of spinel phase using the Rietica 77 software [208]. The 

4 matches well with 

ent clearly indicates that MgFe2O4 

crystallizes in the space group of Fd3m with lattice parameters of a = b = c 8.3931 ± 

Rietveld refinement parameters 

 

powder calcined at 850ºC for 4 h. 



Figure 4-3 XRD patterns of MgFe

 

Figure 4-4 Rietveld refinement pattern of MgFe
4 h
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XRD patterns of MgFe2O4 power specimens calcined at: 
650°C, (c) 750°C and (d) 850°C for 4 h. 

Rietveld refinement pattern of MgFe2O4 pellet sintered at 1050°C 
4 h observed (black dots), calculated (lines). 

 

 
power specimens calcined at: (a) 550°C, (b) 

 

pellet sintered at 1050°C for 
 



Table 4-1 Structural parameters obtained from the Rietveld refinement of X
diffraction data of MgFe

Atoms Wy/Poistion

Mg 

Fe 16d

O 32e
 

Lattice  
parameters 

(Å) 

Unit cell 
volume 

(Å3

8.39313 591.469

 

4.1.3 Dilatometric and S

The densification behavior

Figure 4-5 illustrates typical non

MgFe2O4 powder originally calcin

change is not seen up to a temperature of 600

is observed particularly at around 900

Figure 4-5 Thermodilatometr
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Structural parameters obtained from the Rietveld refinement of X
diffraction data of MgFe2O4 pellet sintered at 1050°C

Wy/Poistion x y z B/A

8a 0.1250 0.1250 0.1250 1.0000

16d 0.5000 0.5000 0.5000 1.0000

32e 0.2560 0.2560 0.2560 0.0000

Unit cell 
volume 

3) 

Space 
group 

Rp 
(%) 

Rwp 

(%) 
Rexp 
(%) 

591.469 Fd3m 10.39 14.67 10.65 

Dilatometric and Sintering   

behavior of the compacts was examined by 

5 illustrates typical non-isothermal dilatometric curve of green compact of 

der originally calcined at 850ºC. It may be noticed that any dimensional 

seen up to a temperature of 600°C, above which pronounced contraction 

rved particularly at around 900°C.  

Thermodilatometric curve of green compact (pellet) of MgFe
powder calcined at 850 ºC for 4 h. 

 

Structural parameters obtained from the Rietveld refinement of X-ray 
pellet sintered at 1050°C. 

B/A2 n 

1.0000 1.000 

1.0000 2.000 

0.0000 4.000 

Rbragg 
(%) 

GOF 

(%) 

5.17 1.896 

of the compacts was examined by thermodilatometry. 

isothermal dilatometric curve of green compact of 

C. It may be noticed that any dimensional 

°C, above which pronounced contraction 

 

ic curve of green compact (pellet) of MgFe2O4 



4.1.4 Microstructure

In order to study the effect of sintering temperature on the morphology of MgFe

ceramic materials, scanning electron microscopy was carried out. The microstr

was revealed by fracturing the pellets. The morphologi

750oC and 850oC are shown in Fig. 

calcined samples consist of very small particles with average grain size of 150 ± 50 

nm and  200 ± 50 nm for samples calcined at 750

Figure 4-6 SEM images MgFe
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Microstructure 

In order to study the effect of sintering temperature on the morphology of MgFe

ceramic materials, scanning electron microscopy was carried out. The microstr

was revealed by fracturing the pellets. The morphologies of specimens calcined at 

C are shown in Fig. 4-6a,b. SEM images (Fig. 4-6a,

calcined samples consist of very small particles with average grain size of 150 ± 50 

m and  200 ± 50 nm for samples calcined at 750oC and 850oC respectively. 

 

SEM images MgFe2O4 specimens calcined at (a) 750
for 4 h. 

 

In order to study the effect of sintering temperature on the morphology of MgFe2O4 

ceramic materials, scanning electron microscopy was carried out. The microstructure 

es of specimens calcined at 

6a,b) show that the 

calcined samples consist of very small particles with average grain size of 150 ± 50 

C respectively.  

 

 

specimens calcined at (a) 750ºC and (b) 850ºC 



Figure 4-7 SEM images MgFe
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M images MgFe2O4 specimens: sintered at: (a) 1050

and (c) 1450ºC for 4 h. 

 

 

 

 
specimens: sintered at: (a) 1050ºC, (b) 1350ºC, 
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SEM images of the samples sintered at 1050oC, 1350oC and 1450oC are shown 

in Fig. 4-7a-c.The specimen sintered at 1050oC (Fig. 4-7a) exhibits small equi-axed 

particles with average size of about 400 ± 50 nm, although larger agglomerates (i.e., 

secondary particles) are also seen. Anyway, substantial grain growth is not recorded at 

this sintering temperature. Pronounced grain growth is seen at the sintering 

temperature of 1350oC (Fig. 4-7b) and 1450oC (Fig. 4-7c). The specimen sintered at 

1350ºC (Fig. 4-7b) composes of uniform coarse structure with a well-clear crystalline 

microstructure having very small numbers of spherical small particles. The average 

grain size for the specimen sintered at 1350°C was about 5 ± 2 µm. An average grain 

size of 8 ± 2 µm was obtained at 1450°C (Fig. 4-7c).  

Structural parameters of MgFe2O4 specimens at different temperatures are 

summarized in Table 4-2. It can be noticed that MgFe2O4 specimen sintered at 1050oC 

has lower relative density (79.5%) as compared to specimens sintered at 1350oC 

(81%) and 1450oC (84.2%). EDX analysis of the MgFe2O4 sample sintered at 1450oC 

was performed for elemental analysis. In the EDX spectra (Fig. 4-8) no impurity 

element is seen, except Mg, Fe and O. The atomic ratio of Mg and Fe is 

approximately 1:2. 

 

 
Table 4-2 Structural parameters of MgFe2O4 specimens. 

Sr. 

# 

Specimens 

temperature (°C) 

Lattice 

constant 

(Å) 

Density 

(g cm-3) 
Particle size  

Relative 

Density 

(%) 

Porosity 

(%) 

1 Calcined 750 °C 8.38341 - 150±50 nm - - 

2 Calcined 850 °C 8.37642 - 200 ± 50 nm - - 

3 Sintered 1050 °C 8.36946 3.58 400 ± 50 nm 79.5 20.5 

4 Sintered 1350 °C 8.35903 3.61 5 ± 2 µm 81.0 19.0 

5 Sintered 1450 °C 8.36893 3.79 8 ± 2 µm 84.2 15.8 
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Figure 4-8 EDX curve and elemental composition (inset table) of MgFe2O4 pellet 
specimen sintered at 1450ºC for 4 h. 

 

4.1.5 UV-Visible Analysis  

Figure 4-9 shows UV-visible absorption spectrum of MgFe2O4 specimen calcined at 

850ºC. The characteristic band around 300-400 nm (Fig. 4-9a), is pronounced in the 

optical absorption spectrum of magnesium ferrite spinel. These bands are due to Fe3+ 

ions in the octahedral coordination [160]. The absorption cut-off wavelength was 

571.24 nm, suggesting that MgFe2O4 absorb visible light in the wavelength range 

500-650 nm. Band gap energy estimated by Tauc’s equation (eq. 3-18) mentioned in 

chapter no. 3 (Tauc’s plot Fig. 4-9b) is about 2.175 eV close to the literature values. 

The reported band gap energy for MgFe2O4 is in the range 2.0-2.2 eV [281, 283, 284]. 

 

 

 



Figure 4-9 UV-Visible absorption properties of MgFe
850ºC: (a) UV

 

4.1.6 Mössbauer A

Mössbauer Analysis of Calcined P

Mössbauer spectra of magnesium ferrite powder calcined at 

shown in Fig. 4-10a,b. After a number of trials spectrum of 

ºC (Fig. 4-10a) was very well fitted with four subs
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Visible absorption properties of MgFe2O4 specimen calcined at 
850ºC: (a) UV-Visible and (b) Tauc’s plot. 

Mössbauer Analysis 

Analysis of Calcined Powders  

Mössbauer spectra of magnesium ferrite powder calcined at 750

. After a number of trials spectrum of specimen 

10a) was very well fitted with four subspectra, three sextets (six

 

 

specimen calcined at 

750ºC and 850ºC are 

specimen calcined at 750 

pectra, three sextets (six-line 
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spectrum) and a doublet (two-line spectrum). Ferrites have a spinel structure having 

two magnetic sublattices in which cations occupy tetrahedral A site and octahedral B 

sites. This differentiation can be done on the basis of isomer shift (δ) values; A-site 

has less δ than that of B-site. Therefore, one subspectrum is for tetrahedral site and 

three subspectra are for octahedral sites. In case of bulk ferrite the Mössbauer 

spectrum generally consists of two components; one for A-site and one for B-site. In 

magnetic ferrites the presence of quadrupole doublet indicates the presence of 

superparamagnetic material. Moreover, the presence of broad sextet (Fig. 4-10a) with 

very large line width (Г = 2.01 mm.s-1) and large relative area (63%) correspond to 

MgFe2O4 superparamagnetic material. However other two sextets were due to the 

well-developed structure of Ferrite (Fe3+) segregated in various Fe sites. The cation 

distribution derived from the Mössbauer parameters of powder calcined at 750ºC can 

be given as (Mg0.74Fe0.26)[Mg0.13Fe0.87]2O4. The presence of Mg cations at both A and 

B-sites indicate that Mg ferrite has a mixed spinel structure. The Mössbauer spectrum 

of the sample calcined at 850ºC (Fig. 4-10b), comprises three sextets and no doublet 

indicating the increase in the particle size as compared to the sample calcined at 

750ºC. The cations distribution at this temperature was estimated as 

(Mg0.54Fe0.46)[Mg0.23Fe0.77]2O4. The detail Mössbauer parameters are given Table 4-3. 

 

Figure 4-10 Mössbauer spectra of MgFe2O4 specimens calcined at (a) 750ºC and 
(b)  850ºC for 4 h. 



Table 4-3 Mössbauer parameters of MgFe

Calcined 

Temperature 

(C) 

Spectrum 

750  

 

 

Sextet 1 

Sextet 2 

Sextet 3 

Doublet 1 

850  

 

Sextet 1 

Sextet 2 

Sextet 3 

 

Mössbauer Analysis of Sintered P

Figure 4-11(a,b) shows the Mössbauer spectra of magnesium ferrite samples sintered 

at 1350C and 1450C for 4 h. One subspectrum is fitted for tetrahedral site (A

and one for octahedral site (B

field (Heff) is larger at B

from the deviation from cubic symmetry and covalent nature of the tetrahedral b

[285-287].  

Figure 4-11 Mössbauer spectra of MgFe
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Mössbauer parameters of MgFe2O4 calcined specimens

 
Heff 

(kOe) 

Δ 

(mm s-1) 

 

(mm s-1) (mm 

 

493 (5) 

467 (4) 

452 (5) 

--- 

0.04 (0.002) 

0.12 (0.005) 

-0.05 (0.001) 

0.55 (0.05) 

0.36 (0.05) 

0.24 (0.03) 

0.34 (0.02) 

0.27 (0.04) 

0.50 (

0.50 (

2.01 (0.015)

0.65 (

497 (3) 

470 (2) 

460 (3) 

0.04 (0.001) 

0.15 (0.04) 

-0.04 (0.002) 

0.47 (0.02) 

0.21 (0.02) 

0.31 (0.03) 

0.78 (

0.73 (

0.95 (

alysis of Sintered Pellets 

shows the Mössbauer spectra of magnesium ferrite samples sintered 

C for 4 h. One subspectrum is fitted for tetrahedral site (A

and one for octahedral site (B-site). In most of spinel ferrites the internal magnetic 

) is larger at B-site than that of A-site due to the dipolar field originated 

from the deviation from cubic symmetry and covalent nature of the tetrahedral b

Mössbauer spectra of MgFe2O4 sintered pellets at: (a) 1350
(b) 1450ºC for 4 h. 

 

calcined specimens 

Г 

(mm s-1) 

Relative 

Area (%) 

0.50 (0.05) 

0.50 (0.04) 

2.01 (0.015) 

0.65 (0.04) 

13 (0.5) 

15 (1.0) 

63 (3.0) 

9 (1.0) 

0.78 (0.05) 

0.73 (0.04) 

0.95 (0.03) 

23 (3.0) 

30 (5) 

47 (1.0) 

shows the Mössbauer spectra of magnesium ferrite samples sintered 

C for 4 h. One subspectrum is fitted for tetrahedral site (A-site) 

site). In most of spinel ferrites the internal magnetic 

site due to the dipolar field originated 

from the deviation from cubic symmetry and covalent nature of the tetrahedral bond 

 

sintered pellets at: (a) 1350ºC and 
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Cationic distribution can be estimated from Mössbauer parameters given in 

Table 4-4 as (Mg0.6Fe0.4)[Mg0.2Fe0.8]2O4 for the sample sintered at 1350C and 

(Mg0.58Fe0.42)[ Mg0.21Fe0.79]2O4 for the sample sintered at 1450C. There is not very 

much difference between the parameters of two samples, however internal magnetic 

decrease with the increase of temperature. By increasing sintering temperature, more 

refined sextets (Fig.4-11) were observed due to proper well defined crystal structures 

of MgFe2O4 obtained after sintering and also observed in SEM images (Fig. 4-7b,c). 

 

Table 4-4 Mössbauer parameters of MgFe2O4 sintered specimens. 

 

4.1.7 Impedance Analysis 

Figure 4-12 shows impedance plane plots of MgFe2O4 specimens sintered at high 

temperatures 1350C and 1450C. Figure 4-12a shows the appearance of two semi 

circle arcs in the impedance plane plots and the third semicircle arcs appearing at high 

frequencies are plotted in the inset, indicated by an arrow. The appearance of three 

semi circle arcs indicated the existence of at least three types of relaxation 

phenomena. The change in the diameter of the arc of impedance plane plots of these 

two sintered samples can be explained on the basis of three electro-active regions. 

Depending upon the geometric capacitance values, three electro active regions in the 

impedance plane plots were named as electrode, grain boundary and bulk associated 

with low, intermediate and high frequency arcs, respectively.  

To understand the effect of grain growth on the electrical properties of 

MgFe2O4 sintered specimens, an equivalent circuit model (R1Q1)(R2Q2)(R3Q3) was 

employed. Where, R was used for resistance and Q for constant phase element, 

respectively. The suffix 1, 2 and 3 was used for grain, grain boundary and electrode 

effect, respectively. Equivalent circuit fitted parameters were tabulated in Table 4-5. 

Sintering 

Temperature 

(C) 

Spectrum Site 
Heff 

(kOe) 

Δ 

(mm s-1) 

 

(mm s-1) 

Г 

(mm s-1) 

Relative 

Area (%) 

1350C 
Sextet 1 

Sextet 2 

B 

A 

500 (4) 

480 (5) 

0.00  (0.00) 

-0.04 (0.01) 

0.40 (0.03) 

0.26 (0.02) 

0.55 (0.05) 

0.76 (0.07) 

20 (2) 

80 (6) 

1450C 
Sextet 1 

Sextet 2 

B 

A 

494 (6) 

474 (5) 

-0.02 (0.005) 

0.067 (0.02) 

0.37 (0.04) 

0.26 (0.01) 

0.48 (0.03) 

0.85 (0.06) 

21 (3) 

79 (5) 
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The values of resistance of grain, grain boundary and electrode effect decreases with 

the sintering temperatures. These results are in accordance with our SEM analysis 

portion where grain growth is shown with an increase in the sintering temperature of 

the sample.  

 

Table 4-5 Impedance analysis of MgFe2O4 sintered specimens (fitting error  
2-3%). 

Sintering 
Temperature 

(C) 

R1 

(Ω) 
C.P.E1 n1 

R2 
(Ω) 

C2 

(F) 
n2 

R3 
(Ω) 

C.P.E3 n3 

1350 98343 2.36×10-9 0.61 5.41×106 7.5×10-10 1.0 3.39×107 2.35×10-9 0.87 

1450 76474 4.89×10-9 0.56 5.41×106 4.4×10-10 1.0 1.64×107 2.77×10-9 0.82 

 

The log-log plot of real part of conductivity (σ/) for MgFe2O4 sample sintered 

at 1350C and 1450C temperatures is shown in Figure 4-12b. The frequency at 

which the slope of the conductivity changes is known as hopping frequency. The ac 

conductivity as a function of frequency for these two sintered samples able us to 

correlate the electrical response to the different electro-active regions. A visible 

change in the frequency independent region (dc conductivity) can be viewed at low 

frequency side followed by intermediate frequency region (500 Hz to 75 kHz) and 

these two frequency region represents electrode effect and grain boundary regions. 

The change in dc conductivity was associated with the drift mobility of the charge 

carriers. At higher frequency side conductivity curve seems to merge with each other 

for both sintered samples.  

Figure 4-12c shows frequency dependent real part of dielectric constant (/) 

for the investigated samples sintered at 1350C and 1450C. The trend of graphs is in 

accordance with impedance and conductivity results discussed above. Dispersion 

below 80 Hz shows high values of dielectric constant and was suggested to be due to 

the interfacial polarization. In the intermediate frequency region (500 Hz to 75 kHz), 

grain boundary contributes mainly to the dielectric constant values and the sintering 

effect results in the grain growth and a decrease of grain boundaries results in 

lowering of impedance and dielectric values. At higher frequencies (>105 Hz), 

relatively independent dielectric constant values were attributed to the atomic and 

electronic polarizations.  



                

                            
Figure 4-12 (a) Impedance analysis of MgFe

and 1450°C for 4 h. Inset shows semicircles at  high frequenci
conductivity plots with frequencies
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(a) Impedance analysis of MgFe2O4 specimens sintered at 1350°C 
and 1450°C for 4 h. Inset shows semicircles at  high frequenci

uctivity plots with frequencies and (c) variations of dielectric constants with 
frequencies. 

 

 

 

 
specimens sintered at 1350°C 

and 1450°C for 4 h. Inset shows semicircles at  high frequencies, (b) log-log 
and (c) variations of dielectric constants with 
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4.2 Conclusions 

Magnesium iron ferrite (MgFe2O4) soft magnetic material was successfully 

synthesized by sol gel auto combustion method. Single cubic phase of  MgFe2O4 was 

achieved after calcination at 850ºC for 4 h. Rietveld refined XRD pattern confirmed 

that pure phase cubic spinel structure of MgFe2O4 was formed with space group of 

Fd3m. UV-visible examination of MgFe2O4 powder calcined at 850ºC reveals an 

optical band gap of 2.17 eV. FTIR spectra of the calcined powder showed two 

absorption bands at around 535 cm-1 and 410 cm-1 due to stretching vibrations of 

tetrahedral and octahedral group complexes of Fe3+-O2- bands in MgFe2O4 ferrite. 

Shrinkage characteristic was measured by dilatometry and suitable sintering 

temperature was found to be above 900ºC. On the basis of these findings MgFe2O4 

dense pellets were formed by sintering at 1050ºC, 1350ºC and 1450ºC for 4 h. 

Crystallinity and grain size of the products increases with the increase in sintering 

temperatures.  

Mössbauer spectrum of the calcined magnetic ferrites showed quadrupole 

doublet at 750ºC  indicating the presence of superparamagnetism behavior in the 

material whereas, this doublet disappears at 850ºC showing the increase in the particle 

size. Sintered specimens (1350ºC and 1450ºC) showed well define sextets related to 

Fe3+ at the tetrahedral (A) and the octahedral (B) sites. Mössbauer parameters also 

showed that magnesium ferrite had mix spinel structure. Impedance spectroscopy 

conferred decrease in the resistance values with temperature of different electro active 

regions. At higher frequencies, independent dielectric constant values were attributed 

to the atomic and electronic polarizations.  

4.3 Nickel Ferrite and Copper Doped Nickel Ferrite 

The crystal structure of spinel ferrite compounds have a cubic close packing of O2- 

ions structure linked with two sub-lattice sites namely tetrahedral (A-sites) and 

octahedral (B-sites) [288]. The magnetic and other properties of spinel ferrite can be 

varied systematically by changing the identity of the ion, their charges and their 

distribution among the tetrahedral and octahedral sites.  

Similar to magnesium ferrite, nickel ferrite (NiFe2O4) is also a well known 

inverse spinel structure ferrite with Ni2+ ions at octahedral sites (B-sites) and Fe3+ ions 
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equally distributed at tetrahedral (A-sites) and octahedral sites (B-sites) [289], [290]. 

Copper ferrite (CuFe2O4) is also an inverse spinel with tetragonal structure that shows 

a transition to cubic symmetry at high temperature [291]. Copper nickel ferrite (Cu1-

xNixFe2O4) materials were first studied by Van Uitert [292], according to whom; these 

are completely inverse spinel materials. Many attempts have been focused on Ni-Cu-

ferrite system because copper containing nickel ferrites have fascinating magnetic and 

electrical properties. Among the soft ferrite materials with fully inverse spinel 

structure, the versatile nanocrystalline Cu1-xNixFe2O4 spinel ferrites carry new 

opportunities for spintronic devices [293], catalysts [294] and as sensors, for the 

detection of different gases especially liquefied petroleum gas (LPG) [295]. To 

produce nanosized ferrites, wet chemical techniques have been developed for the 

synthesis of homogenous, high surface area and sinterable ferrite powders and great 

attention has been given to the improvement of these fabrication methods [296]. In 

wet chemical process, the various methods have been used to produce nickel ferrite 

nanoparticles such as coprecipitation [297], sol-gel [298], auto-combustion [204, 279] 

and hydrothermal processes [56, 273].  

The primary focus of this research work is to develop low temperature 

surfactant Tween 80-assisted hydrothermal method to produce nanocrystaline nickel 

ferrite (NiFe2O4) and copper nickel ferrite (Cu1-xNixFe2O4, 0≤x≤0.5) using fine metal 

powders as raw materials. The thermal stability, phase development, microstructures, 

sintering characteristics and the cations distribution of developed nanosized crystal 

structure ferrite materials were examined by TG-DTA, FTIR, XRD, SEM and 

Mössbauer spectroscopy. The impedance properties of high temperature sintered 

ferrite materials were also ascertained.  

4.3.1 Experimental  

Materials  

The reagents used in the present study were copper nitrate 3-hydrate 

(Cu(NO3)2.3H2O, Merck, 99.9%), nickel nitrate 6-hydrate (Ni(NO3)2.6H2O, Merck, 

99.9%), iron nitrate 9-hydrate (Fe(NO3)3.9H2O, Merck, 99.9%), sodium hydroxide 

pellets (NaOH, Merck) and Tween-80 (Merck-Schuchardt). All chemicals used in the 

experiment were of analytical grade. 
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Hydrothermal Method 

The pure copper, iron and nickel metal powders in different mole ratios were mixed 

and placed in a  pyrex beaker containing double distilled water and hydrochloric acid 

(1:1 ratio) and stirred with a magnetic stirrer at room temperature for more than 10h 

and then heated the mixture on hot plate at 70oC until a transparent solution was 

obtained. The synthesis of nickel ferrite and copper nickel ferrite Cu1-xNixFe2O4 (0 ≤ 

x≤ 0.5) was performed according to specified hydrothermal process with some 

modifications as described in reference [58, 204].  

The dried powder was calcined at different temperatures in the range of 

550oC-850oC for 4 h in box furnace (Thermolyne 1500-Sybron.). The calcined 

specimens were uniaxial pressed under a load of 5 ton in-2 (1 ton in-2 = 15.444 MPa). 

The 5wt.% organic polymer (polyvinyl alcohol, PVA) was used as binder material. 

The green pellets were then sintered in a muffle furnace at different temperatures 

ranging from 850-1550oC for 6 h.  

The chemical reactions, which were taking place during hydrothermal process 

in PTFE-lined stainless steel high pressure autoclave and on hot plate process, are 

given in equations (4-1) to (4-14). 

Reactions on hot plate  

)14()4(2)(383 223
9080

23    HeatOHnNONOCuOnHHNOCu Co

 

)24()15(3)(8308 2223
8070

23    HeatOHnONNONiOnHHNONi Co

 

)34()2()()(4 233
7060

23    HeatOHnNONOFeOnHconcHNOFe Co

 

Where n is number of moles of water molecules and which are depended on 

concentration of nitric acid. 

Hydrothermal reactions in the PTFE-lined stainless steel high pressure 

autoclave  

For NiFe2O4 synthesis 

)44(5)()(5)()( 332
1311200180

3323    NaNOOHFeOHNiNaOHNOFeNONi pHandCo
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)54()( 22  HeatOHONiOHNi  

)64(3)(2 2323  HeatOHOFeOHFe  

)74(42
850

32   HeatONiFeOFeNiO CnCalcinatio o

 

The overall chemical reaction 

)84(4)(2)( 242
850650

32    HeatOHONiFeOHFeOHNi CnCalcinatio o

 

For Cu0.5Ni0.5Fe2O4 synthesis 

)94()()()()()()( 322
1311200180

2332323    OHFeOHNiOHCuOnHNaOHNOFeNONiNOCu pHandCo

 

)104()( 22  HeatOHOCuOHCu  

)114()( 22  HeatOHONiOHNi  

)124(3)(2 2323  HeatOHOFeOHFe  

)134(5.0)()( 425.05.0
850

321   xHeatOFeNiCuOFeNiOCuO CnCalcinatio
xx

o

 

The overall chemical reaction (calcination at 650–850ºC) 

)144(5.0)4()(2)()(1 2425.05.0
850650

322    xHeatOHnOFeNiCuOHFeOHxNiOHxCu CnCalcinatio o

 

Characterization 

Thermal analysis of synthesized products were performed by using Netzsch STA-409 

thermoanalyzer. The phase analysis was carried out by X-ray diffraction using Rigaku 

Geiger flux instrument (Dmax-IIIA) with CuKα radiation. FTIR spectrum of calcined 

ferrite specimens were recorded on FTIR spectrometer (Thermo-Nicolet Avatar 370). 

Microstructural features of  NiFe2O4 and Cu0.5Ni0.5Fe2O4 specimens were observed by 

SEM (LEO440I and Jeol-JSM-6510LV). Shrinkage behavior was studied by 

dilatometer (Netzsch DIL 409). Density of compact specimens were calculated by 

Archimedes method. Mössbauer study was conducted at room temperature using a 

57Co source of 25 mCi with the conventional constant acceleration-type Mössbauer 

spectrometer, calibrated with -Fe foil. Two impedance spectrometers (Alpha-N 
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Analyzer, Novocontrol Germany and Precision Impedance Analyzer, Agilent 

42948A) were used to perform impedance measurements of sintered pellets. For 

NiFe2O4 sintered samples, the impedance measurements were made at different 

temperatures from ambient to 200ºC by using THMSE 600 heating stage. 

4.4 Nickel Ferrite 

4.4.1 Structural Analysis 

Figure 4-13 shows XRD patterns of nickel ferrite fine powder, dried at 90oC. (Fig. 4-

13a) and calcined at 850oC for 4 h (Fig.4-13b). The XRD patterns of specimens show 

the main reflection planes 111, 220, 311, 222, 400, 422, 511, 440, 620, 533 and 622 

which reveal that both the dried and calcined powder specimens consist of well 

known cubic spinel crystal structure. The XRD patterns were consistent with reported 

NiFe2O4 data JCPDS Card No.10-0325 [217]. The values of 2θ, orientation and d 

spacing of each of the peaks of XRD data of NiFe2O4 specimen calcined at 850ºC are 

given in appendix A.1 Table 8. The crystallite size was calculated using ‘Scherer’s 

formula (equation 2-2 in chapter 2) [299]. The average crystallite size of NiFe2O4 

ferrite dried at 90oC was found to be 21 ± 0.15 nm estimated from the broad 

diffraction lines (311) of XRD pattern. 

The XRD pattern of calcined NiFe2O4 specimen was fitted and refined by 

Rietveld method using the Rietica 77 software. The Rietveld refined diffraction 

pattern was shown in Fig.4-13c, which indicates that NiFe2O4 crystallizes in cubic 

phase with a= 8.3385 ± 0.01Å, with space group Fd3m. The Rietveld refinement 

parameters are given in Table 4-6.  

 

Table 4-6 Rietveld Refinement characteristics of nickel ferrite material. 

Material Atoms 
Wy/Poistion 

        x        y      z       Occupancy 

NiFe2O4 Ni       0.1250      0.1250   0.1250              1.000 
Fe       0.5000      0.5000   0.5000              2.000 

O       0.2600      0.2600   0.2600              4.000 
 Cell 

parameters 
(Å) 

Unit cell 
volume 

(Å3) 

Space 
group   

Rp 

(%) 
Rwp 
(%) 

Rexp 

(%) 
Rbragg 
(%) 

GOF  
(%) 

NiFe2O4 8.3385 579.781 Fd3m 7.11 9.08 7.35 3,45 1.52 



 

    

Figure 4-13 XRD pattern of NiFe
(c) Rietveld refinement diffraction pattern of NiFe
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pattern of NiFe2O4: (a) dried at 90ºC, (b) calcined at 850
Rietveld refinement diffraction pattern of NiFe2O4 calcined at 850

observed (•), calculated (-). 

 

 

 

) calcined at 850ºC and 
calcined at 850ºC, 



4.4.2 FTR Study 

Figure 4-14 shows the FTIR spectrum of NiFe

mid-infrared spectra of solid ferrites generally assigned to ions vibration in the crystal 

lattice [300]. NiFe2O4 

531.5 cm-1 and 407.8 cm

tetrahedral group and octahedral group complexes of Fe

Figure 4-14 FTIR spectrum of powder spec

 

4.4.3 Mössbauer S

Figure 4-15 shows the Mössbauer spectra of NiFe

at room temperature. The bulk NiFe

octahedral B-site and 

octahedral B-site. The 

fit of the charge distribution of the ion in the crystal field of the octahedral site 

The cation distribution may be calculated form Mössbauer parameter

(Fe)[FeNi]O4. Mössbauer parameters of NiFe

Table 4-7. 
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the FTIR spectrum of NiFe2O4 powders calcined at 850

infrared spectra of solid ferrites generally assigned to ions vibration in the crystal 

 FTIR spectrum (Fig. 4-14) shows stretching vibration bands at 

and 407.8 cm-1 commonly assigned to vibration of metal ions, i.e., 

tetrahedral group and octahedral group complexes of Fe3+-O2-.   

FTIR spectrum of powder specimen of NiFe2O4 calcined at 850ºC.

Study 

15 shows the Mössbauer spectra of NiFe2O4 calcined (850

at room temperature. The bulk NiFe2O4 is an inverse spinel i.e. all Ni cations occupy 

site and consists of two sextets, one for tetrahedral A

site. The Ni ions preference for octahedral sites is due to the 

fit of the charge distribution of the ion in the crystal field of the octahedral site 

The cation distribution may be calculated form Mössbauer parameter

. Mössbauer parameters of NiFe2O4 calcined specimen 

 

powders calcined at 850oC. The 

infrared spectra of solid ferrites generally assigned to ions vibration in the crystal 

hing vibration bands at 

commonly assigned to vibration of metal ions, i.e., 

 

calcined at 850ºC. 

(850ºC for 4 h) powder 

is an inverse spinel i.e. all Ni cations occupy 

wo sextets, one for tetrahedral A-site and other for 

preference for octahedral sites is due to the favorable 

fit of the charge distribution of the ion in the crystal field of the octahedral site [301]. 

The cation distribution may be calculated form Mössbauer parameters as 

calcined specimen are given in 
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Figure 4-15 Mössbauer spectrum of NiFe2O4 ferrite specimen calcined at 850ºC. 
 

 

Table 4-7 Mössbauer parameters of NiFe2O4 materials. 

Sample Subspectrum 
Heff 

(kOe) 

 

(mms-1) 

 

(mms-1) 

 

(mms-1) 

Site 

(A&B) 

Relative 

Area(%) 

NiFe2O4 
Sextet 1 

Sextet 2 

493 

527 

0.02 

0.02 

0.25 

0.37 

048 

0.44 

A 

B 

50 

50 

 

 

4.4.4 High Temperature Sintering Study  

Thermodilatometric Characteristics  

The densification behavior of the calcined NiFe2O4 powder was studied by 

dilatometry in order to understand sintering process with temperature. Figure 4-16 

shows the thermodilatometric and differential dilatometric curves (Fig. 4-16a,b) of 

green compact of NiFe2O4 specimen previously calcined at 600°C. No shrinkage was 

observed on heating up to 700°C temperature as shown in Fig. 4-16a. While, a big 

shrinkage take place between 700oC and 900°C due to decomposition of bounded 

water molecules and removal of decomposed species. The temperature between 

700oC and 900°C illustrates contraction/densification in material. Based on 



dilatometry finding, sintering was

growth and crystallinity. 

Figure 4-16 Thermodilatometric curves of 
(a) dimension change as a function of temperature and 

 

Morphology of Sintered S

The structural morphology of NiFe

and 1550oC for 6 h are shown in Fig.

images (Fig. 4-17) that the grain size increases with increasing sintering temperature. 

The specimen sintered at 1250

average size of approximately 1

sintering temperature. Pronounced grain growth is seen at 

1550oC (Fig. 4-17d) sintering temperature of 

coarse structure with a well

size for the specimen sintered at 1450°C was about 15 ± 5 µm. An average grain size 

of 20 ± 5 µm was obtained at 1550°C (Fig. 

1 µm to 20 µm with increasing sintering
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finding, sintering was performed above 900°C in order to get

nd crystallinity.  

Thermodilatometric curves of compact calcined powder of
imension change as a function of temperature and (b) differential change

Morphology of Sintered Specimens  

The structural morphology of NiFe2O4 specimens sintered at 1250o

h are shown in Fig. 4-17a-d. It can be observed from the SEM 

) that the grain size increases with increasing sintering temperature. 

specimen sintered at 1250oC (Fig. 4-17a) shows small equi-axed particles with 

average size of approximately 1 µm. Substantial grain growth is not observed at this 

sintering temperature. Pronounced grain growth is seen at 1450oC (Fig. 4

sintering temperature of  and the specimens compose

coarse structure with a well-developed crystalline microstructures. The average grain 

size for the specimen sintered at 1450°C was about 15 ± 5 µm. An average grain size 

as obtained at 1550°C (Fig. 4-17d). Average grain size increases from 

with increasing sintering temperature from 1250oC to 1550°C 

 

in order to get good grain 

 

compact calcined powder of NiFe2O4: 
differential change. 

oC, 1350oC, 1450oC 

. It can be observed from the SEM 

) that the grain size increases with increasing sintering temperature. 

axed particles with 

not observed at this 

C (Fig. 4-17c) and 

and the specimens compose of uniform 

. The average grain 

size for the specimen sintered at 1450°C was about 15 ± 5 µm. An average grain size 

Average grain size increases from 

C to 1550°C  
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Figure 4-17 SEM images NiFe2O4 specimens: sintered at: (a) 1250ºC, (b) 1350ºC, 
(c) 1450ºC, and (d) 1550ºC for 6 h. 

 

Impedance Spectroscopy 

Figure 4-18 (a-d) shows the Nyquist plots of  NiFe2O4 specimens sintered at 1250ºC, 

1350ºC, 1450ºC and 1550ºC for 6 h in the temperature range from 20ºC to 200ºC. In 

these spectra, the frequency of applied field increases from right to left. An arc-like 

behavior is observed in all spectra of the sintered samples. The semicircular arcs at 

different temperatures are the depressed semicircle arcs composed of two depressed 

semicircular arcs. These two depressed semicircular arcs are due to the grain and 

grain boundaries effect contributing in NiFe2O4 material associated with the 

electroactive regions and can be find out from the height and diameter of the 

corresponding arcs. The diameters of semicircular arcs are bigger (higher resistance) 

at 20ºC in all sintered samples then decreases with temperature up to 200ºC in each 

sample. This is because the charge carriers at higher temperatures get thermally 



activated therefore reducin

it was observed that the dc resistance of the sintered specimens decreases with 

increase in sintering temperature from 1250

value of each NiFe2O4 

20ºC to 200ºC. 

Figure 4-18 The Nyquist plots of NiFe
1350

 

4.5 Copper Doped

4.5.1 Thermal Analysis

Figure 4-19 shows the TG

for 4 h prepared hydrothermally using Tween

copper and nickel precursors. The TG

about 4.68%. This mass loss 

molecules (180oC) and also at temperature (4
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activated therefore reducing the overall impedance of the material. From these results 

it was observed that the dc resistance of the sintered specimens decreases with 

increase in sintering temperature from 1250ºC to 1550ºC. Furthermore,

4 sintered specimen also decreases with temperature range from 

The Nyquist plots of NiFe2O4 specimens: sintered at: (a) 1250
1350ºC, (c) 1450ºC and (d) 1550ºC for 6 h. 

Copper Doped Nickel Ferrite 

nalysis 

shows the TGA curve of copper nickel ferrite nanopowder dried at 90

prepared hydrothermally using Tween-80 surfactant and fine metal powder as 

copper and nickel precursors. The TGA curve (Fig, 4-19a) shows 

4.68%. This mass loss occurs below 400oC which is due to removal 

C) and also at temperature (400oC) due to decomposition of adsorbed 

 

g the overall impedance of the material. From these results 

it was observed that the dc resistance of the sintered specimens decreases with 

C. Furthermore, dc resistance 

pecimen also decreases with temperature range from 

 

specimens: sintered at: (a) 1250ºC, (b) 

curve of copper nickel ferrite nanopowder dried at 90oC 

80 surfactant and fine metal powder as 

hows total mass loss of 

due to removal of water 

C) due to decomposition of adsorbed 



moisture and surfactant 

the TGA curve indicated the formation of 

The DTA curve (Fig. 4

to the dehydration of adsorbed moisture and organic template molecule Tween

some nitrates. The exoth

reaction of copper nickel ferrite (Cu

hydroxide gel and density packed crystallization of spinel structure was reached near 

850oC. TGA/DTA results reve

stable above 900oC because no other thermal effects were observed above this 

temperature. 

Figure 4-19 TGA and 

4.5.2 Structural A

FTIR Study 

Figure 4-20 shows the FTIR spectrum 

The mid-infrared spectra of solid ferrites usually assigned to vibration of ions in the 

crystal lattice [300]. The absorption bands around 522.8 cm

were observed in the FTIR spectra (

These bands are commonly assigned
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moisture and surfactant Tween-80. The plateau formed between 585

curve indicated the formation of crystalline material.  

The DTA curve (Fig. 4-19b) shows a broad endothermic peak at 90

to the dehydration of adsorbed moisture and organic template molecule Tween

some nitrates. The exothermic peakmax at 658oC peak is the start of crystallization 

reaction of copper nickel ferrite (Cu0.5Ni0.5Fe2O4) within copper, nickel and iron 

hydroxide gel and density packed crystallization of spinel structure was reached near 

C. TGA/DTA results revealed that Cu0.5Ni0.5Fe2O4 crystalline phase is thermally 

C because no other thermal effects were observed above this 

and DTA curves of copper nickel ferrite powder
(a) TGA and (b) DTA. 

Structural Analysis 

shows the FTIR spectrum Cu0.5Ni0.5Fe2O4 powders calcined at 850

infrared spectra of solid ferrites usually assigned to vibration of ions in the 

. The absorption bands around 522.8 cm-1, 418

were observed in the FTIR spectra (inset of Fig. 4-20) of ferrite 

These bands are commonly assigned to vibration of metal-oxygen b

 

The plateau formed between 585oC and 970oC on 

19b) shows a broad endothermic peak at 90-475oC due 
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XRD Study 

Figure 4-21 shows XRD patterns of copper nickel ferrite powder dried at 90

calcined 850oC for 4 h and pellet specimen sintered at 1050

peaks appeared in diffractograms (Fig.

ferrite spinel JCPDS 10

dominate peak is centered at 2θ=35.6

is characteristic peak of face 

of crystalline phase of copper nickel ferrite (

broad XRD line with small intensities (Fig 4

specimen consists of nanosized crystals. However, some minor secondary phases like 

CuO and NiO were also detected. The impurity oxide phases could be removed easily 

by washing with dilute 
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The band at 522.8 cm-1 is attributed to stretching vibrations of tetrahedral 

group and octahedral group complexes of Fe3+-O2- characteristics of spinel ferrites 

whereas the bands at 418 cm-1 and 405 cm-1 are assigned to the o

and the positions of these infrared bands correspond to

ferrite [302]. 

FTIR  spectrum of powder specimen of Cu0.5Ni0.5Fe
850ºC. 

shows XRD patterns of copper nickel ferrite powder dried at 90

h and pellet specimen sintered at 1050oC. The sharp and broad 

peaks appeared in diffractograms (Fig. 4-21a-c) were matched to the reported nic

CPDS 10-0325 and also copper ferrite data, JCPDS 25

nate peak is centered at 2θ=35.65º and corresponds to crystal plane (311) which 

is characteristic peak of face centered cubic (FCC) spinel and confirm the formation 

crystalline phase of copper nickel ferrite (Cu0.5Ni0.5Fe2O4) spinel structure. The 

ine with small intensities (Fig 4-21a) indicates that the as

specimen consists of nanosized crystals. However, some minor secondary phases like 

nd NiO were also detected. The impurity oxide phases could be removed easily 

by washing with dilute nitric acid and double distilled water.  

 

is attributed to stretching vibrations of tetrahedral 

characteristics of spinel ferrites 

are assigned to the octahedral-metal 

and the positions of these infrared bands correspond to 

 

Fe2O4 calcined at 

shows XRD patterns of copper nickel ferrite powder dried at 90oC, 

C. The sharp and broad 

c) were matched to the reported nickel 

and also copper ferrite data, JCPDS 25-0283 [217]. The 

5º and corresponds to crystal plane (311) which 

cubic (FCC) spinel and confirm the formation 

) spinel structure. The 

a) indicates that the as-synthesized 

specimen consists of nanosized crystals. However, some minor secondary phases like 

nd NiO were also detected. The impurity oxide phases could be removed easily 
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The relatively sharp peaks of specimens calcined at 850oC (Fig. 4-21b) and 

sintered at 1050oC (Fig. 4-21c) were indexed and the values of 2θ, orientation and d 

spacing of each of the peaks of XRD data of Cu0.5Ni0.5Fe2O4  specimen are given in 

appendix A.1 Table 9. Rietveld refinement was performed for cubic system by Rietica 

software. After refinement (Fig. 4-21b), the peak position and relative intensities 

indicate that calcined Cu0.5Ni0.5Fe2O4 ferrite material is a FCC spinel with cell 

parameters a = 8.3595 ± 0.02Å, and unit cell volume is 584.172 ± 0.05. The crystal 

system and cell parameters for Cu0.5Ni0.5Fe2O4 specimen calcined at 850oC are 

matched with literature data [303]. The Rietveld refinement results are listed in Table 

4-8 and the fitting Rietveld refined pattern of  Cu0.5Ni0.5Fe2O4  pellet specimen 

sintered at 850ºC for 4 h shown in Fig. 4-21b. The reliability factors of Rp = 10.06%, 

Rwp = 14.84%, Rexp = 7.38%, and χ2 (GOF) =4.04 were achieved. The reflections (400) 

and (731) were not excluded in Rietveld refinement analysis. Double phase analysis 

was employed in Rietica system for refinement of Cu0.5Ni0.5Fe2O4 specimen. It can be 

seen that the partial substitution (replacement) of Ni2+ ion by Cu2+ in the host NiFe2O4 

does not change the basic crystal spinel structure. However, only the lattice parameter 

transforms by either increasing or decreasing the copper content. The lattice 

parameters of Cu0.5Ni0.5Fe2O4 specimen were found to be higher than that of NiFe2O4. 

This behavior of lattice parameter with Cu content can be explained on the basis of 

difference in ionic radii of Ni2+ (0.69 Å) and Cu2+ (0.724 Å). Replacement of smaller 

Ni2+ ions with the lager Cu2+ ions into the NiFe2O4 framework causes an increase in 

the lattice constant of cubic cell of Cu0.5Ni0.5Fe2O4. Therefore, it is fully reasonable to 

suppose from the variation of lattice constant that Cu2+ ions have entered into nickel 

ferrite lattice. It was observed (Fig. 4-21) that the reflection peaks become sharper 

with increasing heat treating temperature (90oC, 850oC and 1050oC), indicating the 

enhancement of crystallinity and degree of crystallinity of the specimens increases on 

increasing the calcination (850oC) and also sintering (1050oC) temperature [304]. 

Usually, hydrothermal process with and without surfactant-assisted yields nanosized 

grains in ferrite materials. However, as the calcining (850°C) and sintering 

temperatures (1050oC) were very high, and resulted for larger grain size. The 

crystallite size was estimated using well-known ‘Scherer’s formula [299]. The 

average crystallite size of Cu0.5Ni0.5Fe2O4 ferrite dried at 90oC was measured from the 

broad diffraction lines (311) of XRD pattern and was found to be 18±0.15nm. The 

lattice parameters and Rietveld refinement results are given in Table 4-8.  
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Table 4-8 Rietveld Refinement characteristics of copper nickel ferrite material. 

Material Atoms 
Wy/Poistion 

x y z Occupancy 

Cu0.5Ni0.5Fe2O4   Cu 0.1250 0.1250 0.1250 0.5000 

Ni 0.5000 0.5000 0.5000 0.5000 

Fe 0.5000 0.5000 0.5000 2.000 

O 0.2600 0.2600 0.24095 4.000 

 Cell 
parameters

(Å) 

Unit cell 
volume 

(Å3) 

Space 
group 

Rp 

(%) 
Rwp 

(%) 
Rexp 
(%) 

Rbragg 

(%) 
GOF 
(%) 

Cu0.5Ni0.5Fe2O4   8.3595 584.172 Fd3m 10.06 14.84 7.38 9.57 4.04 

 

From the lattice parameter results, the theoretical density, ρth (g.cm-3) was 

calculated using equation no. 3-19, mentioned in Chapter 3. The measured theoretical 

density (ρth) was found to be 5.3844 g.cm-3. The apparent density of pellet specimens 

sintered at 850oC and 1050oC was measured by Archimedes buoyancy principle and 

was found to be 4.8 g.cm-3 and 5.02 g.cm-3 respectively. These densities were 91.38% 

and 93.23% of the theoretical values (% relative densities). Percentage porosity [305] 

of sintered pellet specimens was found to be 8.2% and 6.8% respectively. It is 

observed Cu0.5Ni0.5Fe2O4 sintered ceramic composed of uniformly sized grains and is 

>93% relative density. The properties of sintered ceramic materials depend upon the 

sintered density and porosity of ceramic. It is well known that during sintering of 

homogeneous materials, the porosity decreases and the microstructures of the material 

develop, depending upon the morphology, agglomeration and sintering conditions. 

The Cu0.5Ni0.5Fe2O4 specimen sintered at 850oC has lower % relative density as 

compared to specimen sintered at 1050oC. 

 

  



     

           

Figure 4-21 X-ray diffraction pattern of Cu
Rietveld refinement diffraction pattern of Cu

850ºC, observed (open ci
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ray diffraction pattern of Cu0.5Ni0.5Fe2O4: (a) dried at 90
Rietveld refinement diffraction pattern of Cu0.5Ni0.5Fe2O4 powder calcined at 

850ºC, observed (open circle), calculated (solid line) and (c) sintered at 1

 

 

 

 
dried at 90ºC, (b) 

powder calcined at 
) sintered at 1050ºC. 



4.5.3 Surface Morphology  

Figure 4-22 shows the SEM images of Cu

90oC in vacuum (Fig. 

In Fig. 4-22a, it is seen that 

agglomeration are formed by smaller size of crystals. There are 

spherical crystals with much smaller size i.e., 

This agrees well with XRD pattern where peak broad

specimens.  

 

Figure 4-22 SEM images of Cu
(b) powder calcined at 850

 

The fine particles and their agglomerates are clearly seen in the SEM image. 

However, after the heat treatment at 850
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orphology   

shows the SEM images of Cu0.5Ni0.5Fe2O4 synthesized powder dried at 

 4-22a) and calcined at 850oC for 4 h (Fig. 4

a, it is seen that agglomeration of crystals takes

are formed by smaller size of crystals. There are very

ls with much smaller size i.e., nanometer dimensions below 100

h XRD pattern where peak broadening appeared for these powder 

 

 

SEM images of Cu0.5Ni0.5Fe2O4 specimens: (a) powder dried at 90
powder calcined at 850ºC, (c) pellet sintered at 850ºC and (

at 1050ºC. 

The fine particles and their agglomerates are clearly seen in the SEM image. 

However, after the heat treatment at 850oC, the crystal size increases and the grain 

 

synthesized powder dried at 

4-22b) respectively. 

crystals takes place. Usually, 

very large number of 

dimensions below 100 nm. 

ing appeared for these powder 

 

 

powder dried at 90ºC, 
(d) pellet sintered 

The fine particles and their agglomerates are clearly seen in the SEM image. 

C, the crystal size increases and the grain 
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size was measured from SEM micrograph (Fig. 4-22b) and found to be 10µm. This 

values is in agreement with the results obtained from XRD data where sharp peaks are 

the indication of well define crystallization of Cu0.5Ni0.5Fe2O4. The XRD peaks are 

very narrow indicating the higher grain size falls beyond the nano-scale region. SEM 

microstructures of Cu0.5Ni0.5Fe2O4 ceramic specimens sintered at 850oC and 1050oC 

for 6 h are shown in Fig. 4-22c,d respectively. The effect of heat treatment (850oC) on 

specimen, the morphology is very obvious from the low resolution micrographs, the 

specimen has small grains (Fig. 4-22c) but as the heat treatment increases to 1050oC, 

the grain sizes increases (Fig. 4-22d). It is observed that at higher magnification of 

specimen sintered at 850oC (Fig. 4-22c inset), the grains seems to keep their 

morphology intact and sort of uniform grain shape distribution was existed. While the 

specimen sintered at 1050oC (Fig. 4-22d inset) not only the grain size increased but 

also there are some partial melting on the grain boundaries. The effect of these partial 

melting cause dramatic changes in impedance results as discussed with detail in 

impedance section.  

4.5.4 Mössbauer Study 

The Mössbauer spectrum of Cu0.5Ni0.5Fe2O4 ferrite powder calcined at 850ºC for 4 h  

is shown in Fig. 4-23. In copper nickel ferrite (Cu0.5Ni0.5Fe2O4), 50% Ni is replaced 

by Cu in ferrite system. The cation distribution is also changed and more than one 

sextet for octahedral B-site is observed. All Mössbauer parameters are different; 

especially internal magnetic fields for different iron sites as compared to the pure 

NiFe2O4 ferrite system. Cu-ferrite is partially inverse spinel i.e. some cations also 

occupy tetrahedral A-site [306]. The cations distribution calculated from Mössbauer 

parameters can be written as (Cu0.08Fe0.92)[Cu0.42Ni0.50Fe1.08]O4. The internal magnetic 

field (Heff) decreases with the substitution of Cu, more sharply for B-site. The reason 

is that Cu is less magnetic as compared to Ni and also maximum cations occupy B-

site. The appearance of third sextet is due to the presence of both types of cations at 

B-site and have two types of environment (B1 &B2) around the probe atom i.e. Fe. 

Mössbauer parameters are summarized in Table 4-9. 
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Figure 4-23 Mössbauer spectrum of Cu0.5Ni0.5Fe2O4 ferrite powder calcined at 
850ºC for 4 h. 

 

Table 4-9 Mössbauer parameters of Cu0.5Ni0.5Fe2O4 ferrite materials. 

Sample Subspectrum 
Heff 

(kOe) 
 

(mms-1) 
 

(mms-1) 
 

(mms-1) 
Site 

(A&B) 
Relative 

Area (%) 

 
Ni0.5Cu0.5Fe2O4 

Sextet 1 
Sextet 2 
Sextet 3 

505 
512 
485 

-0.10 
0.11 
-0.04 

0.08 
0.47 
0.27 

0.64 
0.47 
0.32 

A 
B1 
B2 

45 
41 
14 

 

4.5.5 Thermodilatometric Characteristics  

The densification behavior of the calcined compact powder was examined by 

dilatometry in order to understand sintering process with temperature. Figure 4-24 

displays the thermodilatometric and differential dilatometric curves (Fig.4-24a,b) of 

green compact of Ni0.5Cu0.5Fe2O4 specimen which was previously calcined at 550°C. 

Figure 4-24a shows no dimensional changes up to of 210°C heating temperature, but 

a drastic contraction take place as a result of evolution of decomposed species 

between 420oC and 600°C. The temperature between 600oC and 780°C displays the 

material growth or expansion due to breakdown of metastable phases and also the 

expulsion of  PVA binder (Fig. 4-24b). Above 650°C, there is steady increase in 

dimensional changes (lattice parameters) which are due to development of 

Cu0.5Ni0.5Fe2O4 phase.  



   

Figure 4-24 Thermodilatometric curves of 
Cu0.5Ni0.5Fe2O4: 

differential change, (c
(d
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Thermodilatometric curves of compact calcined
: (a) dimension change as a function of temperature,
c) SEM image dilatometric pellet heat treated at 1000
d) EDX spectrum of  dilatometric pellet. 

 

 

 

 

compact calcined specimen of 
imension change as a function of temperature,  (b) 

SEM image dilatometric pellet heat treated at 1000ºC and 
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From the dilatometry findings, sintering was carried out between 750-1050°C 

in order to obtain the fully developed crystalline phase of Cu0.5Ni0.5Fe2O4. Thermal 

expansion co-efficient (α) was measured at temperature range 725-1100oC and the 

result is mentioned in Fig. 4-24a,b. The Fig.4-24c shows the SEM image of 

Cu0.5Ni0.5Fe2O4 ferrite specimen obtained after dilatometric heat treatment at 1000oC. 

This SEM micrograph was used to observe the grains microstructure of nanocrystals, 

which provide an improved view of the grain development and grain sizes during the 

dilatometric treatment. It was noticed grains are large in size and have different 

morphologies which are well connected and agglomerated. The size of grains ranges 

from 5-10 μm. The Fig. 4-24d shows EDX spectrum of Cu0.5Ni0.5Fe2O4 specimen heat 

treated at 1000oC. The presence of Cu, Ni and Fe is illustrated in the spectrum. 

Qualitative and quantitative analysis of the EDX spectrum, revealed that the 

experimentally observed percentage of elements are in a good agreement with those 

of theoretical calculated and the mole ratio of (Cu+Ni) : Fe in Cu0.5Ni0.5Fe2O4 ferrite 

was found to be 1:2. 

4.5.6 Impedance Spectroscopy 

Figure 4-25a shows the impedance plane plot of Cu0.5Ni0.5Fe2O4 specimens sintered at 

850C and 1050C. The intersection of the impedance plane plot at right hand side 

gives the total resistance of the specimen. As discussed previously (in the SEM 

section), sintering causes grain growth in these specimens and it is anticipated that the 

resistance of the high temperature sintered specimens should be smaller than the low 

temperature sintered specimens. However, impedance of the specimen increases for 

Cu0.5Ni0.5Fe2O4 sintered at 1050C. From the fitting analysis of the impedance plane 

plot of specimen sintered at 850oC, fitted parameters comes out to be R1 = 46642 Ω, 

Q1 = 9.36×10-11 and n1 = 0.80 and R2 = 39689 Ω, Q2 = 8.25×10-9 and n2 = 0.73. Here 

“n” is a parameter from which one can estimate the deviation from the behavior of an 

ideal capacitor having value “1”. When these values are compared with the geometric 

capacitance values the suffix “1” and “2” represents grain and grain boundaries, 

respectively. When the same equivalent circuit model is used for impedance plane 

plot data acquired from sample sintered at 1050C, fitting was not adequate. 

However, with further addition of (R3C3) in the equivalent circuit model, fitting was 

adequate and results are shown in Fig. 4-25a. Fitted parameters come out to be for 

grain, R1= Ω 18682, Q1 = 5.55×10-11 and n1 = 0.90. For grain boundaries, the fitted 
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values comes out to be, R2 = 124860 Ω, Q2 = 1.43×10-9 and n2 = 0.66. Similarly, 

resistance R3 = 5156 Ω and C3 = 2.22 × 10-7 F, represent the resistance of electrode 

effect. With sintering the resistance of grain “R1” is decreased due to the grain growth 

as discussed previously in the SEM results. However, overall resistance of the 

specimen is increasing with the sintering temperature which can be explained by 

correlating the SEM results where along with grain growth melting forms a depleted 

region between grains (Fig. 4-22d). Equivalent circuit fitted parameters were 

tabulated in Table 4-10. The plausible explanation can be that this depleted region act 

as trapping center for the carriers, which results in an increase in the resistance of 

grain boundaries. The diameter of the impedance semicircles changes with the 

increase of sintering temperatures of the samples and one should take into account the 

variations at the centre of two semicircles axis. The displacement of impedance plane 

plots below axis depends upon the heterogeneity and distributed elements present in 

the specimen and is defined by depression angle.  

Using the ZView software depression angles is calculated and it come out to 

be >21 and >35 for both impedance semicircle arcs of sample sintered at 850C and 

1050C, respectively. The increase in the value of depression angle can be explained 

due to the presence of multirelaxation process at 1050C samples. The origin of this 

multirelaxation is in accordance with the results discussed previously in impedance 

plane plot results. This multirelaxation process is explained in Fig. 4-25b, where 

850oC sintered specimen shows two relaxation peaks at  104 Hz and 106 Hz which 

merged into a broad peak at around  105 Hz. However, a feeble peak is also evident 

at  102 Hz for the 1050C sintered specimens. This multirelaxation process is 

translated into a pronounced change in the conductivity of these two sintered samples 

as shown in Fig. 4-25c.  

Table 4-10 Impedance analysis of Cu0.5Ni0.5Fe2O4  sintered specimens (fitting 
error 2-3%). 

Sintering 
Temperature 

(C) 

R1 

(Ω) 
Q1 n1 

R2 

(Ω) 
Q2 n2 

R3 

(Ω) 

C3 

(F) 

850 46642 9.36×10-11 0.80 3.96×104 8.25×10-9 0.73 --- ---- 

1050 18682 5.55×10-11 0.90 1.24×105 1.43×10-9 0.66 5156 2.22×10-7 



  

       

Figure 4-25 Impedance analys
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Impedance analysis of Cu0.5Ni0.5Fe2O4 pellet specimen sintered at 
850ºC and 1050ºC. 

 

 

 

 

pellet specimen sintered at 
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4.6 Conclusions 

Nanocrystalline nickel ferrite (NiFe2O4) and copper nickel ferrite (Cu0.5Ni0.5Fe2O4) 

spinel oxide materials were synthesized by hydrothermal process using surfactant 

Tween-80 under mild conditions. Hydrothermal route was found to be simple, cost 

effective and convenient process for the synthesize of nanosized nickel ferrite and 

copper nickel ferrite materials. The FT-IR spectra of NiFe2O4 and Cu0.5Ni0.5Fe2O4 

showed characteristic metal oxygen vibration bands. The Rietveld refinement XRD 

data confirms face centered cubic spinel phase of NiFe2O4 and Cu0.5Ni0.5Fe2O4 when 

sintered at 850oC in air atmosphere. The average crystallite size of NiFe2O4 and 

Cu0.5Ni0.5Fe2O4 ferrite specimens was in the range of 21-29 nm and 18-23 nm 

respectively. Nanocrystallinity of synthesized products were confirmed by SEM. The 

cations distribution in NiFe2O4 ferrite calculated from Mössbauer parameters revealed 

that Fe cations were equally distribution on octahedral and tetrahedral sites, while the 

Ni cations were preferably located at octahedral site only and thus formed completely 

inverse spinel. In case of Cu0.5Ni0.5Fe2O4 ferrite Cu cations have located at both sites, 

however maximum preference was to the octahedral site and thus formed partially 

inverse spinel. Electrical properties of synthesized copper nickel ferrite product 

showed an increase in the impedance values of specimen sintered at 1050C as when 

compare to the resistance of specimen sintered at 850C. This increase in the 

impedance values was explained by the formation of depletion layer at grain 

boundaries which act as trapping center for the charge carriers. In case of NiFe2O4 

grain size of the materials increased with high temperature sintering from 1250ºC to 

1550ºC. Impedance study of the high temperature sintered samples showed that 

resistance of the each sintered specimens decreased with sintering temperature as well 

as with heating of each sample from 20ºC to 200ºC temperature range. 
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5 Metal Oxides 

Transition metal oxides including binary and ternary oxides have attracted great 

consideration due to their significant catalytic, optical, magnetic, electrical properties 

and potential applications in various fields of science and engineering [307-309]. 

Nano-sized copper oxide (CuO) and cobalt oxide (Co3O4) are very important p-type 

semiconductors with direct optical band gaps at 1.4 eV [310] and 3.95–2.13 eV [311] 

respectively. The CuO is binary oxide whereas Co3O4 is ternary metal oxide with 

normal spinel structure. Due to distinctive physicochemical properties of copper and 

cobalt oxide powders, they have a many industrial applications like anode materials 

for rechargeable Li-ion batteries [312], solid state and gas sensors, ceramic pigments, 

rotatable magnets, heterogeneous catalysts, magnetic materials, electrochromic 

devices, in energy storage [313-316], as electrode materials for capacitors [317]. high 

critical temperature superconductors [318] solar energy conversion [319] and optical 

switches [320]. 

Much efforts have been made to synthesize nanoparticles of CuO and Co3O4, 

including chemical spray pyrolysis [321], laser deposition [322], ionic liquid-assisted, 

gel hydrothermal oxidation [323], sol-gel route [324], polymeric citrate [325, 326], 

hydrothermal [327], and the reverse micellar method [328]. Among these synthesis 

methods, the hydrothermal method shows potential for synthesis of nanosized 

transition metal oxides, due to its high purity, good chemical homogeneity and 

controlled nanosturctured. 

In chapter 5, simple and cost effective CTAB-assisted hydrothermal route has 

been used for the development of nanocrystalline transition metal oxides (Co3O4 and 

CuO). CTAB (C19H42BrN) used as an organic template for controlling the 

morphology of nanomaterials. The resultant products have been characterized for 

phase analysis, structure composition, structure morphology and optical properties 

using XRD, SEM, FTIR and UV-visible spectrophotometer.  
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5.1 Experimental Procedure 

5.1.1 Materials and Method 

Chemicals used in the present study were of analytical grade reagents. Double 

distilled water (DDW) with conductivity less than 5μS.cm-1 was used in all 

experiments (Metrohm 712 Conductometer). 

The metal oxides (CuO and Co3O4) synthesis were performed according to the 

specified hydrothermal conditions as mentioned in Table 5-1. In case of CuO 

synthesis, the solution of copper (0.025mol l-1) was prepared by dissolving 8.5702 g 

CuCl2.2H2O in 300ml double distilled water. The CuCl2 solution was added drop wise 

into 100 ml NaOH (5M)  aqueous solution under stirring and pH of the suspension 

was maintained at 10 checked with pH-regulator (Selectra pH-2006). A blue-colored 

solution was obtained. 100 ml of 5% CTAB solution was added to the above blue-

colored precursor and stirred for 30 minutes for the complete dissolution of CTAB. 

The resultant solution was shifted to PTFE-lined stainless steel auto clave and heated 

at 160oC for 14 h. The autoclave was then cooled to room temperature. The resulting 

material was collected, filtered and washed with double distilled water. The products 

were dried at 100oC. Copper oxide was again prepared by hydrothermal method with 

same experimental procedure except CTAB addition.  

Table 5-1 Hydrothermal reaction parameters for metal oxides synthesis. 

Metal 
oxide 

Precursor Organic 
template 
(CTAB) 

Basic 
solution 

Reaction  conditions 

pH Temperature (oC) Time (h) 

CuO (CuCl2. 2H2O) NO 5M NaOH 10 160oC 14 

CuO (CuCl2. 2H2O) 5% 5M NaOH 10 160oC 14 

Co3O4 (Co(CH3COO)2. 
4H2O ) 

5% 35% 
NH4OH 

10.5 180oC 5 

 

Cobalt oxide (Co3O4) nanocubes were synthesized by CTAB-assisted 

hydrothermal method. Experimental procedure was as follows: 6.2064 g 

Co(CH3COO)2.4H2O was dissolved in 200 ml double distilled water (0.025mol l-1). 

50ml of 5% CTAB solution was added to the Co(CH3COO)2.4H2O solution and 

stirred for half hour. When the solution clarified, pH of the solution was adjusted at 

10.5 with addition of ammonia. Then the reaction mixture was kept in PTFE-lined 

stainless steel auto clave and heated at 180oC for 5 h. The autoclave was than cooled 
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to room temperature. The resulting product was filtered and washed with double 

distilled water (DDW). The product was dried at 100oC and then calcined at 300oC for 

4 h in static air box furnace (Thermolyne 1500-Sybron.). General schematic layout 

diagram for the hydrothermal synthesis of metal oxides (CuO and Co3O4) is shown in 

Fig. 5-1.  

 

 

Figure 5-1 Schematic layout diagram for the hydrothermal synthesis of metal 
oxides (CuO and Co3O4). 

 

5.1.2 Characterization 

Phase analysis of nanosrystalline metal oxides was performed by X-ray diffractmeter 

(Rigaku Dmax-III A, Geiger flux instrument) with CuKα radiation. Fourier transform 

infrared (FTIR) spectrum of oxide powders were recorded on FTIR spectrometer 

(Thermo-Nicolet Avatar 370). Microstructural features of the prepared nano crystals 

were studied by NOVA Nanosem-430 (FESEM). The absorption spectrums of metal 

oxide powders in transmission mode were recorded by using UV-visible 

spectrophotometer (Specord 205, Analtik Jena) 



 

5.2 Copper Oxide 

5.2.1 Phase Analysis

The XRD patterns of CuO 

assisted hydrothermal reactions of copper chloride are shown

hydrothermal reaction at 160°C for 14 h starting materials reacted to prod

shown in XRD patterns

Figure 5-2 XRD pattern of CuO powders dried at 100ºC: (a) with CTAB 
addition and (b) without CTAB addition.

 

These XRD patterns matched with standard JCPDS card no. 80

peaks at 2θ values are the characteristic diffraction of CuO monoclinic phase (a = 
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Copper Oxide  

Phase Analysis 

s of CuO powder prepared by CTAB-assisted and without CTAB

assisted hydrothermal reactions of copper chloride are shown in Figure 5

hydrothermal reaction at 160°C for 14 h starting materials reacted to prod

patterns (Fig. 5-2a,b).  

XRD pattern of CuO powders dried at 100ºC: (a) with CTAB 
addition and (b) without CTAB addition. 

These XRD patterns matched with standard JCPDS card no. 80

lues are the characteristic diffraction of CuO monoclinic phase (a = 

 

assisted and without CTAB-

in Figure 5-2 a,b. After 

hydrothermal reaction at 160°C for 14 h starting materials reacted to produce CuO as 

 

 
XRD pattern of CuO powders dried at 100ºC: (a) with CTAB 

These XRD patterns matched with standard JCPDS card no. 80-1916. The 

lues are the characteristic diffraction of CuO monoclinic phase (a = 



 

 

143 
 

4.692 Å, b = 3.428 Å, c = 5.137 Å). The peak intensities and width in both XRD 

patterns indicate that samples were crystalline and no other peaks were observed 

which show that synthesized nanosrystalline CuO materials without and with CTAB 

addition were consist of single monoclinic CuO phase. The values of 2θ, orientation 

and d spacing of each of the peaks of XRD data of both CuO specimens are given in 

appendix A.1 Table 10 and 11. 

5.2.2 SEM Analysis 

The morphology of the synthesized CuO powder dried at 100ºC with CTAB addition 

is shown in Fig. 5-3a-c at different magnifications. FESEM images indicate that CuO 

is composed of many inter connected flake-like nanostructures without any 

agglomeration. The average thickness of the nanoflakes is in the range 60-80 nm. The 

SEM images at high magnifications (Fig. 5-3 b&c) clearly show that the width and 

length of the nanoflakes are about 500-600 nm and aligned in vertical and horizontal 

directions. The SEM images of the CuO powder synthesized without out CTAB 

addition show in Fig. 5-4a-c. Flake-like morphology of the CuO powder is also 

observed without CTAB addition but these flaks are agglomerated. The nano-flakes 

are arranged in random zigzag manner and have no well defined shape. From the 

SEM study it is observed that CTAB, as a templating agent, plays a very important 

role in controlling the morphology of the CuO nanostructures. On the basis of 

morphological study, CuO powder with CTAB addition was selected for further study 

of different properties.  

5.2.3 FTIR Analysis 

FTIR is powerful technique to measure the vibrational frequencies of bonds in metal 

oxides [329]. Fig. 5-5 shows FTIR spectrum of dried CuO powder with CTAB 

addition. In this spectrum, the less intensive band at 1630 cm−1 is due to absorbed 

moisture [315]. The region below 1000 cm−1 shows intensive bands which are 

associated with stretching vibration mode of Metal-Oxygen bonds and confirm the 

metal oxide formation [330]. FTIR spectrum of CuO shows absorption band at 597.42 

cm−1. The singlet absorption band of the (CuI\O) appeared in about 623 cm-1 region 

[331, 332], but the triplet absorption bands of the (CuII\O) appeared in about 430-606 

cm-1 regions [333]. Hence, the absorption bands at 597.42 cm-1, 498.80 cm-1 and 

433.30 cm-1 can be attributed to the stretching vibrations of (CuII\O). 



 

Figure 5-3 SEM images (at different magnefications) of CuO nanoflakes dried at 
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SEM images (at different magnefications) of CuO nanoflakes dried at 
100ºC with CTAB addition. 

 

 

 

 
SEM images (at different magnefications) of CuO nanoflakes dried at 



 

Figure 5-4 SEM images (at
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SEM images (at different magnefications) of CuO powder dried at 
100ºC without CTAB addition. 

 

 

 

 
different magnefications) of CuO powder dried at 



 

Figure 5-5 FTIR spectrum of  CuO powder dried at 100ºC with CTAB addition.
 

5.2.4 Optical Absorption Studies

Figure 5-6a-b shows the 

shows an onset of absorption at about 576 nm that

(Eg) of 2.152 eV. Compared with the reported value of Eg for bulk CuO (Eg ¼ 1.2 

eV) [334], a blue-shift in band gap energy 

which is due to the quantum confinement effect exerted by the nanosize crystals. The 

absorption band gap energy can also be det

mentioned in Chapter 

gives the absorption band gap energy. The band gap energy is calculated to be 2.152 

eV, comparable with the reported values 
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FTIR spectrum of  CuO powder dried at 100ºC with CTAB addition.

Optical Absorption Studies 

the optical absorption spectra of the CuO nanocrystals. Fig. 5

t of absorption at about 576 nm that corresponds to the band gap energy 

(Eg) of 2.152 eV. Compared with the reported value of Eg for bulk CuO (Eg ¼ 1.2 

shift in band gap energy by an amount of 1.7 eV is obvious here, 

which is due to the quantum confinement effect exerted by the nanosize crystals. The 

absorption band gap energy can also be determined by Tauc’s equation (3

 3. The plot of (αh υ)2 versus h υ (Fig. 5-6b) extrapolated to α=0 

gives the absorption band gap energy. The band gap energy is calculated to be 2.152 

comparable with the reported values [335, 336].  

 

 

FTIR spectrum of  CuO powder dried at 100ºC with CTAB addition. 

nanocrystals. Fig. 5-6a 

corresponds to the band gap energy 

(Eg) of 2.152 eV. Compared with the reported value of Eg for bulk CuO (Eg ¼ 1.2 

by an amount of 1.7 eV is obvious here, 

which is due to the quantum confinement effect exerted by the nanosize crystals. The 

ermined by Tauc’s equation (3-18) 

6b) extrapolated to α=0 

gives the absorption band gap energy. The band gap energy is calculated to be 2.152 



 

Figure 5-6 UV-Visible absorption properties of CuO specimen dried at 100ºC 
with CTAB addition: (a) UV
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Visible absorption properties of CuO specimen dried at 100ºC 
with CTAB addition: (a) UV–Visible, and (b) Tauc’s plot.

 

 

Visible absorption properties of CuO specimen dried at 100ºC 
Visible, and (b) Tauc’s plot. 



 

5.3 Cobalt Oxide

5.3.1 XRD Analysis

XRD pattern of dried Co

shown in Fig. 5-7. All peaks of the spectrum are 

cubic Co3O4 spectrum (JCPDS 43

300°C for 4 h is shown in Fig. 5

Figure 5-

Figure 5-8 XRD pattern of Co
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Cobalt Oxide 

nalysis 

XRD pattern of dried Co3O4 powder prepared by CTAB-assisted hydrothermal is 

7. All peaks of the spectrum are matched with the standard spinel 

spectrum (JCPDS 43-1003). The XRD pattern of Co

is shown in Fig. 5-8.  

-7 XRD pattern of Co3O4 powder dried at 100°C

XRD pattern of Co3O4 powder calcined at 300°C for 4 h

 

assisted hydrothermal is 

with the standard spinel 

1003). The XRD pattern of Co3O4 calcined at 

 

powder dried at 100°C. 

 

powder calcined at 300°C for 4 h. 



 

The peak intensity increases and peak width decreases with increase in 

temperature as shown in the calcined XRD

temperature was favorable to the crystallization of Co

XRD spectrum of calcined powder are assigned to the crystalline Co

with lattice constant of a

value (JCPDS 43-1003).

peaks of XRD data of calcined specimen 

5.3.2 FTIR Analysis

In FTIR spectrum of calcined Co

appeared at around 665.29 

peaks of Co–O stretching in Co

presence of crystalline Co

phase appear when the complex was calcined at 300ºC. The absorption band observed 

at higher range 2300

surface of the nanocrystals 

Figure 5-9 FTIR spectrum of
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The peak intensity increases and peak width decreases with increase in 

temperature as shown in the calcined XRD pattern (Fig. 5-8), indicating that higher 

temperature was favorable to the crystallization of Co3O4. All the diffraction peaks in 

calcined powder are assigned to the crystalline Co

with lattice constant of a = 8.084 Å and a space group of Fd3m matched with standard 

1003). The values of 2θ, orientation and d spacing of each of the 

peaks of XRD data of calcined specimen are given in appendix A.1 Table 13.

Analysis 

calcined Co3O4 powder (Fig. 5-9), two strong 

665.29 cm-1 and 572.64 cm-1; are the characteristic absorption 

O stretching in Co3O4 crystal structure which clearly indicate the 

presence of crystalline Co3O4 spinel oxide [337].  This result confirms that the Co

phase appear when the complex was calcined at 300ºC. The absorption band observed 

at higher range 2300-1650 cm-1 indicates the presence of absorbed water on the 

surface of the nanocrystals [338]. 

FTIR spectrum of Co3O4 powder calcined at 300°C for 4 h

 

The peak intensity increases and peak width decreases with increase in 

8), indicating that higher 

. All the diffraction peaks in 

calcined powder are assigned to the crystalline Co3O4 cubic phase 

d3m matched with standard 

The values of 2θ, orientation and d spacing of each of the 

are given in appendix A.1 Table 13. 

strong absorption bands 

; are the characteristic absorption 

which clearly indicate the 

.  This result confirms that the Co3O4 

phase appear when the complex was calcined at 300ºC. The absorption band observed 

presence of absorbed water on the 

 

powder calcined at 300°C for 4 h. 



 

5.3.3 SEM Analysis

The morphology and the size of the Co

hydrothermal method were invested by FESEM.  Figure 5

images of the Co3O4

products have perfect

grains is about 60-70 nm. 

Figure 5-10 SEM Images (at diffe
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nalysis 

and the size of the Co3O4 nanocubes synthesized

hydrothermal method were invested by FESEM.  Figure 5-10a,

4 calcined nanocubes. It can be seen that synthesized Co

perfect cubic morphology. The average crystallite size of the cubic 

70 nm.  

 

 

SEM Images (at different magnefications) of Co
300°C for 4 h. 

 

nanocubes synthesized by CTAB-assisted 

a,b shows the SEM 

calcined nanocubes. It can be seen that synthesized Co3O4 

cubic morphology. The average crystallite size of the cubic 

 

 
rent magnefications) of Co3O4 calcined at 



 

5.3.4 Optical Absorption S

Figure 5-11a-b shows the absorption spectrums of 

band gap energy determined from 

(αhυ)2 versus hυ (Fig. 5

3.19 and 1.54 eV. Patil et al. 

which propose the possibility of degeneracy of the valence band 

Figure 5-11 UV-Visible absorption properties of 
300ºC: (a) UV
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Absorption Studies 

b shows the absorption spectrums of calcined Co3O4

band gap energy determined from Tauc’s equation (3-18) given in Chapter 

(Fig. 5-11 b) extrapolated to α=0 gives the absorption band gap at 

3.19 and 1.54 eV. Patil et al. [339] also find out two band gaps (2.06 eV and 1.44 eV) 

ropose the possibility of degeneracy of the valence band [340

Visible absorption properties of Co3O4 specimen calcined at 
300ºC: (a) UV–Visible and (b) Tauc’s plot. 

 

4 nanocrystals. The 

18) given in Chapter 3. The 

11 b) extrapolated to α=0 gives the absorption band gap at 

also find out two band gaps (2.06 eV and 1.44 eV) 

340].  

 

 

specimen calcined at 
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Wanget al. [341] proposed higher band gap (3.19 eV) linked with the O2- 

→Co2+ charge transfer process . The presence of Co3+ centers in Co3O4 gives rise to a 

sub-band located inside the energy gap. Hence the 1.57 eV band gap can be related to 

the O2- →Co3+ charge transfer (with Co3+ located below the conduction band) [311, 

316, 342].  

5.4 Conclusions 

Nano flakes of CuO have been synthesized successfully with and without CTAB-

assisted hydrothermal method. Nano cubes of Co3O4 have also been synthesized by 

CTAB-assisted hydrothermal process. The XRD analysis showed the formation of 

single nano-structured transition metal oxides with cubic Co3O4 and monoclinic CuO 

structures. FESEM image showed that nanostructures of CuO consist of many 

nanoflakes of average 500-600 nm in length and width and thickness in 60-80 nm. 

Well defined morphology of CuO oxide nanoflakes were obtained with CTAB 

addition. But agglomerated nanoflakes were obtained in which CTAB was not added. 

This showed that CTAB play a very important role in order to control the morphology 

of CuO nanostructures. SEM images of Co3O4 showed cubical morphology with 

average size of the cubic grains was about 60-70 nm. The band gap energy value 

calculated from Tauc’s plot of CuO was 2.15 eV, whereas Co3O4 nanocrystals 

possessed multiple band gap 1.54 eV (O2- →Co3+) and 3.19 eV (O2- → Co2+) 

 

  



 

 153   
 

6 Perovskite Oxide  

Nanocrystalline spinel and perovskite mixed oxides materials have gained immense 

importance due to their novel properties, which are significantly different from those 

of their bulk counterparts in terms of their very small size and increase in surface area 

to volume ratio [239]. The majority of oxide materials used in petrochemical and 

chemical industries based on mixed metal oxides. Among the mixed metal oxides, 

perovskite and perovskite-related  materials of general formula of ABO3 are more 

prominent due to their diverse physical and electronic properties [343]. The 

magnesium titanate (MgTiO3) member of perovskite family is an important electronic 

ceramic material finding applications in electro-optic and piezoelectric devices, in 

radar and global positioning systems operating at microwave frequency, resonators 

and antennas for communication [344-347].  

In order to synthesis nanocrystalline MgTiO3 powder, several methods are 

available in literature such as solid state mixing [143, 144], high energy 

mechanochemical activation [145, 146] with or without thermal decomposition [147], 

however, these methods require frequent grinding and calcination at high 

temperatures. Agglomerated crystallites of different micron sizes and irregular 

morphologies with impurity phases are often obtained. In solid state and mechano-

chemical complexation methods, a metastable phase MgTi2O5  persists to a certain 

extent in the final product and sintering temperature is over 1500oC [148]. These 

problems can be minimized by means of wet chemical methods including co-

precipitation [149, 150], sol-gel [142], auto-igniting combustion [151], complex 

polymerization [152] and hydrothermal [153, 154] process that have been used for the 

synthesis of perovskite metal titanate nanowires and great attention has been given to 

the improvement of these synthesis methods. Nanostructured titanate materials 

prepared by hydrothermal process in alkali solution are promising for environmental 

and energy applications. Recent investigations [205, 348]  indicated that among the 

wet chemical methods, hydrothermal method is the best method for the synthesis of 

homogeneous fine crystalline, pure phase, high-quality perovskite structure titanates, 
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with controlled morphology and particle size by modifying the process parameters. 

The wet chemical reactions like complexion, oxidation, co-precipitation, hydrolysis 

and decomposition can be executed using hydrothermal method. The development of 

nanocrystalline pure MgTiO3 perovskite phase ceramic without the MgTi2O5 phase is 

a difficult task due to enhanced grain growth during the final stage of sintering. The 

aim of the present work reported in this chapter is to prepare nanocrystalline MgTiO3 

perovskite phase ceramic powder using simple and cost effective hydrothermal 

process.  

6.1 Experimental  

6.1.1 Materials 

High purity titanium oxide (anntase-TiO2, 99.9% Merck), magnesium chloride 

(MgCl2. 2H2O 99.9% Merck) and sodium hydroxide NaOH (99.9% Merck) were used 

as starting materials. All reagents used in present work were of analytical grade.  

6.1.2 Hydrothermal Synthesis Method  

The titanium (IV) dioxide (TiO2) nanowire were developed by simple hydrothermal 

method according to the reference [205]. The nanocrystals of MgTiO3 were prepared 

using hydrothermally developed TiO2 nanopowder. A mixture of metal chloride 

MgCl2.2H2O (0.012 M) and previously synthesized anatase-TiO2 nanowire precursor 

(0.011 M) were mixed in different mole ratios and dissolved in a 250 ml evaporator 

flask. The synthesis of MgTiO3 was performed according to specified hydrothermal 

process with some modifications as described in reference [58, 204]. The schematic 

layout diagram for MgTiO3 nanocrystals synthesis is shown in Fig. 6-1. 

6.1.3 Compaction and Sintering 

For pellets fabrication, MgTiO3 calcined powder was uniaxial pressed under a load of 

3 ton in-2 (1 ton in-2 = 15.444 MPa). The 5wt.% organic polymer (polyvinyl alcohol, 

PVA) was used as binder material. Sintering of green pellets was performed in a tube 

furnace (static air) at 1050oC, 1150oC and 1250oC for 4 h in controlled heating rate of 

5oC min-1 and cooling was performed in the furnace (static air). 
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Figure 6-1 Schematic layout diagram for the hydrothermal synthesis of MgTiO3 
nanocrystals. 

 

6.1.4 Characterization  

Thermal analysis (TGA, DTA and DSC) of as synthesized powder was performed by 

using SDT-Q600 simultaneous thermal analyzer. For the study of shrinkage behavior 

of calcined powder, horizontal assembly dilatometer (NETZSCH 409) was used. 

FTIR spectra of nanocrystals of TiO2 and MgTiO3 were recorded in the range 400-

4000cm-1 on Thermo-Nicolet Avatat 370 FTIR spectrometer using KBr thin wafer 

method. Structural characterization of synthesized products were performed by using 

Rigaku Geiger flux diffractometer (Dmax-IIIA) with CuKα radiation. Microstructural 

features of MgTiO3 were observed by SEM (LEO440I). 

 



 

6.2 Results and Discussion

6.2.1 Thermal Analysis

Figure 6-2a-c shows the representative TG, DTA and DSC 

nanopowder prepared hydrothermally using anatase

magnesium chloride precursor. The TG curve

14.1%. The mass loss values are presented in Table 

Figure 6-2 TG-DTA
hydrothermal process: 
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Results and Discussion 

Analysis 

c shows the representative TG, DTA and DSC curves 

nanopowder prepared hydrothermally using anatase-TiO2 nanowire powder an

precursor. The TG curve shows total loss of approximately 

loss values are presented in Table 6-1.  

DTA-DSC curves for dried powder of MgTiO
hydrothermal process: (a) TG (b) DTA and (c) DSC

curves of MgTiO3 

nanowire powder and 

loss of approximately 

           

 
DSC curves for dried powder of MgTiO3 prepared by 

DSC. 
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This weight loss occurring in two steps, first step below 320oC which is due to 

removal of water molecules (150oC, ~5.348%) and in second step, a wide range of 

temperature (365-1000oC, ~8.663%) is due to decomposition of adsorbed moisture 

and inorganic materials (hydroxide and nitrates) and also decomposition of MgTi2O5 

metastable phase into MgTiO3 and TiO2 phases [349, 350] which were confirmed by 

XRD. The DTA curve (Fig. 6-2b) shows a broad endothermic peak at 90-255oC (max. 

150oC) due to the dehydration of adsorbed moisture. The second endothermic peak at 

300-440 (max. 369oC) is due to decomposition of hydroxyl groups and metal 

hydroxide. All the volatiles were completely removed at 850oC which revealed that 

MgTiO3 thermally stable above 850oC. Figure 6-2c shows the heat flow curve of 

DSC. The DSC curve shows first endothermic peakmax at 93oC and enthalpy change 

ΔH = 123.3 Jg-1 which is due to the removal of adsorbed water molecules. The second 

endothermic peakmax at 328.8oC (ΔH = 403.8 Jg-1) appears as a result of disintegration 

of metal hydroxyl and metal nitrates confirmed by TG-DTA results. At this stage, 

bond breaking and formation of new phase magnesium titanate take place.  

6.2.2 Structure and Phase Development 

Figure 6-3 shows FTIR spectrum of hydrothermally as synthesized MgTiO3 powder 

dried in air at 90oC. FTIR studies on anatase-TiO2 and MgTiO3 specimens show 

distinct vibrational modes corresponding to octahedral vibrations, which are 

characteristics of metal oxide. The observed IR bands are mentioned in Table 6-1.  

 

 

Table 6-1 Thermal and structural analysis of TiO2 and MgTiO3 

Material 
TG-DTA  
analysis 

FTIR analysis 
 

Mass loss (%) Vibration band  (cm-1) 

TiO2 12.3 930  674 542 494 

MgTiO3 14.1 942 802 682 445 408 

 

  

 The spectra for TiO2 specimen dried at 90oC show strong absorption bands 

near 3244 cm-1, 2858 cm-1 and 1587 cm-1 due to bending and stretching vibration of 

the water molecules [205]. The absorption bands in the range of 500-1000 cm-1 are 

due to the surface vibrations of the O-M-O bonds (M = Mg and Ti). The bands 



 

observed at 802, 682

characteristic band at 

the rhombohedral structure of MgTiO

Figure 6-3 FTIR spectra of hydrothermally as synthesized MgTiO

 

Figure 6-4(a-b) shows the XRD patter

hydrothermally developed TiO

crystallizes in tetragonal phase

sharp peaks were indexed. After hydrothermal treatment this anatase TiO

into TiO2 nanostructures

6-4b), therefore predominantly an amorphous nature of TiO

the raw anatase-TiO2

Fig. 6-4c-d. SEM results show that raw anatase

particles having average size in the range of 1

this raw anatase-TiO2 

range of 100-200 nm. These SEM results are in agreement with XRD results.
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802, 682, 445 and 408 cm-1 are characteristic of Mg

 942 cm-1 is (O-Ti-O) stretching modes. The IR bands confirm 

structure of MgTiO3. 

FTIR spectra of hydrothermally as synthesized MgTiO

b) shows the XRD patterns of raw anatase

hydrothermally developed TiO2 nanowires respectively. The raw anatase

crystallizes in tetragonal phase matched with JCPDS card # 89-4921

sharp peaks were indexed. After hydrothermal treatment this anatase TiO

nanostructures with very poor crystallinity as shown in XRD pattern (Fig.

4b), therefore predominantly an amorphous nature of TiO2 formed. SEM images of 

2 and hydrothermally developed TiO2 nanowire are shown in 

d. SEM results show that raw anatase-TiO2 has large agglomerated 

particles having average size in the range of 1-5 µm but after hydrothermal treatment 

2 converted into nanowires with diameter of nanowires is in the 

00 nm. These SEM results are in agreement with XRD results.

are characteristic of Mg-O-Mg. The 

O) stretching modes. The IR bands confirm 

 

FTIR spectra of hydrothermally as synthesized MgTiO3 powder 

ns of raw anatase-TiO2 and 

nanowires respectively. The raw anatase-TiO 

4921 (Fig. 6-4a) and 

sharp peaks were indexed. After hydrothermal treatment this anatase TiO2 converted 

with very poor crystallinity as shown in XRD pattern (Fig. 

formed. SEM images of 

nanowire are shown in 

has large agglomerated 

5 µm but after hydrothermal treatment 

converted into nanowires with diameter of nanowires is in the 

00 nm. These SEM results are in agreement with XRD results. 



 

Figure 6-4 XRD patterns and SEM images of TiO
anatase-TiO2 (b) XRD

SEM raw anatase
 

Figure 6-5 shows X

hydrothermally developed MgTiO

calcined at 650oC (Fig.

for 4 h in air. The XR

(Fig 6-5a) mostly consist of Mg(OH)
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XRD patterns and SEM images of TiO2 (a) XRD 
(b) XRD pattern of hydrothermally developed TiO

SEM raw anatase-TiO2 and (d) nanowire of anatase

shows X-ray diffraction patterns along their SEM images of 

hydrothermally developed MgTiO3 oxide powder dried at 120ºC (Fig 

(Fig. 5c,d), sintered at 850oC (Fig. 6-5e,f) and 1050

RD pattern of hydrothermally developed as synthesized sample 

5a) mostly consist of Mg(OH)2 with minor peaks of TiO2 

 

 
(a) XRD pattern of raw 

hydrothermally developed TiO2 nanowire (c) 
(d) nanowire of anatase-TiO2. 

ray diffraction patterns along their SEM images of 

oxide powder dried at 120ºC (Fig 6-5a-b), 

1050oC (Fig. 6-5g,h) 

pattern of hydrothermally developed as synthesized sample 

2 and MgTiO3. The 
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SEM image (Fig 6-5b) of this sample shows nano particles like morphology. Well-

resolved Bragg reflections of MgTiO3 were observed in the XRD pattern of the 

sample calcined at 650oC (Fig. 6-5c) with metastable phase of MgTi2O5. From the 

SEM image of the same sample (Fig. 6-5d), it is also clear that most of the sample 

now is converted into MgTiO3 nanowire like morphology.  

The XRD pattern of MgTiO3 specimen sintered at 850ºC (Fig. 6-5e) show well 

developed crystallinity in agreement with SEM images that are almost fully converted 

into the typical MgTiO3 rod like morphology (Fig. 6-5f), inferring the complete 

conversion to MgTiO3. At sintering temperature of 1050ºC well refined XRD pattern 

(Fig. 6-5g) is achieved that crossponds to MgTiO3 phase and well developed rod like 

morphology (Fig. 6-5h)  of MgTiO3 is observed with average width of rods are in the 

range 2-4 µm. Peaks in XRD pattern of sintered materials were compared with 

reported JCPDS 79-0831 [27]. The most intensive lines and Miller indexes indicate 

that hydrothermally developed MgTiO3 is a rhombohedral crystal structure with cell 

parameters a = b = 5.05478 Å and c = 13.8992 Å. It is noticed that hydrothermal 

process provides well-developed and refined MgTiO3 rods like microstructure at 

850°C and 1050°C. The values of 2θ, orientation and d spacing of each of the peaks 

of XRD data of specimen sintered at 1050°C are given in appendix A.1 Table 13.The 

SEM images (Fig. 6-5f,h) also confirm the XRD results that fully developed MgTiO3 

crystals were achieved after sintering up to 1050°C.  

The average crystallite size was estimated according to Scherer’s formula 

mentioned in chapter no. 2 (eq. no. 2-2). The crystalline size of as-synthesized 

MgTiO3 powder was found to be ~56 nm. It can be seen that the peaks reflection 

become sharper with increase of calcinations and sintering temperature and 

enhancement of crystallinity takes place. Meanwhile, the width of the diffraction 

peaks becomes narrower with the increase of temperature, indicating an enhancement 

in size of the crystal.  
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Figure 6-5 XRD patterns and SEM images of MgTiO
synthesized powder dried at 120
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XRD patterns and SEM images of MgTiO3 specimens
synthesized powder dried at 120ºC, (b) powder calcined at 650ºC

850ºC and (d) 1050ºC. 

 

 

 

 
specimens (a) as 
650ºC, sintered at (c) 
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6.2.3 Dilatometric Study 

The sintering/densification behavior of calcined pressed powder with temperature was 

examined using thermodilatometry. Figure 6-6a-b shows dilatometry curve of 

MgTiO3 calcined powder. The curve shows no dimensional change up to of 100°C 

heating temperature, but a drastic contraction takes place at 130°C due to the removal 

of absorbed moisture. Second shrinkage occurs between 230 to 500°C due to removal 

of decomposed species. The temperature between 500 to 900°C displays the material 

growth or expansion due to breakdown of metastable phase (e.g. MgTi2O5) and also 

the steady increase in dimensional changes (lattice parameters) as a result of 

transformation and development of MgTiO3 phase.  

From the thermodilatometric findings, sintering was performed between 1050-

1250°C in order to obtain the fully developed crystalline phase of MgTiO3. Thermal 

expansion co-efficient (alpha) of MgTiO3 ceramic was measured at temperature range 

25-1050oC using dilatometer and the result is presented in Fig. 6-6 (inset). The SEM 

image and EDX spectrum of the dilatometric sample are shown in Fig. 6-6c,d. The 

morphology of the sample is dominated by agglomerated particles. The EDX 

spectrum shows that sample is composed of only Mg, Ti and O i.e., any impurity 

element is not found by EDX analysis. 

 

 

 

 

 

 



 

Figure 6-6 Dilatometry of MgTiO
and  (d) SEM i
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Dilatometry of MgTiO3 (a&b) dilatometric curves  at 1000ºC (c) 
(d) SEM image of dilatometric specimen at 1000ºC

 

 

 
tometric curves  at 1000ºC (c) EDX 

specimen at 1000ºC. 
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6.2.4 High Temperature Sintering Study 

In this section development of phases and morphology during high temperature 

(1150oC to 1250oC) sintering process of MgTiO3 ceramic material will be discussed. 

The powder is sintered from 200oC to 1250oC. Various phases were observed as a 

function of temperature and these phases are summarized in Table 6-2. At 200oC 

(green pellet), the most intense phase Mg(OH)2 was observed. However, with the 

increase of sintering temperature (650oC), 56% MgTiO3 (JCPDS# 79-0831), 

crystalline phase (rhombohedral structure) was developed, accompanied by small 

amount of metastable phases i.e., 20% MgTi2O5 (PCPDS# 35-0792), 6% MgTi2O4 

(JCPDS 74-2258) and 18% Mg(OH)2 (PCPDS # 84-2164). Further increase in 

sintering temperature from 750oC to 1050oC, major MgTiO3 crystalline phase was 

formed along minor MgTi2O5 and MgTi2O4 phases. The percent phases developed 

with sintering temperature are mentioned in Table 6-2. It was noticed that almost pure 

(91%) MgTiO3 phase (rhombohedral) was obtained when the hydrothermally treated 

Mg(OH)2 powder (as-synthesized) was sintered at 1050oC and at this temperature the 

metastable phases MgTi2O5 and MgTi2O4 were almost completely disappeared.  

Figure 6-7 shows the XRD pattern of ceramic materials of MgTiO3 sintered at 

1150ºC for 4 h along with cross-sectional and flat top surface SEM images. The XRD 

result of 1150ºC sintered specimen (Fig. 6-7a) shows MgTiO3 and MgTi2O4 major 

phases. SEM images (Fig. 6-7b,c) of this sintered specimen show the octahedron and 

wire like morphologies with average diameter of the octahedral particles is 

approximately 5 µm. This octahedral like morphology, appears to be caused by phase 

transformation from rhombohedral MgTiO3 to cubic MgTi2O4. Similarly, XRD 

pattern of 1250ºC sintered sample (Fig. 6-8a) shows both MgTiO3 and MgTi2O4 

phases. SEM images (Fig. 6-8b,c) of this specimen show well refined octahedron 

along with small portion of wire like morphology.  

 



 

Figure 6-7 XRD and SEM images of MgTiO

(a) XRD pattern (b) c
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XRD and SEM images of MgTiO3 ceramic pellet sintered at 1150ºC

(b) cross-sectional surface (c) flat top surface 

 

 

 
ceramic pellet sintered at 1150ºC 

surface SEM images. 



 

Figure 6-8 XRD and SEM images of Mg

(a) XRD pattern (b) cross
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XRD and SEM images of MgTiO3 ceramic pellet sintered at 1250ºC

(b) cross-sectional surface (c) flat top surface SEM images.

 

 

 
ceramic pellet sintered at 1250ºC 

sectional surface (c) flat top surface SEM images. 
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Table 6-2 Phase analysis of magnesium titanate sintered ceramic specimens at 

different temperatures 
 

Phases 

 

Powder  
(% phase) 

Sintered ceramics (% phase) 

Temperature (oC) 
200* 200** 650 700 850 1050 1150 1250 

Anatase-TiO2 7 7       
Mg(OH)2 85 85 18 9     
MgTi2O5   20 12 11 5 6 5 
MgTiO3 8 8 56 74 85 91 58 21 
MgTi2O4   6 5 4 4 36 74 

* Dried powder      ** Green pellet 

6.3 Conclusions 

The nanocrystalls of MgTiO3 (rhombohedral structure) can easily be prepared by 

hydrothermal process using anatase-TiO2 nanowire powder as raw material at low 

temperature (120oC) in an alkaline medium. Hydrothermally developed MgTiO3 

nanocrystals were thermally stable at ~ 850oC. Complete MgTiO3 was achieved after 

sintering at 1050oC. Dilatometry was performed to study the sintering behavior of 

MgTiO3 calcined powder and it was found that material showed expansion in 

dimensions above 900ºC. This expansion appears to be caused by phase 

transformation as well as development of MgTiO3 phase. From dilatometric findings, 

high temperature sintering was performed at 1050ºC, 1150ºC and 1250ºC for 4 h. 

EDX analysis confirmed the presence of Mg, Ti, and O with no other impurity 

element.  From the phase and morphological study of MgTiO3 sintered sample it was 

observed that sintering above 1050ºC is not useful because at 1150ºC and 1250ºC new 

phases (MgTi2O4) appeared with cubic structure. From these findings, it is concluded 

that best sintering temperature for MgTiO3 is 1050ºC.  

 

 



 

 168   
 

7 Summary 

Nanocrystalline, phase-pure, high-quality and homogeneous fine crystalline transition 

metal oxides nanomaterials including metal chromites, ferrites, oxides and perovskite 

oxide have been synthesized successfully by novel approach of simple, low-

temperature and cost effective hydrothermal and sol-gel auto-combustion methods 

with optimizing the synthesis parameters and conditions. The synthesized materials 

were characterized for phase identification, crystallinity and surface morphology by 

X-ray diffraction (XRD), Rietveld refinement, Fourier transform infrared (FTIR) 

spectroscopy and scanning electron microscope (SEM). Thermal stability was 

examined by thermogravimetry (TG), differential thermal analysis (DTA) and 

differential scanning colarimetry (DSC). Optical and electrical properties of the 

synthesized oxide materials were studied by UV-visible and impedance spectroscopy. 

Structural details and oxidation states of the prepared spinel ferrites were investigated 

at different temperatures using Mössbauer spectroscopy. The findings of each 

synthesized material are concluded one by one as summarized below; 

Nanocrystalline copper chromite (CuCr2O4) spinel oxide was prepared by 

hydrothermal method. X-ray diffraction (XRD) results showed that single phase 

tetragonal copper chromite was obtained after calcination at 800 ºC for 4 h. 

Thermogravimetric (TG) analysis showed an overall mass loss of about 24%. This 

was due to evaporation of adsorbed water and decomposition of chromium and copper 

hydroxides to form copper chromite (CuCr2O4). Differential scanning calorimetric 

(DSC) analysis indicated that the commencement of crystallization at 417 ºC. Thermal 

study revealed that CuCr2O4 was thermally stable above 800 °C. FESEM revealed that 

the grain size of CuCr2O4  increased with increase in sintering temperature, and well-

defined fine octahedron-like crystals of  CuCr2O4 were obtained after sintering at 

1050 ºC for 4 h. Impedance spectroscopy was performed and an equivalent circuit 

model (R1Q1) (R2Q2) was fitted to explain two electroactive regions associated with 

grains and grain boundaries in CuCr2O4 oxide material. Frequency dependent 
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conductivity and dielectric constant of the material showed increasing and decreasing 

trends, respectively.  

Effect of nickel doping in copper chromite (CuCr2O4) structure was also 

studied and for this nickel doped copper chromite (Cu0.5Ni0.5Cr2O4) nanocrystalline 

spinel oxide material was developed by hydrothermal method. X-ray diffraction 

results showed that complete tetragonal structure was achieved after calcination at 

600ºC for 4h. Thermal study reveals that Cu0.5Ni0.5Cr2O4 is thermally stable above 

850oC.  FTIR spectrum shows absorption bands at 589 cm−1 and 428 cm−1. These 

bands are associated with stretching vibrations of tetrahedral and octahedral bonds in 

the Cu0.5Ni0.5Cr2O4 spinel structure. SEM images show well developed crystals of 

nickel doped copper chromite after sintering and grain size increases with 

temperature.  

A mild hydrothermal synthesis (<200oC) method has been used to prepare 

ultrafine, phase pure nanocrystalline magnesium chromite (MgCr2O4) spinel with 

average crystallite size <100 nm after heat treatment at 950oC. The physical properties 

such as crystallite size and morphologies of hydrothermally synthesized chromite 

specimens were found to be modified by the alteration of pH, temperature and 

precursors concentration. The as-synthesized magnesium chromite material was 

thermally stable at above 800oC. Rietveld refined X-ray diffraction pattern shows 

cubic structure with cell parameter a = 8.3347 Å and Fd3m space group. SEM 

micrograph of sintered specimen shows a homogeneous grain size distribution and the 

grain size is estimated to be about 1-3 μm. The band gap energy of MgCr2O4 was 

found to be 0.693 eV. The relative density of dense sintered ceramic specimen was 

found >90% of the theoretical density at as low as 1250oC sintering temperature. 

Impedance spectroscopic studies reveal the variation of AC electrical properties of the 

MC4 (MgCr2O4) specimen sintered at three different temperatures. Using equivalent 

circuit model the presence of two phases and their interphase has been discussed. It is 

established that MgCr2O4 specimen sintered at 1250C shows highest impedance 

values with reduced dielectric constant and very low tangent loss. 

Manganese chromite (MnCr2O4) and cobalt doped manganese chromite 

(Mn0.5Co0.5Cr2O4) spinel oxides have been prepared by hydrothermal process. The 

XRD results revealed well-crystallized cubic spinel structures of MnCr2O4 and 



 

170 
 

Mn0.5Co0.5Cr2O4 were formed after calcination at 850oC. The mean crystallites size of 

as synthesized samples was found to be <100 nm. FTIR results showed characteristic 

absorption bands of spinel structure. Well developed and fine crystalline 

morphologies of manganese chromite and cobalt doped manganese chromite spinel 

oxides were achieved at high temperature (1250ºC to 1450 ºC) sintering. Impedance 

spectroscopy of high temperature (1250ºC to 1450 ºC) sintered samples of MnCr2O4 

from 200ºC to 450ºC showed that resistance values of different electro active regions 

were decreased with increase of temperature due to grain growth whereas total dc 

resistance of the MnCr2O4 sintered specimens increased with temperature  due to the 

formation of depleted regions act as trapping centers for the charge carriers which 

results in an increase in the resistance of grain boundaries. While Impedance 

spectroscopy of Mn0.5Co0.5Cr2O4 sintered sample (1350°C) showed that resistance 

values of different electro active regions were decreases with increase of temperature 

from 200°C to 400°C as a result of grain growth with temperature. 

Nanocrystalline Zinc chromite (ZnCr2O4) spinel oxide was synthesized 

through hydrothermal method. XRD patterns showed that single phase cubic spinel 

structure of ZnCr2O4 was developed after calcination at 600ᴼC for 4 h and also 

confirmed by Rietveld refinement study of the XRD diffraction pattern. Thermal 

study (TGA-DTA) reveals that ZnCr2O4 is thermally stable above 700oC. The band 

gap energy of ZnCr2O4 powder was found to be 3.771 eV and 3.147 eV for direct and 

indirect band gap respectively. SEM images show well-faceted crystals of ZnCr2O4, 

with the grain size of 50-80 nm after sintering at 800ᴼC. Conductivity of the 

nanoparticles increased with frequency, and dielectric constant of the material showed 

dispersion at comparatively lower frequencies. At higher frequencies, the dielectric 

constant remained independent of frequency as attributable to the atomic and 

electronic polarizations 

Nanocrystalline magnesium ferrite (MgFe2O4) spinel oxide powder was 

synthesized by nitrate-citrate sol-gel auto-combustion process with stoichiometric 

composition of metal nitrate salts, urea and citric acid. Pure single phase MgFe2O4 

spinel ferrite was obtained after calcination at 850ºC. Rietveld refinement of XRD 

result confirmed the single cubic phase spinel oxide with the lattice constant of a = 

8.3931 Å and Fd3m symmetry. UV-visible absorption study of calcined powder 
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revealed an optical band gap of 2.17 eV. SEM images of sintered specimens (1050-

1450oC) showed that the grain size increased with the increase of sintering 

temperature. From the impedance results of the sintered MgFe2O4 specimens, it was 

found that the resistance of grain, grain boundary and electrode effect decreased with 

an increase of sintering temperature and associated grain growth. In the intermediate 

frequency region lowering of impedance and dielectric values were observed due to 

the decrease of grain boundary areas. Mössbauer studies indicated that magnesium 

ferrite had mixed spinel structure in calcined and sintered samples, however, the well 

refined single phase MgFe2O4 was observed due to well developed high crystalline 

structure at 1350ºC and 1450ºC. 

Nanocrystalline nickel ferrite and copper nickel ferrite materials were 

synthesized through surfactant Tween80-assisted hydrothermal reaction at low 

temperature. XRD analysis confirms the cubic spinel structure of nickel ferrite 

(NiFe2O4) and copper nickel ferrite (Ni0.5Cu0.5Fe2O4) with space group Fd3m 

respectively. Mössbauer parameters are characteristic of substituted Cu-Ni-Fe2O4 

ferrite material. Sintering at 1050C, results in the formation of depletion layer at 

grain boundaries which act as trapping centers for the carriers and an increases in the 

impedance values is conferred in case of copper nickel ferrite material. From 

impedance study of high temperature sintered specimens of NiFe2O4, it was observed 

that the resistance of the sintered specimens decreases with increase in sintering 

temperature from 1250ºC to 1550ºC as well as dc resistance value of each NiFe2O4 

sintered specimen is also decreases with temperature range from 20ºC to 200ºC. 

Furthermore nanocrystalline transition metal oxides (Co3O4 and CuO) were 

developed by CTAB-assisted hydrothermal method. For CuO and Co3O4 the 

CuCl2.2H2O and Co(CH3COO)2.4H2O were used as precursors respectively. Mixtures 

of precursors and surfactant were placed in autoclave under optimized conditions of 

temperatures, pH and time. The XRD patterns revealed the formation of single nano-

structured transition metal oxides with cubic Co3O4 and monoclinic CuO structures. 

SEM results showed that, synthesized product consists of Co3O4 nanocubes with size 

ranging between 60-70 nm. The nano-structured CuO were composed of nanoflakes 

of ~500-600 nm in length and width and 60-80 nm in thickness. It is observed that 

hydrothermal synthesis parameters affect the morphologies of transition metal oxides. 
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The band gap energy value calculated from Tauc’s plot of CuO was 2.15 eV, whereas 

Co3O4 nanocrystals possessed multiple band gap 1.54 eV (O2-→Co3+) and 3.19 eV 

(O2-→ Co2+) 

Chapter 6 covers the synthesis of nanocrystalline magnesium titanate 

(MgTiO3) perovskite oxide powder by hydrothermal treatment of magnesium salt and 

as-prepared anatase-TiO2 nanowires powder with aqueous solution of sodium 

hydroxide in polytetrafluroethylene (PTFE) lined stainless steel autoclave. XRD 

results revealed that hydrothermally developed MgTiO3 oxide was well crystallized 

and constituted single phase perovskite structure consisted of rhombohedral crystal 

with cell parameters (MgTiO3, a = b = 5.054 Å, c=13.899 Å) at 1050oC sintering 

temperature. The as synthesized MgTiO3 nanocrystals were in the range of 28-56 nm. 

The crystallinity and crystal structures were also confirmed by FTIR spectroscopy. 

TG and DTA and DSC results revealed that hydrothermally treated powder was 

completely decomposed above 350oC and become stable above 850oC. High 

temperature sintering study (at 1050oC, 1150oC and 1250oC for 4 h) revealed that best 

sintering temperature is up to 1050oC and above this temperature MgTiO3 phase was 

not stable and converted into MgTi2O4 phase. 
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7.1 Future Recommendations  

 Work on varying concentration of transition elements doping in metal 

chromites should be extended in order to study the effect of these doping on 

structural, electrical and optical properties of spinel chromites. 

 Synthesized spinel chromites are hard magnetic materials, their magnetic 

properties should also be investigated. 

 Photo catalytic properties of metal chromites can also be studied for the 

degradation of toxic dyes. 

 Variation in electrical and magnetic properties of metal ferrites should be 

observed by doping of different transition elements like Co, Zn, etc. 

 Synthesized nanocrystalline spinel ferrites might be utilized in some technical 

applications such as sensors, catalysts, photoelectrical devices, contrast agents 

in magnetic resonance imaging (MRI) as well as, in the thermal activation 

therapy of cancer. 

 Effect of different surfactants can also be studied on the morphology of 

transition metal oxides (CuO and Co3O4) 

 Synthesized metal oxides (CuO and Co3O4) can be utilized as sensor materials 

for various toxic gases like H2S, Co, NO, NO2, etc. 

 MgTiO3 is a piezoelectric material and its piezoelectric properties should  be 

studied in detail with respect to high sintering temperatures. 
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9 Appendix 

A.1 XRD data (2θ, d spacing and orientation of the peaks) of 

synthesized metal oxides samples 

 

 Table 1 XRD data of CuCr2O4 pellet sintered at 1050ºC. 

Peak 
Angle 

2θ (degree) 
d spacing 

(Å) 
Orientations 

h k l 
1  18.50 4.792 1 0 1 
2  29.60 3.016 2 0 0 
3  31.00 2.882 1 1 2 
4  35.15 2.551 2 1 1 
5  37.60 2.390 2 0 2 
6  42.35 2.133 2 2 0 
7  46.55 1.949 3 0 1 
8  53.45 1.713 3 1 2 
9  56.20 1.635 3 2 1 
10  57.95 1.590 3 0 3 
11  61.40 1.509 4 0 0 
12  64.75 1.439 4 1 1  
13  74.40 1.274 4 2 2 

 

Table 2 XRD data of Cu0.5Ni0.5Cr2O4 pellet sintered at 850ºC. 

Peak 
Angle 

2θ (degree) 
d spacing 

(Å) 
     Orientations 

h k l 
1  18.40 4.818 1 0 1 
2  29.70 3.006 2 0 0 
3  30.65 2.915 1 1 2 
4  35.25 2.544 2 1 1 
5  36.95 2.431 ---- 
6  42.60 2.121 2 2 0 
7  45.55 1.990 3 0 0 
8  53.55 1.710 3 1 2 
9  56.50 1.627 2 0 4 
10  60.05 1.539 3 1 3 
11  61.90 1.498 4 0 0 
12  64.15 1.451 4 1 0 
13  74.45 1.273 4 2 2 
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Table 3 XRD data of MgCr2O4 (MC4) powder specimen calcined at 950oC.  

Peak 
Angle 

2θ (degree) 
d spacing 

(Å) 
Orientations 

h k l 
1  18.45 4.805 1 1 1 
2  30.30 2.947 2 2 0 
3  35.75 2.510 3 1 1 
4  37.40 2.403 2 2 2 
5  43.45 2.081 4 0 0 
6  47.60 1.909 3 3 1 
7  53.90 1.700 4 2 2 
8  57.45 1.603 5 1 1 
9  63.10 1.472 4 4 0 
10  66.40 1.407 5 3 1 
11  74.60 1.271 5 3 3 
12  75.65 1.256 6 2 2 
13  79.70 1.202 4 4 4 

 

 

Table 4 XRD data of MnCr2O4 specimen sintered at 1050ºC. 

Peak 
Angle 

2θ (degree) 
d spacing 

(Å) 
     Orientations 

h k l 
1  18.20 4.870 1 1 1 
2  29.95 2.981 2 2 0 
3  35.30 2.541 3 1 1 
4  36.90 2.434 2 2 2 
5  42.90 2.106 4 0 0 
6  53.20 1.720 4 2 2 
7  56.70 1.622 5 1 1 
8  62.20 1.491 4 4 0 
9  64.85 1.437 5 3 1 
10  70.55 1.334 6 2 0 
11  73.55 1.287 5 3 3 
12  74.55 1.272 6 2 2  
13  77.95 1.225 4 4 4 
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Table 5 XRD data of Mn0.5Co0.5Cr2O4 specimen sintered at 1050ºC. 

Peak 
Angle 

2θ (degree) 
d spacing 

(Å) 
     Orientations 

h k l 
1  18.25 4.857 1 1 1 
2  30.05 2.971 2 2 0 
3  35.40 2.534 3 1 1 
4  37.05 2.424 2 2 2 
5  43.10 2.097 4 0 0 
6  53.45 1.713 4 2 2 
7  57.00 1.614 5 1 1 
8  62.55 1.484 4 4 0 
9  65.75 1.419 5 3 1 
10  71.05 1.326 6 2 0 
11  74.05 1.279 5 3 3 
12  75.05 1.265 6 2 2  
13  79.00 1.211 4 4 4 

 

 

Table 6 XRD data of ZnCr2O4 specimen sintered at 800ºC. 

Peak 
Angle 

2θ (degree) 
d spacing 

(Å) 
     Orientations 

h k l 
1  18.30 4.844 1 1 1 
2  30.20 2.957 2 2 0 
3  35.60 2.520 3 1 1 
4  37.25 2.412 2 2 2 
5  43.35 2.086 4 0 0 
6  53.80 1.703 4 2 2 
7  57.35 1.605 5 1 1 
8  63.00 1.474 4 4 0 

 

 

Table 7 XRD data of MgFe2O4 power specimen calcined at 850°C 

Peak 
Angle 

2θ (degree) 
d spacing 

(Å) 
     Orientations 

h k l 
1  18.20 4.870 1 1 1 
2  30.10 2.967 2 2 0 
3  35.45 2.530 3 1 1 
4  37.10 2.421 2 2 2 
5  43.10 2.097 4 0 0 
6  53.50 1.711 4 2 2 
7  57.00 1.614 5 1 1 
8  62.60 1.483 4 4 0 
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Table 8 XRD data of NiFe2O4 power specimen calcined at 850°C. 

Peak 
Angle 

2θ (degree) 
d spacing 

(Å) 
     Orientations 

h k l 
1  18.40 4.818 1 1 1 
2  30.30 2.947 2 2 0 
3  35.70 2.513 3 1 1 
4  37.30 2.409 2 2 2 
5  43.35 2.086 4 0 0 
6  53.85 1.701 4 2 2 
7  57.40 1.604 5 1 1 
8  63.05 1.473 4 4 0 
9  71.45 1.319 6 2 0 
10  74.60 1.271 5 3 3 
11  75.55 1.258 6 2 2 

 

Table 9 XRD data of Cu0.5Ni0.5Fe2O4 specimen sintered at 1050°C. 

Peak 
Angle 

2θ (degree) 
d spacing 

(Å) 
     Orientations 

h k l 
1  18.40 4.818 1 1 1 
2  30.25 2.952 2 2 0 
3  35.65 2.516 3 1 1 
4  37.15 2.418 2 2 2 
5  38.75 2.322 2 2 0 
6  43.20 2.092 4 0 0 
7  47.40 1.916 3 3 1 
8  53.80 1.703 4 2 2 
9  57.35 1.605 5 1 1 
10  62.95 1.475 4 4 0 
11  66.25 1.410 5 3 1 
12  74.55 1.272 5 3 3 
13  75.20 1.262 6 2 2 
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Table 10  XRD data of CuO powder with CTAB addition dried at 100ºC. 

Peak 
Angle 

2θ (degree) 
d spacing 

(Å) 
     Orientations 

h k l 
1  32.45 2.757 1 1 0 
2  35.45 2.530           -1 1 1 
3  38.70 2.325 1 1 1 
4  46.15 1.965           -1 1 2 
5  48.70 1.868           -2 0 2 
6  51.35 1.778 1 1 2 
7  53.50 1.711 0 2 0 
8  58.30 1.581 2 0 2 
9  61.50 1.507           -1 1 3 
10  66.25 1.410           -3 1 1 
11  67.95 1.378            1 1 3 
12  72.35 1.305 3 1 1  
13  75.05 1.265 0 0 4 

 

Table 11  XRD data of CuO powder without CTAB addition dried at 100ºC.  

Peak 
Angle 

2θ (degree) 
d spacing 

(Å) 
     Orientations 

h k l 
1  32.50 2.753 1 1 0 
2  35.50 2.527           -1 1 1 
3  38.70 2.325 1 1 1 
4  48.70 1.868           -2 0 2 
5  53.45 1.713 0 2 0 
6  58.30 1.581 2 0 2 
7  61.50 1.507           -1 1 3 
8  66.20 1.411           -3 1 1 
9  68.00 1.378            2 2 0 
10  72.40 1.304 3 1 1 
11  72.10 1.264           -2 2 2  

 

Table 12  XRD data of Co3O4 powder calcined at 300°C. 

Peak 
Angle 

2θ (degree) 
d spacing 

(Å) 
     Orientations 

h k l 
1  19.05 4.655 1 1 1 
2  31.30 2.855 2 2 0 
3  36.90 2.434 3 1 1 
4  38.60 2.331 2 2 2 
5  44.85 2.019 4 0 0 
6  55.75 1.648 4 2 2 
7  59.40 1.555 5 1 1 
8  65.30 1.428 4 4 0 
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Table 13  XRD data of MgTiO3 specimens sintered at 1050°C. 

Peak 
Angle 

2θ (degree) 
d spacing 

(Å) 
     Orientations 

h k l 
1  18.25 4.857 0 0 3 
2  24.75 3.594 0 1 2  
3  32.95 2.716 1 0 4 
4  35.05 2.558 1 1 0 
5  37.55 2.393 0 1 5 
6  39.20 2.296 1 1 3 
7  42.75 2.113 0 2 1 
8  43.30 2.088 2 0 2 
9  48.75 1.866 0 2 4 
10  50.35 1.794 1 0 7 
11  53.60 1.708 1 1 6 
12  55.85 1.645 1 2 1 
13  57.15 1.610 0 1 8 
14  62.00 1.496 1 2 4 
15  64.00 1.454 3 0 0 
16  68.90 1.362 2 0 8 
17  73.30 1.290 1 2 7 

 

 

 


